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ABSTRACT: The imidazotetrazine ring is an acid-stable
precursor and prodrug of highly reactive alkyl diazonium
ions. We have shown that this reactivity can be managed
productively in an aqueous system for the generation of
aziridinium ions with 96% efficiency. The new compounds are
potent DNA alkylators and have antitumor activity independ-
ent of the O6-methylguanine-DNA methyltransferase and
DNA mismatch repair constraints that limit the use of
Temozolomide.
KEYWORDS: Imidazotetrazine, aziridinium, Temozolomide, cancer, 13C NMR, DNA

Imidazotetrazine 1 is a fascinating heterocycle, on account of
both its chemistry and the therapeutic applications of its

derivatives. It forms the core of the anticancer prodrug
Temozolomide1 (1, R = CH3; TMZ). Although TMZ has
achieved “blockbuster” status,2 it remains the lone member of
its drug class because of the constraints placed on tumor
response to the prodrug by a requirement for DNA mismatch
repair (MMR) and resistance mediated through O6-alkylgua-
nine-DNA alkyltransferase (MGMT). Herein we report a
strategy that achieves remarkably effective control of the
reactive intermediates generated by the imidazotetrazine ring in
an aqueous environment, in this example, to generate
aziridinium ions. This design achieves compounds that react
with DNA but exhibit chemosensitivity independently of MMR
and MGMT.
At neutral or alkaline pH, imidazotetrazines 1 (e.g., TMZ)

act as a source of diazonium ions 2, with few exceptions, ring-
opening as shown in Scheme 1.3 Methyldiazonium is released
from TMZ and methylates DNA; lethal interaction of this
adduct with MMR causes cell death. There are two kinetic

parameters that determine the effectiveness of imidazotetrazine
prodrugs. The first is the rate of addition of water (or hydroxide
ion) to initiate the ring-opening reaction. This is slow at low
pH and, thus, confers acid stability and the convenience of oral
dosing.4 The pH-dependence of this reaction also influences
distribution of the prodrug around the body: hydrolysis kinetics
at pH 7.4 match closely the uptake rate (peak plasma
concentration after 30 min) and metabolic half-life (t1/2 =
1.29 h) in patients.1,5 The other significant kinetic parameter is
the reactivity of the latent electrophile. Hydrolysis of
methyldiazonium in a purely chemical system has t1/2 = 0.39
s.6 Again, a suboptimal value detracts from clinical effectiveness:
ethyldiazonium eliminates or reacts with water before it is able
to locate a reactive nucleic acid target site,7 while longer-lived
intermediary electrophiles such as chloronium achieve clinical
efficacy.8 For TMZ, these clinically useful, if not formally
optimized, pharmacokinetic properties were achieved serendip-
itously.
In the design of TMZ analogues with altered spectra of

activity, we reasoned that a neighboring group participation
(NGP)-based mechanism could be employed to control the
incipient alkyldiazonium ions. This would serve the dual
functions of directing reactivity and delivering an alternative
form of damage to DNA. Since the response of tumors to TMZ
is determined by the interaction of covalently modified DNA
with DNA repair systems,9 altering the electrophile would
necessarily alter the tumor response. In these respects, the
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Accepted: September 18, 2012
Published: September 18, 2012

Scheme 1. Release of Electrophiles on Hydrolysis of the
Imidazotetrazine Ringa

aFor TMZ, R = CH3; MTZ, R = CH2CH2Cl.
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potential of the imidazotetrazine as an acid-stable precursor of
aziridines or aziridinium ions was explored. These are reactive
intermediates with proven clinical utility, being found widely in,
or generated by, synthetic and natural product antitumor drugs
and prodrugs. Furthermore, O6-aminoethylguanine is known to
be refractory to cleavage by MGMT.10

The synthesis of an aziridinium-precursor imidazotetrazine 3
is presented in Scheme 2. Imidazotetrazine ring closure is

achieved by reaction of diazoazole 4 with an isocyanate 5.11,12

This ring closure was placed toward the end of the synthesis to
avoid complications arising from reactivity of the imidazote-
trazine itself. Preparation of these derivatives posed a further
synthetic challenge, as β-aminoisocyanates were required. The
reactivity of the amine group was controlled by use of anilines,
rather than a protecting group strategy: β-anilinoisocyanates 5
were stable and isolable. For mechanistic studies, a 13C-labeled
version was prepared using enriched 13C(2)-acrylate 6 (the site
of the label is marked * in the figure and schemes); the label
was estimated as 75 atom % 13CH2 by

1H NMR. The analogous
bisimidazotetrazine 7 was similarly prepared from p-toluidine.
The prodrug activation mechanism was investigated by

reaction of 13C-labeled 3 in phosphate buffer. Final products
were identified and quantitated using gated decoupled 13C
NMR spectroscopy (Figure 1). Products arose from reaction of
the latent electrophiles with both nucleophiles in the system:
the D2O solvent and the phosphate of the buffer. In the
phosphate products 8a,b, the label was detected equally in the
two methylene positions; the alcohol products 9a,b showed a
small excess of label retained in the starting position. A
mechanism that accounts for these observations is presented in
Scheme 3. It is proposed that diazonium ion 10 is formed as in
Scheme 1. Subsequent reaction is either via intramolecular
displacement of N2 by the aniline or via direct hydrolysis. The
evidence of the NMR spectrum is that only ca. 4% direct
hydrolysis occurs, with the majority of material forming
aziridinium ion 11. This renders the two methylene positions
equivalent, and thus, equally susceptible to attack by
nucleophiles, as a consequence of which the label is scrambled
in the products. The cleanness of this result is gratifying, as
previous reports on 2-aminoethyldiazonium ions derived from
triazolines and alkylaminotriazenes showed only about 50%
ring closure to aziridines, with pathways of diazonium

elimination and direct hydrolysis contributing significantly to
the detected products.15−17 The phosphate ester/alcohol
product ratio reflects the relative nucleophilicities of phosphate
and D2O.
The hydrolysis kinetics (pseudo-first-order disappearance of

imidazotetrazine, λmax = 330 nm) were measured for
compounds 3 and 7 and TMZ (Table 1). For all compounds,
the half-life measured under acidic conditions was much longer
than that determined at neutral or basic pH, although
compounds 3 and 7 showed increased reactivity under acidic
conditions as compared with TMZ.1,5 Even so, the t1/2 values
measured at pH 4.0 remain much longer than the uptake and
elimination rates of orally administered TMZ.1,5 It is interesting
to note that the site of structural variation in imidazotetrazines
3 and 7, compared with TMZ, is distant from and not
conjugated with the hydrolytic reaction center, C-4. This
change in acid reactivity demonstrates a curious complexity of
the imidazotetrazine system.
The reaction of compounds 3 and 7 and melphalan with

DNA, and the sequence specificity of covalent DNA
modification were assessed by a combination of cleavage-
based and polymerase stop assays. The piperidine cleavage
assay indicated that the new compounds alkylate identical GN7
sites at guanine-rich sequences to melphalan, with the

Scheme 2a

aReagents and conditions: (i) CuCl, AcOH, Δ, 12 h, 41%; (ii)
NH2NH2·H2O, EtOH, rt, 12 h 89%; (iii) NaNO2, AcOH, CH2Cl2/
H2O, 0−2 °C; (iv) CH2Cl2, rt, 48 h; (v) DMSO, rt, 48 h, 14% (over
steps iii−v).

Figure 1. Gated decoupled 13C NMR spectrum showing identification
and quantitation of the final products of the 13C-labeled imidazote-
trazine 3 reaction in phosphate buffer, pD 7.8. Resonances were
assigned on the basis of nJC,P coupling constants13 and spiking with
authentic, unlabeled alcohol 9.14

Scheme 3. Fate of the 13C Labela

aApproximately 96% conversion to the aziridinium ion 11 and 4%
direct hydrolysis of the diazonium ion occur. Final products show
complete scrambling (1:1 mixtures) of the label, confirming the
intermediacy of a discrete aziridinium ion 11.
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bifunctional agent 7 being more reactive than the monofunc-
tional 3 (Figure 2). The same sites of reaction were identified

using the polymerase stop assay, which detects all covalent
adducts (see Figure S8; Supporting Information). The reaction
of TMZ with the same DNA sequence has previously been
investigated by these methods19,20 and also shows a similar
pattern of sequence selectivity (see Figure S9).
The in vitro anticancer activity of compounds 3 and 7 was

assessed in a pair of MMR proficient and deficient cell lines:
A2780 ovarian carcinoma and its MMR-deficient variant
A2780-cp7018 (Figure 3). MGMT was inactivated using the
benzylguanine analog PaTrin2. Compound 7 was found to be
more active than TMZ, MTZ, and MEL; compound 3 was
approximately equipotent with MTZ. The relative potencies
correlate with their different DNA reactivities (Figure 2).
The extent of MGMT-mediated resistance can be assessed by

comparing the shaded and the black bars (i.e., MGMT−/
MGMT+ with MMR proficient). TMZ was >30-fold more
potent in the absence of MGMT; in contrast, both of the new
agents 3 and 7 showed equivalent potency in the absence and
presence MGMT. MMR dependence can be assessed by

comparing the shaded and gray bars. For TMZ the IC50 was
>27-fold lower in the MMR-proficient cell line. This ratio was
reduced to 5.8-fold for new bifunctional agent 7 and 2.8-fold for
monofunctional 3. Moreover, in the absence of MMR (white
and gray bars), all compounds showed activity considerably
greater than that of TMZ, irrespective of the MGMT status of
the cells, showing that MMR-dependent activity and MGMT-
mediated resistance are now only minor determinants of the
antitumor effect.
The activity of the new compounds was further investigated

in a panel of cell lines representing major tumor types (colon,
NSCL, pancreatic, and TMZ-resistant glioma); see Table S2 of
the Supporting Information. All cell lines were unresponsive
toward TMZ (IC50 >250 μM); the positive control MEL
elicited a range of responses (IC50 11−3 μM). Both new
compounds showed similar patterns of chemosensitivity, with
the bifunctional agent 7 having potency and selectivity similar
to that of MEL; the monofunctional agent 3 was 7−30-fold less
active.
Overall, remarkable control of the reactive intermediates

generated from imidazotetrazines has been achieved, with 96%
of an alkyldiazonium ion being directed to aziridinium ring
closure under aqueous conditions. In reaction with DNA,
compound 7 has sequence selectivity and reactivity similar to
that of melphalan. Moreover, the pH-dependence of the
hydrolysis kinetics mirrors that of the parent TMZ, so the new
compounds have the potential for oral bioavailability. The new
compounds disclosed herein have potent anticancer activity
that is independent of the two principal constraints on TMZ

Table 1. pH Dependence of Imidazotetrazine Hydrolysis Kinetics at 37 °C

pH = 4.0 pH = 7.4 pH = 8.0

k′a t1/2
b k′a t1/2

b k′a t1/2
b

TMZ 0.100 ± 0.001 253.0 14.0 ± 0.0 1.38 46.2 ± 0.2 0.42
3 0.500 ± 0.003 41.5 15.2 ± 0.3 1.27 49.5 ± 0.4 0.39
7 0.400 ± 0.006 48.5 14.4 ± 0.7 1.33 45.1 ± 1.5 0.43

ak′ pseudo-first-order rate constant, ×10−5 s−1; data are mean ± SD of three independent determinations. bt1/2 half-life, h. Citrate-phosphate buffers.

Figure 2. DNA reaction by the piperidine cleavage method showing
GN7 alkylation on the upper strand of pBR322 DNA modified by
compounds 3 and 7 and melphalan (MEL). Arrows indicate the
position and sequence context of the alkylated guanines.

Figure 3. In vitro chemosensitivity (IC50/μM) of selected compounds
against A2780 (MMR+) and A2780-cp70 (MMR−) cell lines in the
absence (MGMT+) and presence (MGMT−) of the MGMT
inactivator PaTrin2 (10 μM). All data are the mean of ≥3
determinations; error bars are the SD; *IC50 >250 μM.
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activity (MMR and MGMT), and they may offer versatile
alternatives to TMZ and the nitrogen mustard drugs.
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ABSTRACT: The antitumor prodrug temozolomide is
compromised by its dependence for activity on DNA
mismatch repair (MMR) and the repair of the chemosensitive
DNA lesion, O6-methylguanine (O6-MeG), by O6-methyl-
guanine-DNA-methyltransferase (E.C. 2.1.1.63, MGMT).
Tumor response is also dependent on wild-type p53. Novel
3-(2-anilinoethyl)-substituted imidazotetrazines are reported
that have activity independent of MGMT, MMR, and p53.
This is achieved through a switch of mechanism so that bioactivity derives from imidazotetrazine-generated arylaziridinium ions
that principally modify guanine-N7 sites on DNA. Mono- and bifunctional analogues are reported, and a quantitative structure−
activity relationship (QSAR) study identified the p-tolyl-substituted bifunctional congener as optimized for potency, MGMT-
independence, and MMR-independence. NCI60 data show the tumor cell response is distinct from other imidazotetrazines and
DNA-guanine-N7 active agents such as nitrogen mustards and cisplatin. The new imidazotetrazine compounds are promising
agents for further development, and their improved in vitro activity validates the principles on which they were designed.

■ INTRODUCTION
The imidazotetrazine prodrug temozolomide 1 (TMZ), a DNA
methylating agent, in combination with radiotherapy, is now
first line treatment for glioblastoma multiforme (GBM) in
North America and Europe. However, intrinsic and acquired
resistance significantly limits the ultimate efficacy of therapy. In
particular, tumor regrowth up to two years following TMZ
treatment is aggressive and resistant to further TMZ
therapy.1−3 This paper reports new compounds of the TMZ
class that have activity independent of the two principal
constraints on the ability of a tumor to respond to TMZ
therapy: MGMT activity which directly repairs TMZ GO6-
methylation of DNA, and MMR which enables the tumor
response to TMZ therapy.2

At neutral pH, TMZ is relatively unstable (t1/2 = 1.24 h, pH
7.4)4 and undergoes hydrolytic ring-cleavage to the open chain
triazene 5-(3-methyltriazen-1-yl)-imidazole-4-carboxamide
(MTIC, t1/2 = 8 min, pH 7.4),5 which then fragments to the
highly reactive electrophile, methyldiazonium (t1/2 = 0.39 s, pH
7.4).6−8 Methyldiazonium reacts with nucleophilic groups on
DNA, resulting in DNA methylation, Scheme 1. Approximately
70% of the methyl groups transferred to DNA appear at N7-
guanine, 10% at N3-adenine, and 5% at O6-guanine sites. The
N-methylation products are readily repaired by the base-
excision repair pathways so are not major contributors to
chemosensitivity.9 In contrast, O6-MeG lesions are reversed by
direct removal by the MGMT protein. The MGMT gene is
silenced by promoter methylation in approximately 35% of

GBM.1 In these tumors, persistent O6-MeG lesions form
wobble base-pairs with thymidine during replication; O6-MeG
T pairings result in futile cycles of mismatch repair, leading
to stalled replication forks, DNA double-strand breaks, and
ultimately cell death.1 Low levels of MMR expression (or
mutations leading to nonfunctional MMR) lead to a tolerant
phenotype that cannot respond to TMZ. Consistent with these
mechanisms of O6-MeG processing and repair, high-level
expression of the MGMT protein is a major mechanism of
inherent TMZ resistance in primary tumors. Down regulation
or mutations of the MMR pathway or up-regulation of MGMT
expression are important causes of acquired TMZ resistance in
GBM.2 Herein we report the synthesis, preclinical activity in
vitro, and QSAR of new imidazotetrazines that have activity
independent of MMR and MGMT.

■ COMPOUND DESIGN
The imidazotetrazine bicycle is a prodrug of alkyldiazonium
ions which are liberated by pH-dependent hydrolysis.6 Careful
control of these reactive intermediates, in particular, the
suppression of competing side reactions, such as hydrolysis,
elimination, or rearrangement,10−12 is essential in the design of
effective new agents.13,14 Furthermore, of the methyl groups
transferred from TMZ to DNA, only a small fraction becomes
the therapeutically beneficial O6-MeG lesion: we sought to
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achieve therapeutic benefit though generation of N7-G-adducts,
the major products of reaction of TMZ with DNA, thereby
making more efficient use of the imidazotetrazine prodrug. We
designed novel series of mono- (2a−i) and bifunctional (3a−f)
imidazotetrazines in which a 3-(2-anilinoethyl) group was
substituted for the 3-methyl group of TMZ. The new
compounds are efficient precursors of aziridinium ions, 4,
Scheme 2. This strategy provides for effective control of the

reactivity of incipient diazonium ions using a neighboring group
participation mechanism not available to TMZ. Moreover,
aziridinium ions are reactive intermediates of proven clinical
utility, being closely related to those generated by nitrogen
mustard drugs and are established as working through N7-
guanine adducts.15 An additional feature of the drug design is
the aniline para-substituent “X” of derivatives 2 and 3 that can
be optimized to fine-tune pharmacological activity. This group
affects the electron density at the aniline nitrogen by resonance
or inductive effects and thereby controls the basicity and
nucleophilicity of this site, i.e., the propensity either to
protonate or to form an aziridinium ion. In addition, the
bifunctional molecules would be expected to generate DNA
cross-links that would not be processed by MMR or MGMT
and so avert those constraints on activity; previous studies have
demonstrated that polar16 and bulky17 GO6 adducts cannot be
processed by MGMT.

■ SYNTHESIS
The new imidazotetrazines were prepared by variants of the
established TMZ synthesis where a diazoimidazole 5 is reacted
with an isocyanate 6 to yield the imidazotetrazine, Scheme 3.18

The target compounds all included an aminoethyl group in the
3-position. The requisite β-aminoisocyanate precursors 7 are
inherently unstable compounds as they bear incompatible
functional groups. In the two aniline series, the anilines were
sufficiently deactivated to allow isolation of the isocyanates
without recourse to protecting group strategies. The formation
of the relatively fragile tetrazine ring was usually planned to be
the last step in the synthesis.
To prepare the dimers 3a−f, Cu(I)-catalyzed Aza-Michael

conjugate addition of the requisite aniline to methyl acrylate
furnished the diesters 8 in good (60−98%) yields, Scheme 4.
Conversion to isocyanates 9 was achieved through the
intermediate hydrazides 10 and azides 11 followed by Curtius
rearrangement. For the electron-rich anilines (X = CH3, OMe),
hydrazide formation had to be performed under very mildly
acidic (0.17 M AcOH) conditions to avoid nitration of the
aniline ring (10e → 11f→ 3f). This is an attractive route as the
bis-hydrazides are usually solids and easily purified, while the
Curtius rearrangement produces pure isocyanates directly, free
from contaminating byproducts.
The monoimidazotetrazine analogues 2a−i were similarly

prepared from N-methyl anilines, Scheme 5. In one example,
the secondary aniline version 2g (R = H, X = Cl) was achieved
using a BOC protection strategy that exploited the relative acid
stability of the imidazotetrazine ring. Carefully controlled
diazotization (12f → 13f → 14f) yielded BOC-protected
isocyanatoethylaniline 15f; tetrazine ring closure followed by
final treatment with TFA gave secondary aniline 2g. As a similar
yield was obtained omitting the BOC group, the protection was
shown to be redundant. The p-nitro derivative 2e was accessed
from hydrazide 13a by simultaneous diazotization and nitration
under more vigorous conditions (10 M HCl); the mixture of
regioisomers was carried through to the final step where the p-
NO2 isomer, tetrazine 2e, was isolated by flash column
chromatography.

■ IN VITRO QSAR: INFLUENCE OF MGMT AND MMR
Screening of all new compounds for chemosensitizing efficacy
was undertaken following a protocol by Margisson et al. that
used the MGMT and MMR-proficient ovarian carcinoma cell
line A2780 and its MMR-deficient derivative A2780-cp70,
Figure 1.19 To assess dependence of cytotoxicity on MGMT

Scheme 1. Mechanism of Action of Temozolomide 1

Scheme 2. Aziridinium Ion Formation by Imidazotetrazine
2b15

Scheme 3
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Scheme 4. Route to Bis-imidazotetrazines 3a

aReagents and conditions: (i) CuCl, AcOH, Δ, 76−98%; (ii) NH2NH2·xH2O, IPA, Δ, 64−99%; (iii) NaNO2, AcOH, H2O, CH2Cl2, 0 °C; (iv)
PhMe, Δ, [>95%]; (v) DMSO, RT, 2 d, 6−60% (over two steps).

Scheme 5. Route to Mono-imidazotetrazines 2a

aReagents and conditions: (i) CuCl, AcOH, Δ, 58−97%; (ii) NH2NH2·xH2O/IPA, Δ, 44−98%; (iii) NaNO2, AcOH, H2O, CH2Cl2, 0 °C; (iv)
PhMe, Δ, [>95%]; (v) DMSO, RT, 6−51% over two steps.

Figure 1. In vitro chemosensitivity (IC50/μM) of new imidazotetrazine compounds against A2780 (MMR+) and A2780-cp70 (MMR−) cell lines in
the absence (MGMT+) and presence (MGMT−) of the MGMT inactivator PaTrin2 (10 μM). All data are the mean of ≥3 determinations; error
bars are the SD; t test analysis is presented in Table S3, Supporting Information. * IC50 > 250 μM. MEL, melphalan; CP, cisplatin.
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function, each cell line was further treated with the MGMT
inactivator PaTrin2.20 The data are presented graphically in
Figure 1 and fully tabulated in Table S1, Supporting
Information. As expected, sensitivity to TMZ and mitozolo-
mide (MTZ) was highly dependent on both lack of MGMT
activity and presence of wild-type MMR capacity. For TMZ,
the IC50 was >250 μM in both A2780 and A2780-Cp70 cell
lines, compared with IC50 = 8.5 and 231 μM respectively for the
same cell lines cotreated with PaTrin2. In contrast, the novel
imidazotetrazines were significantly more potent, with IC50
values in the A2780 wild-type line ranging from 22 to 73 μM
for the monofunctional (2a−i) and 1 to 15 μM for the

bifunctional (3a−f) compounds. Dependence on MMR can be
examined by comparing the shaded bars with the gray bars (i.e.,
MMR+/MMR− with MGMT inactivated in both cases). For
temozolomide, the IC50 was >27−fold lower in the MMR-
proficient cell line. For the new bifunctional agents 3, this ratio
was reduced to 5−5.8-fold and for the monofunctional agents
2, 2.8−10-fold. The extent of MGMT-mediated resistance can
be assessed by comparing the shaded and the black bars (i.e.,
MGMT−/MGMT+ with MMR competent in both cases).
Here, temozolomide was >30-fold more potent when MGMT
was inactivated, while for the new agents, this ratio was 0.5−5-
fold for the bifunctional and 1.1−2.9-fold for the monofunc-

Figure 2. (A, upper panel) Hammett plot of the IC50 data for the dimers 3a−e; in each case the MGMT− data are shown in dotted lines; the
substituents X are shown in circles. (B, lower panel) QSAR semilog plot of log IC50 vs Hammett constant (σ-p) for the dimeric imidazotetrazines
3a−e. Regression lines were fitted omitting the data for OMe derivative 3e.
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tional agents. Importantly, in the absence of MMR, all
compounds showed activity greater than temozolomide
irrespective of the MGMT status of the cells (white bars and
gray bars) showing that MMR-dependent toxicity and MGMT-
mediated resistance are now only minor determinants of the
chemosensitizing effect.
The similarity of response of examples 2d and 2g indicates

that the N-methyl aniline is not essential to activity as the
secondary and tertiary aniline compounds are equipotent (see
Figure 1 and Table S1, Supporting Information). Retention of
the BOC group in analogue 2f significantly reduced potency,
presumably by impeding the aziridine/aziridinium formation
step. Nitration in the aniline ring, whether as the sole or as an
additional substituent, resulted in reduced potency. This is
consistent with electron withdrawal reducing nucleophilicity of
the aniline and hence the propensity for aziridinium ion
formation, (for examples, compare the compound pairs 3e/3f,
2a/2e, and 2b/2h).
To probe the structure−activity relationship and examine

MGMT and MMR dependence in more detail, the results for
dimeric compounds 3a−e were presented in Hammett plots,
Figure 2. The Hammett constant σ-p is a structural parameter
that measures the electron donating or withdrawing effect of
the substituent “X” on the aniline ring. The plot of IC50 against
σ-p is informative in several respects, Figure 2A. For each cell
type, the graph shows a pair of lines, the dotted line being
MGMT-inactivated data (i.e., PaTrin 2 present); the difference
between the solid and dotted lines shows the effect of MGMT
on the cellular response. For most analogues, this separation is
of the same order as the error bars on the data so in effect is
zero. This is a clear demonstration that these new compounds
have activity independent of MGMT function and is consistent
with a mechanism of action independent of guanine-O6
alkylation (or involving a guanine-O6 adduct that cannot be
repaired by MGMT). The separation between the two pairs of
lines is the MMR effect which ranges from about 2−5-fold on
the IC50, which is greatly reduced from the >27-fold effect
measured for TMZ.
p-Methyl-substituted analogue 3b lies on a minimum in the

graph so is optimally potent, with a modestly electron-donating
substituent on the aniline ring, Figure 2A. The data for all
analogues except 3e (X = OMe) lie on exponential curves (see
the semilog plot, Figure 2B). The anomalous data for 3e are
likely due to enhancement of the basicity of the aniline nitrogen
lone pair leading to appreciable protonation at the pH of the
experiment and thereby a reduced propensity to act as a
nucleophile in the aziridinium ion-forming reaction. These data
clearly demonstrate the direct effect of electron density at the
aniline nitrogen in determining the in vitro activity of the
compounds and so provide further evidence that the
aziridinium ion mechanism occurs in cells.

■ NCI60 PANEL DATA
Compounds 2d, and 3c−e were selected for full screening in
the NCI 60 cell line panel. Mean graph data are presented in
Figures S1−S6, Supporting Information and are summarized in
Table 1. These data show that the NCEs have pharmacological
activity distinct from TMZ. TMZ is essentially inactive against
the panel (GI50 > 10−4 M for 57/60 cell lines, Figure S1,
Supporting Information). In contrast, the new agents exhibit
strong patterns of discrimination over a 2−3-log range of GI50
(Table 1 and Figures S2−S5, Supporting Information); this is
important as it shows that the new compounds possess a degree

of selectivity and are not uniformly cytotoxic against cells
grown in culture. These data compare favorably with the log
GI50 mean and range data for established agents CHB, MEL,
CP, BCNU, and CCNU; this shows there is good reason to
suppose that the new compounds may have an acceptable
therapeutic index and be no more systemically toxic in vivo
than these other clinically useful agents.
Particular sensitivity is evident in the leukemia, CNS, and

ovarian subpanels. In the CNS subpanel, the pattern of activity
is similar to MTZ and CP, with particular sensitivity in the
glioblastoma lines SF295 and SNB75. In the ovarian subpanel,
particular sensitivity is seen in the OVACR-3 and SK-OV-3
lines. Here, in contrast to the CNS activity, the new
compounds show improvement over CP (see Figure S6,
Supporting Information); this is a particularly interesting result
given the wide clinical use of CP against ovarian adenocarci-
noma and the fact that TMZ lacks clinical activity against
ovarian cancer.21

COMPARE analysis of mean graph data can be valuable in
discerning molecular mechanisms of action. The similarity in
patterns of response is assessed by the Pearson rank correlation
coefficient, P: values > 0.7 are considered highly significant,
values 0.6−0.7 less so.22,23 Matrix COMPARE was valuable in
confirming the novelty of mechanism of action of the new
agents. In this method of data handling, the new compounds
were compared with standard agents selected for similarities of
chemical structure or predicted mechanism of action. Agents
selected were other imidazotetrazines (TMZ, MTZ), nitrogen
mustard cross-linkers (chlorambucil CHB, melphalan MEL),
nitrosoureas (1,3-bis(2-chloroethyl)-1-nitrosourea BCNU, N-
(2-chloroethyl)-N′-cyclohexyl-N-nitrosourea CCNU) and CP,
Table 2. Correlations among the four new imidazotetrazine
compounds examined were all strong (0.92 ≤ P ≥ 0.77), and,
interestingly, there was no clear discrimination between the
mono- and bifunctional agents: for monofunctional 2d, 0.83 ≤
P ≥ 0.77 and in particular P = 0.79 with the equivalent p-Cl
dimer 3d. Gratifyingly, the new compounds showed only
moderate correlations (0.52 ≤ P ≥ 0.38) with the established
imidazotetrazines TMZ and MTZ and so are distinct as new
members of this compound class. The absence of correlation
with MTZ is significant as this compound exhibits a
characteristic pattern of differential activity across the panel,
unlike TMZ.
The putative DNA lesion of the bifunctional agents 3 is a

five-atom cross-link, related in structure to those formed by the
nitrogen mustard prodrugs; however, no drugs of this class
showed strong correlations 0.59 ≤ P ≥ 0.29. Notably, there was
no similarity to the nitrosoureas which are also diazonium ion
precursors, 0.45 ≤ P ≥ 0.05. The new compounds all showed

Table 1. Summary of NCI60 Statistics for Compounds 2d,
3c−e, and Established Prodrugs for Comparison

log GI50, mean (SD) log GI50 range

2d −4.69 (0.58) 2.05
3c −5.11 (0.69) 2.81
3d −5.07 (0.52) 1.72
3e −4.83 (0.46) 1.80
MEL −4.54 (0.55) 1.88
CHB −4.21 (0.56) 1.64
CP −5.40 (1.10) 2.38
BCNU −4.12 (0.82) 1.86
CCNU −4.53 (0.48) 2.22

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm401121k | J. Med. Chem. 2013, 56, 7120−71327124



strong correlations with dacarbazine (DTIC, highest dose = 1
μM). This observation is not easy to interpret, as this prodrug
requires hepatic oxidative demethylation in order to release its
active electrophile, so it is somewhat surprising that DTIC
scored so highly against the new imidazotetrazines. Part of the
reason for this may lie in the two relatively featureless data sets
of DTIC [mean log GI50(SD) = −4.30(0.28), range = 0.99,
high conc = 104 M; mean log GI50(SD) = −3.66(0.548), range
= 2.55, high conc = 10−3 M] and a shared sensitivity in the
leukemia subpanel. Simple COMPARE using DTIC GI50 (high
conc = 10−3 M) data as seed in the Standard Agents database
yields no correlations P > 0.537.
Simple COMPARE analysis was performed with the

Standard Agents and Molecular Targets databases using the
GI50 data as seed, Table 3. The Standard Agents data again
identified similarity with DTIC, as noted above. In addition,
modest correlations with 6MP and 6TG appeared for all four
compounds, which is presumably linked to residual MMR-
dependence,24,25 a property that is shared with MTZ and
DTIC. With the exception of compound 3e, correlations in the
Molecular Targets database were not strong. Notable among
the correlations of analogue 3e are the lymphocyte and
leukocyte related proteins LCP1, LRMP, RASSF5, and LAIR1
which may account for the high sensitivity of the leukemia
subpanel to these new compounds. Also intriguing are the
correlations with the RAS-related proteins ARHGAP4 and
RASSF5 and the moderate inverse correlation with RAB1A, a
RAS superfamily GTPase.26

All of the NCI cell lines are characterized for expression of
MGMT and components of MMR.27 Plots of protein
expression vs log GI50 were prepared to probe correlation or
inverse correlation between GI50 and expression of MGMT,
hMLH1 (the core MMR protein), or MSH6 (the MMR
domain that recognizes O6-alkylG-DNA damage); see Figures
S6−S8, Supporting Information. For each of the compounds
2d, 3c−e, the graphs showed scatters with no connection
between the protein expression levels and GI50: a result

consistent with the independence of activity from MGMT and
MMR found in the A2780 cell line screen.

■ FURTHER IN VITRO EVALUATION
The new compounds were further assessed in selected drug-
resistant cell lines (Tables 4 and 5). HCT116 is a human colon

carcinoma cell line that is deficient in both MGMT and MMR,
and in consequence it is insensitive to both TMZ and CP.28−30

Both mono- and bifunctional agent families showed consid-
erably more potent activity than TMZ and MTZ in this cell
line, and, in further contrast, activity was retained in the p53-
deficient mutant, Table 5. TMZ activity is known to be p53
dependent.31 Compounds were also evaluated against an
isogenic pair of SNB19 GBM cell lines competent in MMR

Table 2. Results of Matrix COMPARE Using log GI50 Data as Seed (P values) for NCEs 2d, 3c−e with Selected Standard Agents

2d 3c 3d 3e TMZ MTZ DTIC MEL CHB BCNU CCNU CP

2d 1 0.83 0.79 0.77 0.50 0.42 0.62 0.35 0.33 0.25 0.08 0.27
3c 0.83 1 0.92 0.92 0.52 0.35 0.72 0.4 0.33 0.32 0.06 0.32
3d 0.79 0.92 1 0.81 0.46 0.38 0.64 0.36 0.29 0.27 0.05 0.35
3e 0.77 0.92 0.81 1 0.51 0.46 0.71 0.59 0.53 0.45 0.10 0.42

Table 3. Selected Results from NCI60 Screen and COMPARE Analysis Using the log GI50 Data as Seed in the Standard Agents
and Molecular Targets Databases

Standard Agents database Molecular Targets database

Pa P P strong positive correlationsc
strongest negative

correlation

DTICb 6TG 6MP (P) (P)

2d 0.669 0.563 0.571 U2AF1 (0.61) RAB1A (−0.611)
3c 0.751 0.543 0.524 RCSD1 (0.686) RAB1A (−0.636)

HCLS1 (0.683)
3d 0.717 0.515 0.527 WAS (0.526) RAB1A (−0.526)
3e 0.727 0.573 0.515 HCLS1, WAS, NCKAP1L, LCP1, LRMP, ARHGAP4, RASSF5, CD53, LAIR1 (>0.7 for all) K1AA1191 (−0.64)

RAB1A (−0.5136)
MTZ 0.326 0.517 0.418

aP, Pearson rank correlation coefficient. bIn all cases, the highest ranking correlation was with DTIC. cExamples from the 10 top correlations, P
values in parentheses. 6TG, 6-thioguanine; 6MP, 6-mercaptopurine; DTIC, dacarbazine.

Table 4. IC50 (μM) for New Compounds in Selected TMZ-
Resistant Cell Lines Using the Cyquant Assay (n = 2)

A2058 HCT116 SNB19 (vector) SNB19 (MGMT)

2g >100 20.0 77.0 >100
3c 5.5 12.5 11.0 12.0
3e 2.5 5.5 6.6 7.0
TMZ 35.5 >250 37.0 >250

Table 5. p53 Independence of Chemosensitivity of HCT116
Cell Lines Proficient and Deficient in p53a

HCT116+/+ HCT116−/− ratio +/+: −/−
2d 55 (8.2) 35.8 (7.1) 1.5
2g 13.2 (14.1) 9.5 (4.8) 1.4
3a 5.5 (1.2) 4.8 (2.1) 1.1
3b 6.2 (n = 2) 4.4 (2.7) 1.4
3c 28 (8.1) 17 (5.3) 1.6
3e 7.6 (2.1) 9.9 (n = 2) 0.8
MTZ 60 (11.2) 17.9 (8.9) 3.4
CP 11.8 (n = 2) 1.9 (2.5) 6.2

aIC50, μM (SD).
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that either expressed MGMT, SNB19(MGMT), or were
negative for MGMT, SNB19 (vector). This pair of cell lines
highlights the improvements that the new bifunctional agents
offer over TMZ. The MGMT-proficient line being remarkably
insensitive to TMZ (IC50 is unattainable) and the new
bifunctional agents showing equivalent activity against the
two lines (IC50 6−12 μM) with increased potency against both
SNB19 (vector) and SNB19 (MGMT). A2058 is an aggressive
melanoma line that is TMZ-sensitive, and even so the new
bifunctional agents show a 10-fold increase in potency.

■ DISCUSSION AND CONCLUSIONS
The aims of generating new imidazotetrazine prodrugs with
activity independent of MGMT and MMR have been achieved
through a rationally designed switch in molecular mechanism.
This complements other work, where alternative GO6-lesion
dependent strategies have been pursued.29 Two new families of
mono- and bifunctional 3-anilinoethyl imidazotetrazines have
been prepared. These were designed to shift the mechanism of
action from dependence on GO6-DNA modification to GN7-
modification. This was achieved through trapping the
diazonium electrophile released on hydrolysis of the imidazote-
trazine prodrug as an aziridinium ion. The monofunctional
agent 2b is efficiently converted to an aziridinium ion (Scheme
2), and 2b and 3b are both DNA GN7-alkylators.15 It is
proposed, on the basis of analogy with reactive intermediates
generated by nitrogen mustard and similar prodrugs, that
biological activity is likely associated with this lesion. However,
it is not yet possible to distinguish definitively between a
mechanism of action deriving from GN7-adduct formation and
one proceeding from GO6-adducts that are resistant to
MGMT-mediated repair.
Screening in A2780 and A2780-cp70 cell lines showed that

the new compounds are more potent than TMZ. The
monofunctional agents are approximately equipotent with
MTZ and the bifunctional agents more active. This activity is
independent of MGMT activity as determined by the use of the
MGMT inactivator PaTrin2. Dependence of the IC50 on MMR
is greatly reduced from approximately 30-fold for TMZ to 2−5-
fold for the new bifunctional agents. The Hammett plot, Figure
2, for the bifunctional agents demonstrates the critical role of
the para-substituent in directing the reactivity and bioactivity of
the compounds, consistent with the aziridinium ion mechanism
occurring in vitro and corroborating the design principles. The
data identified the p-toluidine derivative 3b as the optimal
analogue for MGMT and MMR independence and potency.
In the NCI60 screen, the new agents were not uniformly

cytotoxic and showed distinct and individual patterns of
response over a near 3-log range of GI50. The patterns of
biological response to the new agents were distinct from
standard agents drawn from the imidazotetrazine, nitrogen
mustard, and nitrosourea families, which, by chemical
consideration, may be predicted to share similar mechanisms
of action. For all compounds evaluated in the full 60 cell line
screen, there was neither correlation with MLH1 or MSH6 nor
inverse correlation with MGMT protein expression levels.
Correlations in the Molecular Targets database suggest there
may be a specific molecular mechanism that accounts for the
sensitivity of the leukemia subpanel to the new agents and,
moreover, that activity could be linked to RAS family
oncogenes.
Collectively, the in vitro data show that the initial aims of

improved potency and MGMT and MMR independence have

been achieved. The switch of chemical mechanism has resulted
in new agents that are distinct from existing imidazotetrazines,
nitrogen mustards, and nitrosoureas. This implies that an
increased diversity of tumor types may now be able to respond
to drugs of the imidazotetrazine class. NCI60 panel data
identified CP-resistant ovarian carcinoma cell lines as
responsive to the new agents. Chemosensitivity in selected
drug-resistant colon carcinoma and glioma cell lines (HCT116
and SNB19) showed that there is activity against TMZ- and
CP-resistant tumor lines of these types, and moreover, that the
HCT116 response is independent of p53 status. The ability of
cells to repair damage by the new agents is linked to the ATR
and FANC pathways for the bifunctional and ATM and FANC
pathways for monofunctional agents.32 Mutation in one of
these genes would hypersensitize a tumor to these new agents.
Overall these findings validate our understanding of the

underlying chemistry of imidazotetrazine prodrugs. The
members of our compound library are distinctive new agents,
worthy of further development and application against a more
diverse range of tumor types than TMZ.

■ EXPERIMENTAL SECTION
Synthesis. Reagents were purchased from Sigma-Aldrich, Alfa

Aesar, and Fluka, and solvents from Fisher Scientific. Thin layer
chromotography (TLC) was performed on highly purified silica gel
plates with UV indicator (silica gel F245), manufactured by Merck and
visualized under UV light (366 or 254 nm) or stained with iodine.
Melting points were determined with an Electrothermal IA9200 digital
melting point apparatus. Infrared data were obtained using a Perkin-
Elmer (Paragon 1000) FT-IR spectrophotometer. NMR spectra were
acquired on a JEOL GX270 Delta, or where indicated ECA600,
spectrometers observing 1H at 270.05 and 600.17 MHz and 13C at
67.80 and 150.91 MHz respectively. 13C assignments were made with
the aid of the DEPT135 experiment. Mass spectra were obtained from
the EPSRC National Mass Spectrometry Service Centre at the
University of Swansea, UK, and the Analytical Centre at the University
of Bradford using a Micromass Quattro Ultima mass spectrometer.
Elemental analyses were obtained from the Advanced Chemical and
Material Analysis Unit at the University of Newcastle upon Tyne, UK.
All compounds entering biological evaluation were dried in vacuo for
3−4 days, ≤35 °C; ≥95% purity was adjudged by combustion analysis
and HPLC, and solvation is indicated where appropriate; correspond-
ing analytical HPLC chromatograms and highfield 1H NMR spectra
are shown in Supporting Information.

Compounds 2b and 3b were prepared as described in ref 15.
Methyl 3-(4-chlorophenylamino)propanoate 12g. General

Method A: Single Conjugate Addition to Anilines. 4-Chloroaniline
(20.0 g, 157 mmol) was mixed with methyl acrylate (54.0 g, 627
mmol, 4 equiv), cuprous chloride (1.56 g, 15.68 mmol, 0.1 equiv), and
AcOH (30 mL) and heated under reflux at 160 °C for 2 h. The
solvents were removed by evaporation and the residue partitioned
between chloroform (500 mL) and water (500 mL). The organic layer
was dried (MgSO4) in the presence of charcoal and filtered through
Celite. The solvents were removed leaving an oily residue. Petroleum
ether (200 mL) was added and heated to reflux. The solvent was
decanted, and the product precipitated upon standing. The solid was
collected by filtration, washed with petroleum ether, and dried to give
the ester (23.7 g, 71%): 1H NMR (CDCl3) 7.11 (d, J = 8.8 Hz, 2H, 2-
H and 6-H), 6.55 (d, J = 8.8 Hz, 2H, 3-H and 5-H), 3.68 (OCH3),
3.41 (t, J = 7.2 Hz, 2H, CH2N), 2.61 (t, J = 7.2 Hz 2H, CH2CO);

13C
NMR (CDCl3) 172.8 (CO), 146.1 (C-1), 129.2 (C-2 & C-6), 122.5
(C-4), 114.3 (C-3 & C-5), 51.9 (OCH3), 39.7 (CH2N), 33.6
(CH2CO); MS (ES): m/z 214.1 (M + H)•+; IR (film) 3400, 1725,
1600, 1500, 1435 cm−1.

Methyl 3-(Methyl(phenyl)amino)propanoate 12a.15,33 Pre-
pared by General Method A. Ester 12a was obtained as a colorless oil
(13.3 g, 74%). 1H NMR (CDCl3) 7.16 (t, 2H, J = 8.6 Hz, 3-H and 5-
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H), 6.64 (m, 3H, 2-H, 4-H and 6-H), 3.58 (m, 5H, CH2N & CH3N),
2.85 (s, 3H, OCH3), 2.49 (t, J = 7.3 Hz, 2H, CH2CO)

13C NMR
(CDCl3) 172.8 (CO), 148.6 (C-1), 129.4 (C-3 & C-5), 116.9 (C-
4), 112.6 (C-2 & C-6), 51.8 (OCH3), 48.7 (NCH2), 38.3 (NCH3),
31.6 (CH2CO); MS (ES): m/z 194.1 (M + H)•+; IR (film) 1725s
(CO), 1175m (C−O) cm−1.
Methyl 3-((4-Fluorophenyl)(methyl)amino)propanoate 12c.

Prepared according to General Method A. Ester 12c was obtained as
an orange oil (2.22 g, 75%). 1H NMR (CDCl3) 6.92 (m, 2H, 3-H and
5-H), 6.66 (m, 2H, m, 2-H and 6-H), 3.65 (s, 3H, OCH3), 3.60 (t, J =
7.3 Hz, 2H, NCH2), 2.86 (NCH3), 2.52 (t, J = 7.3 Hz, 2H, CH2CO);
13C NMR (CDCl3) 172.8 (CO), 155.7 (d, 1JCF = 235 Hz, C-4),
145.5 (C-1), 115.7 (d, 2JCF = 22 Hz, C-3 & C-5), 114.1 (d, 3JCF = 7 Hz,
C-2 & C-6), 51.8 (CH3O), 49.5 (CH2N), 38.7 (CH3N), 31.5
(CH2CO); MS (ES): m/z 212.1 (M + H)•+; IR (KBr) 3025m (Ar C−
H), 2950m (C−H), 1725s (CO), 1525m (Ar CC), 1175m (C−
O) cm−1.
Methyl 3-((4-Chlorophenyl)(methyl)amino)propanoate 12d.

Prepared according to General Method A. Ester 12d was obtained as a
yellow oil (9.1 g, 54%). 1H NMR (CDCl3) 7.15 (d, J = 8.9 Hz, 2H, 3-
H and 5-H), 6.63 (d, J = 8.9 Hz, 2H, 2-H and 6-H), 3.63 (s, 3H,
OCH3), 3.62 (t, J = 7.2 Hz, 2H, NCH2), 2.89 (s, 3H, NCH3), 2.54 (t, J
= 7.2 Hz, 2H, CH2CO);

13C NMR (CDCl3) 172.6 (CO), 147.2 (C-
1), 129.1 (C-3 & C-5), 121.7 (C-4), 113.9 (C-2 & C-6), 51.9 (OCH3),
48.8 (NCH2), 38.4 (NCH3), 31.5 (CH2CO); MS (ES): m/z 228.1 (M
+ H)•+; IR (KBr) 3025m (Ar C−H), 2950m (C−H), 1725s (CO),
1525m (Ar CC), 1175m (C−O) cm−1.
Methyl 3-((4-Methoxyphenyl)(methyl)amino)propanoate

12e.33 According to General Method A. Ester 12e was obtained as
a colorless oil (4.72 g, 58%): 1H NMR (CDCl3) 6.76 (d, 2H, J = 9.0
Hz, 3-H and 5-H), 6.67 (d, 2H, J = 9.0 Hz, 2-H and 6-H), 3.68 (s, 3H,
CH3O−Ar), 3.59 (s, 3H, CH3OCO), 3.51 (t, J = 7.3 Hz, 2H, CH2N),
2.78 (s, 3H, CH3N), 2.46 (t, J = 7.3 Hz, 2H, CH2CO);

13C NMR
(CDCl3) 172.4 (CO), 151.6 (C-4), 143.1 (C-1), 114.6 and 114.3
(C-3, C-5 & C2, C6), 55.3 (CH3O−Ar), 51.2 (CH3OCO), 49.4
(NCH2), 38.4 (CH3N), 30.9 (CH2CO); MS (ES): m/z 224.1 (M +
H)•+; IR (film) 1725s (CO), 1175m (C−O) cm−1.
Methyl 3-(tert-Butoxycarbonyl-(4-chlorophenyl)amino)-

propanoate 12f. Ester 12g (2.27 g, 10.6 mmol) was mixed with
di-tert-butyl carbonate (9.3 g, 42.6 mmol, 4 equiv) in the absence of
solvent. The mixture was heated at 100 °C for 18 h. The mixture was
partitioned between H2O and petroleum ether. The organic phase was
washed with H2O (5 × 50 mL), dried, and evaporated to give ester 4h
as an oil (3.2 g, 97%). 1H NMR (CDCl3) 7.29 (d, J = 8.8 Hz, 2H, 2-H
and 6-H), 7.11 (d, J = 8.8 Hz, 2H, 3-H and 5-H), 3.91 (t, J = 7.2 Hz,
2H, NCH2), 3.53 (OCH3), 2.57 (t, J = 7.2 Hz, 2H, CH2CO), 1.41 (s,
9H, C(CH3)3);

13C NMR (CDCl3) 172.3 (OCO), 154.4 (NC
O), 141.0 (C-1), 130.9 (C-4), 129.1 (C-2 & C-6), 113.7 (C-3 & C-5),
79.8 (C(CH3)3), 51.8 (OCH3), 48.2 (NCH2), 32.8 (CH2CO), 28.4
(CH3); MS (ES): m/z 314.1 (M + H)•+; IR (film) 1725s (CO),
1175m (C−O) cm−1.
3-(4-Chlorophenylamino)propanehydrazide 13g.34,35 Gener-

al Method B: Preparation of Monohydrazides. Ester 12g (3.7 g, 11.8
mmol, 1 equiv) was mixed with hydrazine hydrate (5.9 g, 118 mmol,
10 equiv) in propan-2-ol (10 mL) for 48 h at RT. The volatiles were
removed with evaporation to leave hydrazide 13g as colorless oil (3.5
g, 95%). 1H NMR (DMSO-d6) 9.03 (br s, 1H, NHNH2), 7.05 (d, 2H,
J = 8.9 Hz, 2-H and 6-H), 6.53 (d, 2H, J = 8.8 Hz, 3-H and 5-H), 5.76
(br s, 1H, NH-aniline), 4.28 (s, br, 2H, NH2), 3.19 (t, J = 7.2 Hz, 2H,
NCH2), 2.41 (t, J = 7.2 Hz, 2H, CH2CO);

13C NMR (DMSO-d6)
170.5 (CO), 148.0 (C-1), 129.1 (C-3 & C-5), 119.4 (C-4), 113.9
(C-2 & C-6), 39.9 (CH2N), 33.7 (CH2CO); MS (ES): m/z 214.1 (M
+ H)•+; IR (KBr) 3300s (NH), 3050m (Ar C−H), 1650s (CONH)
cm−1.
3-(Methyl(phenyl)amino)propanehydrazide 13a. Prepared

according to General Method B. Hydrazide 13a was obtained as a
colorless oil (12.7 g, 98%). 1H NMR (CDCl3) 7.94 (br s, 1H, NH),
7.20 (t, 2H, J = 7.8 Hz, 3-H and 5-H), 6.69 (m, 3H, 2-H, 4-H, 6-H),
3.62 (br, 4H, CH2N & NH2), 2.86 (s, 3H, CH3N), 2.33 (t, J = 6.8 Hz,
2H, CH2CO);

13C NMR (CDCl3) 172.5 (CO), 148.7 (C-1), 129.4

(C-3 & C-5), 117.1 (C-4), 112.8 (C-2 & C-6), 49.2 (NCH2), 38.6
(NCH3), 31.9 (CH2CO); MS (ES): m/z 194.1 (M + H)•+; IR (KBr)
3300s (NH), 3050m (Ar C−H), 1650s (CONH) cm−1.

3-((4-Fluorophenyl)(methyl)amino)propanehydrazide 13c.
Prepared according to General Method B. Hydrazide 13c was
obtained as a yellow oil (2.16 g, 97%): 1H NMR (CDCl3) 7.47 (br
s, 1H, NH), 6.91 (m, 2H, 3-H and 5-H), 6.66 (m, 2H, 2-H and 6-H),
3.56 (t, J = 6.8 Hz, 2H, CH2N), 3.5 (br s, 2H, NH2), 2.83 (s, 3H,
NCH3), 2.34 (t, J = 6.8 Hz, 2H, CH2CO);

13C NMR (CDCl3) 172.4
(CO), 156.0 (d, 1JCF = 237 Hz, C-4), 145.6 (C-1), 115.8 (d, 2JCF =
22 Hz, C-3 & C-5), 114.8 (d, 3JCF = 8 Hz, C-2 & C-6), 50.1 (CH2N),
39.3 (CH3N), 31.8 (CH2CO); MS (EI): m/z 212.1 (M + H)•+; IR
(KBr) 3300m (NH), 3050m (Ar C−H), 1650s (CONH), 1525m (Ar
CC) cm−1.

3-((4-Chlorophenyl)(methyl)amino)propanehydrazide 13d.
Prepared according to General Method B. Hydrazide 13d was
obtained as white solid (4.0 g, 44%): 1H NMR (CDCl3) 7.15 (d, 2H, J
= 8.9 Hz, 3-H and 5-H), 7.03 (s, 1H, NH), 6.62 (d, 2H, J = 8.9 Hz, 2-
H and 6-H), 3.86 (br s, 2H, NH2), 3.63 (t, J = 6.8 Hz, 2H, CH2N),
2.88 (s, 3H, NCH3), 2.35 (t, J = 6.8 Hz, 2H, CH2CO);

13C NMR
(CDCl3) 172.2 (CO), 147.3 (C-1), 129.2 (C-3 & C-5), 122.1 (C-
4), 114.0 (C-2 & C-6), 49.3 (NCH2), 38.8 (NCH3), 31.8 (CH2CO);
MS (ES): m/z 226.9 (M + H)•+; IR (KBr) 3300m (NH), 3050m (Ar
C−H), 1650s (CONH), 1525m (Ar CC) cm−1.

3-((4-Methoxyphenyl)(methyl)amino)propanehydrazide
13e. Prepared according to General Method B. Hydrazide 13e was
obtained as an oil which crystallized upon standing (4.5 g, 95%): 1H
NMR (CDCl3) 7.63 (br s, 1H, NH), 6.80 (d, 2H, J = 9.2 Hz, 3-H and
5-H), 6.75 (d, 2H, J = 9.2 Hz, 2-H and 6-H), 3.72 (s, 3H, CH3O−Ar),
3.47 (t, J = 6.6 Hz, 2H, CH2N), 3.3 (br s, 2H, NH2), 2.79 (s, 3H,
NCH3), 2.33 (t, J = 6.6 Hz, 2H, CH2CO);

13C NMR (CDCl3) 172.7
(CO), 152.9 (C-4), 143.7 (C-1), 116.5 (C-2 & C-6), 114.9 (C-3 &
C-5), 55.8 (CH3O−Ar), 50.7 (CH2N), 40.0 (NCH3), 31.9 (CH2CO);
MS (ES): m/z 224.1 (M + H)•+; IR (KBr) 3300s (NH), 3050m (Ar
C−H), 1650s (CONH) cm−1.

tert-Butyl-4-chlorophenyl(3-hydrazinyl-3-oxopropyl)-
carbamate 13f. Prepared according to General Method B. Hydrazide
13f was obtained as a colorless oil (3.5 g, 95%). 1H NMR (CDCl3)
7.76 (br s, 1H, NH), 7.22 (d, 2H, J = 7.8 Hz, 2-H and 6-H), 7.04 (d,
2H, J = 7.8 Hz, 3-H and 5-H), 3.86 (t, J = 6.8 Hz, 2H, NCH2), 3.65 (s,
br, 2H, NH2), 2.41 (t, J = 6.8 Hz, 2H, CH2CO), 1.41 (s, 9H,
C(CH3)3);

13C NMR (CDCl3) 173.6 (CO), 154.3 (NCO), 141.8
(C-1), 131.1 (C-4), 129.2 (C-2 & C-6), 114.1 (C-3 & C-5), 79.8
(C(CH3)3), 48.7 (NCH2), 34.2 (CH2CO), 20.3 (ArCH3); MS (ES):
m/z 314.1 (M + H)•+; IR (KBr) 3300s (NH), 3050m (Ar C−H),
1650s (CONH) cm−1.

3 - ( 2 - ( 4 - C h l o r opheny l am i no ) e t h y l ) - 4 - o x o - 3 , 4 -
dihydroimidazo[5,1-d][1,2,3,5]tetrazine-8-carboxamide 2g.
General Method C: Preparation of Monoimidazotetrazines.
Hydrazide 13g (1.0 g, 4.68 mmol) was dissolved in dichloromethane
(20 mL). Water (20 mL) was added followed by HCl (2.5 mL, 37%).
The mixture was cooled in an ice/CaCl2 bath, and a solution of
NaNO2 (0.39 g, 56.2 mmol, 1.2 equiv) in water (10 mL) was added
with strong agitation at below −5 °C. The ice bath was removed and
dichloromethane (20 mL) was added. The reaction mixture was stirred
for 40 min, and the organic layer was separated, dried over MgSO4,
and evaporated to give the crude azide 14g as an oil, identified by IR.
The oil was diluted with toluene (100 mL) and heated under reflux for
1 h under N2. The volatile components were removed to give the
crude isocyanate 15g as an oil. Diethylether (150 mL) was added, and
the mixture was heated with strong agitation. The hot ether solution
was decanted leaving an oily residue of impurities behind. The ether
layer was evaporated to leave pure isocyanate as pale yellow oil (IR
νmax 2260s). The isocyanate (0.1 g, 0.48 mmol) was mixed with diazo-
IC 518 (0.07 g, 0.48 mmol, 1 equiv) in dry DMSO (0.3 mL) under N2
at RT in the absence of light for 24 h. The reaction was quenched with
water (10 mL), and the resultant solid was collected by filtration and
washed with copious amounts of water to leave imidazotetrazine 2g as
a brown solid (0.16 g, 29%): mp 160−161 °C; 1H NMR (DMSO-d6,
600 MHz) 8.84 (s, 1H, imidazole CH), 7.82 and 7.70 (2 × br s, 2H,
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CONH2), 7.62 (d, J = 8.8 Hz, 2H, 3-H and 5-H), 7.54 (d, J = 8.8 Hz,
2H, 2-H and 6-H), 4.52 (t, J = 6.0 Hz, 2H, NCH2), 4.42 (t, J = 6.0 Hz,
2H, CH2CO), 3.3 (br s, NH-aniline & H2O);

13C NMR (DMSO-d6,
151 MHz) 161.8 (CO amide), 140.0 (C-1), 139.4 (CO
tetrazine), 134.4 (Cq tetrazine), 132.7 (C-4), 131.8 (Cq imidazole),
130.0 (C-3 & C-5), 129.5 (C−H imidazole), 122.3 (C-2 & C-6), 45.9
(CH2N-aniline), 42.0 (CH2N-tetrazine); MS (ES): m/z 334.1 (M +
H)•+; IR (KBr) 3450m and 3300 (CONH2), 1750s (CO), 1650s
(CONH2), 1600m and 1500s (Ar−H) cm−1. Anal. C20H19N13O4·
0.25H2O, CHN.
3 - ( 2 - (Me t h y l ( p h e n y l ) am i n o ) e t h y l ) - 4 - o x o - 3 , 4 -

dihydroimidazo[5,1-d][1,2,3,5]tetrazine-8-carboxamide 2a.
Prepared according to General Method C. The product was purified
by flash column chromatography (2% MeOH/CHCl3), and
imidazotetrazine 2a was obtained as a white solid (0.34 g, 21%): mp
186−187 °C. 1H NMR (DMSO-d6, 600 MHz) 8.77 (s, 1H, imidazole
CH), 7.79 and 7.68 (2 × br s, 2H, CONH2), 7.06 (t, J = 8.6 Hz, 2H, 3-
H and 5-H), 6.68 (d, J = 8.6 Hz, 2H, 2-H and 6-H), 6.50 (t, J = 8.6 Hz,
1H, 4-H), 4.46 (t, J = 6.4 Hz, 2H, NCH2), 3.80 (t, J = 6.4 Hz, 2H,
CH2CO), 2.91 (s, 3H, NCH3);

13C NMR (DMSO-d6, 151 MHz)
161.9 (CONH2), 148.9 (C-1), 139.6 (CO tetrazine), 134.7 (Cq
tetrazine), 131.3 (Cq imidazole), 129.4 (C-3 & C-5), 129.2 (C−H
imidazole), 116.6 (C-4), 112.4 (C-2 & C-6), 50.3 (CH2N-aniline),
46.4 (CH2N-tetrazine), 38.3 (CH3); MS (ES): m/z 314.2 (M + H)•+;
627.4 (2M + H)•+; IR (KBr) 3450m (CONH2), 1750s (CO), 1675s
(CONH2), 1600m (Ar−H) cm−1. Anal. C14H15N7O2, CHN.
3-(2-((4-Chlorophenyl)(methyl)amino)ethyl)-4-oxo-3,4-

dihydroimidazo[5,1-d][1,2,3,5]tetrazine-8-carboxamide 2d.
Prepared by General Method C. The product was precipitated with
water and collected by filtration, and the crude solid was dried and
suspended in chloroform (20 mL). The impurities were removed by
filtration, and the filtrate was evaporated to yield imidazotetrazine 2d
as a yellow solid (0.084 g, 25%): mp 154−155 °C 1H NMR (DMSO-
d6, 600 MHz) 8.76 (s, 1H, imidazole CH), 7.75 and 7.65 (2 × br s, 2H,
CONH2), 7.07 (d, J = 8.8 Hz, 2H, 3-H and 5-H), 6.66 (d, J = 8.8 Hz,
2H, 2-H and 6-H), 4.43 (t, J = 6.6 Hz, 2H, CH2N), 3.77 (t, J = 6.6 Hz,
2H, CH2CO), 2.87 (s, 3H, NCH3);

13C NMR (151 MHz, DMSO-d6)
161.9 (CONH2), 147.8 (C-1), 139.6 (CO tetrazine), 134.7 (Cq
tetrazine), 131.4 (Cq imidazole), 129.2 (C−H imidazole), 129.1 (C-3
& C-5), 120.3 (C-4), 113.9 (C-2 & C-6), 50.4 (CH2N-aniline), 46.3
(CH2N-tetrazine), 38.5 (CH3); MS (ES): m/z 348.2 (M + H)•+;
695.3 (2M + H)•+; 717.3 (2M + Na)•+; IR (KBr) 3450m (CONH2),
1750s (CO), 1675s (CONH2), 1600m and 1500s (Ar−H) cm−1.
Anal. C14H14ClN7O2·0.5 H2O, CHN.
tert-Butyl 2-(8-carbamoyl-4-oxoimidazo[5,1-d][1,2,3,5]-

tetrazin-3(4H)-yl)ethyl(4-chlorophenyl) Carbamate 2f. Prepared
according to General Method C. The product was purified by flash
column chromatography (10% AcOH/CHCl3), and imidazotetrazine
2f was obtained as a white solid (0.15 g, 51%): mp 177−178 °C; 1H
NMR (DMSO-d6, 600 MHz) 8.91 (s, 1H, imidazole CH), 7.83 and
7.70 (2 × br s, 2H, CONH2), 7.40 (d, J = 8.8 Hz, 2H, 3-H and 5-H),
7.32 (d, J = 8.8 Hz, 2H, 2-H and 6-H), 4.40 (t, J = 6.7 Hz, 2H, NCH2),
4.04 (t, J = 6.5 Hz, 2H, CH2CO), 1.11 (s, 9H, C(CH3)3);

13C NMR
(DMSO-d6, 151 MHz) 161.8 (CONH2), 154.3 (N(CO)O), 140.8 (C-
1), 139.6 (CO tetrazine), 134.6 (Cq tetrazine), 131.4 (Cq imidazole),
131.0 (C-4), 129.4 (C−H imidazole), 129.2 and 129.1 (C-3 & C-5,C-2
& C-6), 80.74 (C(CH3)3), 48.3 and 48.0 (CH2N-tetrazine & CH2N-
aniline), 28.0 (CH3); MS (ES): m/z 434.3 (M + H)•+; 456.2 (M +
Na)•+; IR (KBr) 3450m (CONH2), 3150m (CONH2), 1750s (C
O), 1700s (CONH2), 1600m and 1500s (Ar−H) cm−1. Anal.
C18H20ClN7O4·1/3H2O, CHN.
3-(2-(Methyl(4-methyl-3-nitrophenyl)amino)ethyl)-4-oxo-

3,4-dihydroimidazo[5,1-d][1,2,3,5]tetrazine-8-carboxamide
2h. Prepared according to General Method C from hydrazide 13b. On
completion of the reaction, the mixture was quenched with propan-2-
ol (10 mL), and the solid was collected by filtration and washed with
propan-2-ol and then methanol to leave imidazotetrazine 2h as an
orange solid (0.43 g, 24%): mp 133−134 °C. 1H NMR (DMSO-d6,
600 MHz) 8.76 (s, 1H, imidazole CH), 7.77 and 7,66 (2 × br s, 2H,
CONH2), 7.38 (d, J = 2.0 Hz, 1H, 2-H), 7.20 (d, J = 8.4 Hz, 1H, 5-H),

7.14 (br d, J = 8.4 Hz, 1H, 6-H), 4.44 (t, J = 6.2 Hz, 2H, CH2N-
aniline), 3.45 (t, J = 6.2 Hz, 2H, CH2N-tetrazine), 2.75 (s, 3H, NCH3),
2.12 (s, 3H, ArCH3);

13C NMR (DMSO-d6, 151 MHz) 161.9
(CONH2), 143.0 (C-3), 142.5 (C-1), 139.4 (CO tetrazine), 134.6
(Cq tetrazine), 134.3 (C-2), 131.4 (Cq imidazole), 131.3 (C-4), 129.2
(C−H imidazole), 125.3 (C-6), 121.8 (C-5), 53.4 (CH2N-aniline),
46.4 (CH2N-tetrazine), 40.7 (CH3N), 20.0 (ArCH3); MS (ES): m/z
373.2 (M + H)•+; 395.2 (M + Na)•+. Anal. C15H16N8O4·0.15 H2O,
CHN.

3-(2-((4-Methoxy-2-nitrophenyl)(methyl)amino)ethyl)-4-
oxo-3,4-dihydroimidazo[5,1-d][1,2,3,5]tetrazine-8-carboxa-
mide 2i. Prepared according to General Method C from 13e. The
product was purified by flash column chromatography (10% AcOH/
CHCl3). The solid was washed with 50% MeOH/H2O, and
imidazotetrazine 2i was obtained as a purplish red solid (0.21 g,
26%): mp 166−168 °C. 1H NMR (DMSO-d6, 600 MHz) 8.80 (s, 1H,
imidazole CH), 7.79 and 7.67 (2 × br s, 2H, CONH2), 7.36 (d, J = 8.9
Hz, 1H, 6-H), 7.18 (d, J = 3.0 Hz, 1H, 3-H), 7.07 (dd, J = 3.0, 8.9 Hz,
1H, 5-H), 4.42 (t, J = 6.0 Hz, 2H, CH2N-aniline), 3.68 (s, 3H, OCH3)
3.35 (t, J = 6.0 Hz, 2H, CH2N-tetrazine), 2.70 (s, 3H, NCH3);

13C
NMR (DMSO-d6, 151 MHz) 162.0 (CONH2, 155.2 (C-4), 145.8 (C-
2), 139.4 (CO tetrazine), 138.6 (C-1), 134.7 (Cq tetrazine), 131.3
(Cq imidazole), 129.2 (C−H imidazole), 125.1 (C-6), 119.9 (C-3),
108.9 (C-5), 56.4 (CH3O), 54.5 (CH2N-aniline), 46.6 (CH2N-
tetrazine), 42.0 (NCH3); MS (ES): m/z 389.2 (M + H)•+; 411.2 (M +
Na)•+; IR (KBr) 3425m (CONH2), 3150m (CONH2), 1750s (C
O), 1700s (CONH2), 1600m and 1525s (Ar−H) cm−1. Anal.
C15H16N8O5·0.1 H2O, CHN.

Modified Procedure for Tetrazine 2c. 3-(2-(N-(4-Fluorophen-
yl)-N-methylamino)ethyl)-4-oxo-3H,4H-imidazo[1,5-d][1,2,3,5]-
tetrazine-8-carboxamide 2c . 3-(N-(4-Fluorophenyl)-N-
methylamino)propanoyl Azide 14c. Hydrazide 13c (0.25 g, 1.2
mmol) was dissolved in a mixture of AcOH (0.66 M 15 mL) and
DCM (15 mL); the mixture was then stirred on a CaCl2-ice bath at 0
°C, and a solution of NaNO2 (0.49 g, 7.1 mmol) in H2O (25 mL) was
added dropwise keeping the exothermic reaction at 0−5 °C. A further
amount of DCM (20 mL) was added, and the DCM layer was
separated, washed with H2O (20 mL), dried over MgSO4, and then
filtered. Formation of azide 14c was confirmed by IR. 1H NMR
(CDCl3, 600 MHz): 6.93 (t, 2H, JHH = 3JHF = 9.1 Hz, 3′,5′-H), 6.66
(dd, 2H, JHH = 9.1 Hz, 4JHF = 4.3 Hz, 2′,6′-H), 3.60 (t, 2H, J = 7.1 Hz,
3-H), 2.86 (s, 3H, NCH3), 2.55 (t, 2H, J = 7.1 Hz, 2-H); 13C NMR
(CDCl3, 151 MHz) 179.2 (C-1), 155.3 (d, 1JCF = 237 Hz, C-4′), 145.2
(C-1′), 115.8 (d, 2JCF = 21.7 Hz, C-3′,5′), 114.3 (d, 3JCF = 7.2 Hz, C-
2′,6′), 49.4 (C-3), 38.9 (NCH3), 34.2 (C-2); IR (liq. film) 2914w (CH
st), 2137s (CON3), 1711s (CO), 1511m (CC), 815s (p-
disubstituted aromatic ring) cm−1.

2-(N-(4-Fluorophenyl)-N-methylamino)ethyl Isocyanate 15c. The
anhydrous DCM solution of azide 14c was stirred under nitrogen at
RT overnight. Isocyanate 15c formation was confirmed by IR and 1H
NMR. The DCM was evaporated under reduced pressure at low
temperature (an ice bath was used to lower the temperature). The
isocyanate was collected as a yellow oil (0.2 g, 77%). 1H NMR
(CDCl3, 600 MHz) 6.95 (t, 2H, JHH = 3JHF = 9.1 Hz, 3′,5′-H), 6.69
(dd, 2H, JHH = 9.1 Hz, 4JHF = 4.3 Hz, 2′,6′-H), 3.43 (m, 4H, 1,2-H),
2.94 (s, 3H, NCH3);

13C NMR (CDCl3, 151 MHz) 157.2 (NCO),
155.3 (d, 1JCF = 237 Hz, C-4′), 145.2 (C-1′), 115.8 (d, 2JCF = 21.7 Hz,
C-3′,5′), 114.4 (d, 3JCF = 7.2 Hz, C-2′,6′), 54.5 (C-3), 40.9 (C-2), 39.6
(NCH3); IR (liq film) 3057w (Ar−CH st), 2917w (CH st), 2270s
(NCO), 1512m (CC), 1228m, 816s (p-disubstituted aromatic ring)
cm−1; MS (ES) m/z 195 (100%) (M + H)+.

3-(2-(N-(4-Fluorophenyl)-N-methylamino)ethyl)-4-oxo-3H,4H-
imidazo[1,5-d][1,2,3,5]tetrazine-8-carboxamide 2c. Isocyanate 15c
(0.2 g, 1.03 mmol) was diluted with DMSO (1.5 mL) under nitrogen
and then added to a suspension of diazo-IC 5 (0.14 g, 1.03 mmol) in
DMSO (1.5 mL); the mixture was stirred at RT protected from light
for 48 h. The 1H NMR spectrum showed product 2c formation. The
reaction mixture was suspended in H2O (30 mL) and filtered, and the
residue was washed with copious amounts of H2O until the washings
came through colorless and then washed with Et2O. The solid was
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purified by flash column chromatography, and 10% AcOH in CHCl3
was used for the elution; the fractions containing the product were
evaporated to give an orange solid. The solid was then redissolved in
CHCl3 and filtered, the CHCl3 evaporated, and the residue was
resuspended in Et2O and then collected by filtration to give 2c (0.057
g, 17%), mp 172−173 °C . 1H NMR (DMSO-d6, 600 MHz): 8.77 (s,
1H, 6-H), 7.75 and 7.65 (2 × br s, 2H, CONH2), 6.91 (t, 2H, JHH =
JHF = 9.1 Hz, 3′,5′-H), 6.69 (dd, 2H, JHH = 9.1 Hz, JHF = 4.3 Hz, 2′,6′-
H), 3.45 (t, 2H, J = 6.4 Hz, 1-H), 3.77 (t, 2H, J = 6.4 Hz, 2-H), 2.90 (s,
3H, NCH3);

13C NMR (CDCl3, 151 MHz) 161.89 (CONH2), 155.0
(d, 1JCF = 235.5 Hz, C-4′), 145.9 (C-1′), 139.5 (C-4), 134.7 (C-8a),
131.3 (C-8), 129.2 (C-6), 115.7 (d, 2JCF = 21.7 Hz, C-3′,5′), 113.6 (d,
3JCF = 7.2 Hz, C-2′,6′), 50.9 (C-2), 46.3 (C-1) 38.7 (NCH3); IR (KBr)
3439s (NH), 3117m (Ar−CH st), 2914w (CH st), 1749s (C(4)O),
1682s (CONH2), 1515 s, 1458m (CC), 820m (p-disubstituted
aromatic ring) cm−1; MS (ES): m/z 331.9 (20%) (M + H)+, 353.9
(10%) (M + Na)+, 195.0 (100%) (C10H11FN2O + H)+. Anal.
C14H14FN7O2·0.75H2O, CHN.
Modified Procedure for Tetrazine 2e. 3-(N-Methyl-N-(4-

nitrophenyl)amino)propanoyl Azide 14e and 3(N-methyl-N-(2-
nitrophenyl)amino)propanoyl Azide. Hydrazide 13a (0.3g, 1.6
mmol) was dissolved in a mixture of DCM (10 mL) and HCl (10
mL, 14.8%); the solution was stirred at 0 °C on a CaCl2-ice bath, and
NaNO2 (0.66 g, 9.6 mmol) solution in H2O (10 mL) was added
gradually, keeping the exothermic reaction between 0−5 °C. A further
portion of DCM (15 mL) was added, and the DCM layer was
separated, washed with two portions of H2O (20 mL), dried over
MgSO4, then filtered. Formation of the azide 14e was confirmed by IR
and 1H NMR which also showed the formation of a small amount of
the ortho-nitrated azide in a 1:5 ratio. Azide 14e 1H NMR (CDCl3,
600 MHz) 8.12 (1/2AB, 2H, J = 9.5 Hz, 3′,5′-H), 6.61 (1/2AB, 2H, J
= 9.5 Hz, 2′,6′-H), 3.77 (t, 2H, J = 7.0 Hz, 3-H), 3.10 (s, 3H, NCH3)
2.62 (t, 2H, J = 7.0 Hz, 2-H); 13C NMR (CDCl3) δ: 178.5 (CON3),
152.8 (C-4′), 133.2 (C-1′), 126.4 (C-3′,5′), 110.6 (C-2′,6′), 48.0 (C-
3), 39.1 (NCH3), 34.4 (C-2); IR (liq film) 2918w (CH st), 2140s
(N3), 1711s (CO), 1597s (NO2 st as), 1518 s (CC), 1311s (NO2
st) cm−1. o-NO2-Azide:

1H NMR (CDCl3, 600 MHz): 7.72 (d, 1H, J
= 8.9 Hz, 5′-H), 7.42 (t, 1H, J = 8.9 Hz, 4′-H), 7.21 (d, 1H, J = 8.9 Hz,
2′-H), 6.96 (t, 1H, J = 8.9 Hz, 3′-H), 3.46 (t, 2H, J = 7.1 Hz, 3-H),
2.80 (s, 3H, NCH3) 2.62 (t, 2H, J = 7.1 Hz, 2-H).
2-[(4-Nitrophenyl)methylamino]ethylisocyanate 15e. The

anhydrous DCM solution of the crude azide 14e was stirred under
nitrogen at RT overnight. Isocyanate formation was confirmed by IR.
The DCM was evaporated under reduced pressure at low temperature
(an ice bath was used to lower the temperature), and the crude
isocyanate 15e was collected as a yellow oil (0.27 g, 90%). 1H NMR
(CDCl3, 600 MHz) 8.15 (1/2AB, 2H, J = 9.4 Hz, 3′,5′-H), 6.67 (1/
2AB, 2H, J = 9.4 Hz, 2′,6′-H), 3.66 (t, 2H, J = 6.2 Hz, 2-H), 3.57 (t,
2H, J = 6.2 Hz, 1-H), 3.15 (s, 3H, NCH3);

13C NMR (CDCl3, 151
MHz)153.1 (NCO), 145.2 (C-4′), 138.1 (C-1′), 126.4 (C-3′,5′),
110.7 (C-2′,6′), 52.6 (C-2), 40.7 (C-1), 39.5 (NCH3); IR (liq film)
2919w (CH st), 2270s (NCO), 1597s (NO2 st as), 1517 s (CC),
1311s (NO2 st) cm−1. Isocyanate ortho-nitro isomer: 1H NMR
(CDCl3, 600 MHz) 7.74 (d, 1H, J = 8.4 Hz, 5′-H), 7.45 (t, 1H, J = 8.4
Hz, 4′-H), 7.18 (d, 1H, J = 8.4 Hz, 2′-H), 6.99 (t, 1H, J = 8.9 Hz, 3′-
H), 3.48 (t, 2H, J = 6.0 Hz, 3-H), 2.90 (s, 3H, NCH3), 3.31 (t, 2H, J =
7.1 Hz, 2-H).
3-(2-N-Methyl-N-(4-nitrophenyl)-N-methylamino)ethyl)-4-

oxo-3H,4H-imidazo[1,5-d][1,2,3,5]tetrazine-8-carboxamide 2e
and 3-(2-(N-methyl-N-(2-nitrophenyl)-N-methylamino)ethyl)-
4-oxo-3H,4H-imidazo[5,1d][1,2,3,5]tetrazine-8-carboxamide.
The crude mixture of the isocyanate 15e (0.27 g, 1.22 mmol) was
diluted with DMSO (1.5 mL) under N2 and then added to a
suspension of diazo-IC 5 (0.17 g, 1.22 mmol) in DMSO (1.5 mL); the
mixture was stirred at RT protected from light for 48 h. The reaction
mixture was then suspended in water (30 mL) and filtered. The solid
on the filter was washed with copious amounts of H2O, until the
washings came through colorless, and then with Et2O. The dry solid
was purified by flash column chromatography eluted with a gradient
5−20% AcOH in CHCl3.

1H NMR showed impurities from silica, so

the imidazotetrazinone solid was dissolved in DMF and filtered, and
the imidazotetrazinone precipitated as a yellow solid by H2O addition.
The solid was collected by filtration, washed with copious amounts of
water, and then dried to give 2e (0.025g, 6%), mp 179−180 °C. 1H
NMR (DMSO-d6, 600 MHz) 8.81 (s, 1H, 6-H), 8.00 (1/2AB, 2H, J =
9.2 Hz, 3′,5′-H), 7.77 and 7.67 (2 × br s, 2H, CONH2), 6.82 (1/2AB,
2H, J = 9.2 Hz, 2′,6′-H), 4.52 (t, 2H, J = 6.3 Hz, 1-H), 3.96 (t, 2H, J =
6.3 Hz, 2-H), 3.07 (s, 3H, NCH3);

13C NMR (DMSO-d6, 151 MHz)
161.9 (CONH2), 154.0 (C-4′), 139.7 (C-4), 136.6 (C-1′), 134.7 (C-
8a), 131.6 (C-8), 129.5 (C-6), 126.3 (C-3′,5′), 111.4 (C-2′,6′), 50.3
(C-2), 46.4 (C-1) 39.2 (NCH3); IR (KBr) 3443m (NH), 2919w (CH
st), 1749s (C(4)O), 1684s (CONH), 1597s (NO2 st as), 1457m (C
C), 1316s (NO2 st) cm−1; MS(ES): m/z 359.1(80%) (M + H)+,
381.1(100%) (M + Na)+; Anal. C14H14N8O4 ·0.6 AcOH·0.2 CHCl3,
CHN.

meta-NO2 Isomer. 1H NMR (DMSO-d6, 600 MHz) 8.83 (s, 1H, 6-
H), 7.83 and 7.71 (2 × br s, 2H, CONH2), 7.65 (d, 1H, J = 9.1 Hz, 5′-
H), 7.46 (t, 1H, J = 9.1 Hz, 4′-H), 7.31 (t, 1H, J = 9.1 Hz, 2′-H), 6.92
(d, 1H, J = 9.1 Hz, 3′-H), 4.52 (t, 2H, J = 6.1 Hz, 1-H), 3.59 (t, 2H, J =
6.1 Hz, 2-H), 2.83 (s, 3H, NCH3).

Dimethyl 3,3′-(4-Chlorophenylazanediyl)dipropanoate
8d.36 General Method D: Double Conjugate Addition to Anilines.
4-Chloroaniline (10 g, 78.4 mmol) was mixed with methyl acrylate
(67.5 g, 784 mmol, 10 equiv), cuprous chloride (1.24 g, 12.5 mmol,
0.16 equiv), and AcOH (100 mL) and heated under reflux at 140 °C
for 48 h. The reaction mixture was allowed to reach RT, and water
(300 mL) was added with strong agitation. The batch was allowed to
stand in the fridge overnight, and the water layer was decanted leaving
the oil behind. The oil was washed with more water (2 × 300 mL),
diluted with diethylether (200 mL), washed with water (300 mL),
dried over MgSO4, and evaporated to give diester 8d as a light brown
oil (19.0 g, 88%). 1H NMR (CDCl3) 7.17 (d, J = 8.8 Hz, 2H, 3-H and
5-H), 6.68 (d, J = 8.8 Hz, 2H, 2-H and 6-H), 3.65 (s, 6H, 2 × CH3),
3.61 (t, J = 7.2 Hz, 4H, 2 × CH2N), 2.57 (t, J = 7.2 Hz, 4H, 2 ×
CH2CO);

13C NMR (CDCl3) 172.3 (CO), 145.0 (C-1), 129.4 (C-3
& C-5), 129.3 (C-4), 114.1 (C-2 & C-6), 51.9 (CH3), 47.2 (NCH2),
32.1 (CH2CO); MS (ES): m/z 300.1 (M + H)•+; IR (film) 1725s
(CO), 1175m (C−O) cm−1.

Dimethyl 3,3′-(Phenylazanediyl)dipropanoate 8a.37 Prepared
according to General method D. Diester 8a was obtained as an orange
oil (18.8 g, 67%). 1H NMR (CDCl3) 7.16 (m, 2H, 3-H and 5-H), 6.62
(m, 3H, 2-H, 4-H, 6-H), 3.60 (m, 10H, 2 × CH2N-aniline and 2 ×
OCH3), 2.52 (t, J = 7.1 Hz, 4H, 2 × CH2CO);

13C NMR (CDCl3)
172.6 (CO), 146.7 (C-1), 129.6 (C-3 & C-5), 117.2 (C-4), 112.6
(C-2 & C-6), 51.8 (CH3), 47.0 (NCH2), 32.3 (CH2CO); MS (ES):
m/z 266.1 (M + H)•+; IR (film) 1725s (CO), 1175m (C−O) cm−1.

Dimethyl 3,3′-(4-Fluorophenylazanediyl)dipropanoate 8c.37

Prepared according to General Method D. Diester 8c was obtained as
a yellow oil (0.99 g, 75%). 1H NMR (CDCl3) 6.92 (m, 2H, 3-H and 5-
H), 6.74 (m, 2H, m, 2-H and 6-H), 3.64 (s, 6H, 2 x CH3), 3.56 (t, J =
7.2 Hz, 4H, 2 × CH2N), 2.52 (t, J = 7.2 Hz, 4H, 2 × CH2CO);

13C
NMR (CDCl3) 172.6 (CO), 156.0 (d, 1JCF = 237 Hz, C-4), 143.5
(C-1), 115.9 (d, 2JCF = 22 Hz, C-3 & C-5), 114.9 (d, 3JCF = 7 Hz, C-2
& C-6), 51.8 (CH3), 47.7 (CH2N), 32.3 (CH2CO);

19F NMR
(CDCl3) −127.62; MS (ES): m/z 284.0 (M + H)•+; IR (KBr) 3025m
(Ar C−H), 2950m (C−H), 1725s (CO), 1525m (Ar CC),
1175m (C−O), cm−1.

Dimethyl 3,3′-(4-Methoxyphenylazanediyl)dipropanoate
8e.37 Prepared according to General Method D. Diester 8e was
obtained as an orange oil (21.7 g, 90%). 1H NMR (CDCl3) 6.84 (d,
2H, J = 8.1 Hz, 3-H and 5-H), 6.74 (d, 2H, J = 8.1 Hz, 2-H and 6-H),
3.75 (s, 3H, CH3), 3.64 (s, 6H, 2 × CH3), 3.53 (t, J = 7.1 Hz, 4H, 2 ×
NCH2), 2.51 (t, J = 7.1 Hz, 4H, 2 × CH2CO);

13C NMR (CDCl3)
175.4 (CO), 152.9 (C-4), 141.0 (C-1), 121.4 (C-3 & C-5), 114.9
(C-2 & C-6), 55.8 (CH3), 51.9 (CH3), 50.5 (NCH2), 33.5 (CH2CO);
MS (ES): m/z 296.1 (M + H)•+; IR (film) 1725s (CO), 1175m
(C−O) cm−1.

3,3′-(4-Chlorophenylazanediyl)dipropanehydrazide 10d.
General Method E: Preparation of Bis-hydrazides. Diester 8d (19
g, 63.4 mmol) was mixed with hydrazine hydrate (12.6 g, 0.25 mol, 4
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equiv) in propan-2-ol (60 mL) for 48 h at RT. The resulting solid was
collected by filtration, washed with propan-2-ol, and dried in vacuo to
give hydrazide 10d as a white solid (18.8 g, 99%): 1H NMR (DMSO-
d6) 9.03 (s, 2H, 2 × NH), 7.15 (d, 2H, J = 9.1 Hz, 3-H and 5-H), 6.66
(d, 2H, J = 9.1 Hz, 2-H and 6-H), 4.18 (br s, 4H, 2 × NH2), 3.46 (t, J
= 7.2 Hz, 4H, 2 × NCH2), 2.23 (t, J = 7.2 Hz, 4H, 2 × CH2CO);

13C
NMR (DMSO-d6) 170.4 (CO), 146.4 (C-1), 129.3 (C-3 & C-5),
119.8 (C-4), 113.8 (C-2 & C-6), 47.4 (NCH2), 31.9 (CH2CO); MS
(ES): m/z 300.1 (M + H)•+; IR (KBr) 3300s (NH), 3050m (Ar C−
H), 1650s (CONH) cm−1.
3,3′-(Phenylazanediyl)dipropanehydrazide 10a.38 Prepared

according to General Method E. Hydrazide 10a was obtained as a
white solid (6.3 g, 72%). 1H NMR (DMSO) 9.04 (s, 2H, 2 × NH),
7.15 (t, 2H, J = 7.4 Hz, 3-H and 5-H), 6.66 (d, 2H, J = 7.4 Hz, 2-H and
6-H), 6.58(t, 2H, J = 7.4 Hz, 4-H), 4.18 (br s, 4H, 2 × NH2), 3.48 (t, J
= 7.2 Hz, 4H, 2 × CH2N), 2.25 (t, J = 7.2 Hz, 4H, 2 x CH2CO);

13C
NMR (DMSO) 170.5 (CO), 147.6 (C-1), 129.7 (C-3 & C-5),
116.2 (C-4), 112.4 (C-2 & C-6), 47.4 (NCH2), 32.1 (CH2CO); MS
(ES): m/z 266.1 (M + H)•+; IR (KBr) 3300s (NH), 3050m (Ar C−
H), 1650s (CONH) cm−1.
3,3′-(4-Fluorophenylazanediyl)dipropanehydrazide 10c.

Prepared according to General Method E. Hydrazide 10c was
obtained as a white solid (0.63 g, 64%): mp 131.4 °C. 1H NMR
(DMSO-d6) 8.91 (br s, 2H, 2 × NH), 6.88 (m, 2H, 3-H and 5-H),
6.56 (m, 2H, 2-H, and 6-H), 4.07 (br s, 4H, 2 × NH2), 3.33 (t, J = 7.2
Hz, 4H, 2 × CH2N), 2.11 (t, J = 7.2 Hz, 4H, 2 × CH2CO);

13C NMR
(DMSO-d6) 170.5 (CO), 154.8 (d, 1JCF = 228 Hz, C-4), 144.5 (C-
1), 116.0 (d, 2JCF = 22 Hz, C-3 & C-5), 113.7 (d, 3JCF = 7 Hz, C-2 &
C-6), 47.8 (CH2N), 31.9 (CH2CO);

19F NMR (CDCl3) −129.53; MS
(EI): m/z 283.0 (M + H)•+; IR (KBr) 3300m (NH), 3050m (Ar C−
H), 1650s (CONH), 1525m (Ar CC) cm−1.
3,3′-(4-Methoxyphenylazanediyl)dipropanehydrazide 10e.

Prepared according to General Method E. Hydrazide 10e was
obtained as a white solid (20.5 g, 95%): 1H NMR (CDCl3) 7.39 (br
s, 2H, 2 × NH), 6.85 (d, 2H, J = 8.1 Hz, 3-H and 5-H), 6.80 (d, 2H, J
= 8.1 Hz, 2-H and 6-H), 4.10 (br s, 4H, 2 × NH2), 3.75 (s, 3H, CH3),
3.32 (t, J = 7.1 Hz, 4H, 2 × CH2N), 2.28 (t, J = 7.1 Hz, 4H, 2 ×
CH2CO);

13C NMR (CDCl3) 173.4 (CO), 155.0 (C-4), 142.4 (C-
1), 121.4 (C-3 & C-5), 114.7 (C-2 & C-6), 55.6 (CH3), 50.7 (NCH2),
33.3 (CH2CO); MS (ES): m/z 296.1 (M + H)•+; IR (KBr) 3300s
(NH), 3050m (Ar C−H), 1650s (CONH) cm−1.
3,3′-(2,2′-(4-Chlorophenylazanediyl)bis(ethane-2,1-diyl))bis-

(4-oxo-3,4-dihydroimidazo[5,1-d][1,2,3,5]tetrazine-8-carboxa-
mide) 3d. General Method F: Preparation of Bis-imidazotetrazines.
Hydrazide 10d (1.0 g, 3.18 mmol, 1 equiv) was dissolved in
dichloromethane (10 mL). Water (10 mL) was added followed by
HCl (2.5 mL, 37%). The mixture was cooled in an ice/CaCl2 bath, and
a solution of NaNO2 (0.57 g, 8.26 mmol, 2.6 equiv) in water (10 mL)
was added with strong agitation below 5 °C. After the addition, the
reaction was allowed to reach RT and stirred overnight. The organic
layer was separated, dried over MgSO4, and evaporated to give the
azide 11d as a crude oil, identified by IR. The oil was diluted with
toluene (100 mL) and heated under reflux for 2 h under N2. The
volatile components were removed to give the crude isocyanate 9d as
an oil. Diethylether (150 mL) was added, and the mixture was heated
with strong agitation. The hot solution was decanted leaving a residue
of oily impurities behind. The ether was evaporated to leave pure
isocyanate as pale yellow oil (IR νmax 2260s). The isocyanate (0.29 g,
1.03 mmol) was mixed with diazo-IC 5 (0.3 g, 2.17 mmol, 2.1 equiv)
in dry DMSO (0.1 mL) under N2 at RT in the absence of light for 24
h. The bis-imidazotetrazine was purified by flash column chromatog-
raphy eluting with CHCl3/AcOH (1:1) to give imidazotetrazine 3d as
a light brown solid (0.1 g, 6%): mp 143−144 °C. 1H NMR (DMSO-
d6, 600 MHz) 8.79 (s, 2H, imidazole CH), 7.77 and 7.66 (2 × br s, 4H,
2 × CONH2), 7.09 (d, J = 8.9 Hz, 2H, 3-H and 5-H), 6.80 (d, J = 8.9
Hz, 2H, 2-H and 6-H), 4.42 (t, J = 6.6 Hz, 4H, 2 x NCH2 aniline), 3.78
(t, J = 6.6 Hz, 4H, 2 × CH2N-tetrazine);

13C NMR (DMSO-d6, 151
MHz) 161.9 (CO amide), 146.2 (C-1), 140.0 (CO tetrazine),
134.7 (Cq tetrazine), 131.4 (Cq imidazole), 2 × 129.3 (C-3 & C-5,
C−H imidazole), 120.9 (C-4), 114.2 (C-2 & C-6), 49.1 (CH2N-

aniline), 46.4 (CH2N-tetrazine); MS (ES): m/z 540.2 (M + H)•+;
562.3 (M + Na)•+; IR (KBr) 3450m (CONH2), 1750s (CO), 1675s
(CONH2), 1600m and 1500s (Ar−H) cm−1. Anal. C20H18ClN13O4·
0.85 AcOH, CHN.

3,3′-(2,2′-(Phenylazanediyl)bis(ethane-2,1-diyl))bis-(4-oxo-
3,4-dihydroimidazo[5,1-d][1,2,3,5]tetrazine-8-carboxamide)
3a. Prepared according to General Method F. The product was
purified by flash column chromatography (5% AcOH/CH3CN), and
imidazotetrazine 3a was obtained as a yellow solid (0.38 g, 60%): mp
194−195 °C; 1H NMR (DMSO-d6, 600 MHz) 8.79 (s, 2H, imidazole
CH), 7.77 and 7.66 (2 × br s, 4H, 2 × CONH2), 7.06 (t, J = 7.5 Hz,
2H, 3-H and 5-H), 6.80 (d, J = 7.5 Hz, 2H, 2-H and 6-H), 6.51 (t, J =
7.5 Hz, 1H, 4-H), 4.44 (t, J = 6.9 Hz, 4H, 2 × CH2N-aniline), 3.79 (t, J
= 6.9 Hz, 4H, 2 x CH2N-tetrazine);

13C NMR (DMSO-d6, 151 MHz)
161.9 (CO amide), 147.2 (C-1), 139.7 (CO tetrazine), 134.7
(Cq tetrazine), 131.3 (Cq imidazole), 129.6 and 129.3 (C-3 & C-5,
C−H imidazole), 117.1 (C-4), 112.5 (C-2 & C-6), 48.8 (CH2N-
aniline), 46.6 (CH2N-tetrazine); MS (ES): m/z 506.3 (M + H)•+; IR
(KBr) 3450m and 3150m (CONH2), 1740s (CO), 1675s
(CONH2), 1600m and 1510s (Ar−H) cm−1. Anal. C20H19N13O4·
H2O·0.8AcOH, CHN.

3,3′-(2,2′-(4-Fuorophenylazanediyl)bis(ethane-2,1-diyl))bis-
(4-oxo-3,4-dihydroimidazo[5,1-d][1,2,3,5]tetrazine-8-carboxa-
mide) 3c. Prepared according to General Method F. Imidazotetrazine
3c was obtained as dark yellow solid (0.04 g, 42%): mp 290−291 °C;
1H NMR (DMSO-d6, 600 MHz) 8.78 (s, 2H, imidazole CH), 7.77 and
7.66 (2 × br s, 4H, 2 × CONH2), 6.91 (m, 2H, 3-H and 5-H), 6.80
(m, 2H, 2-H and 6-H), 4.41 (t, J = 6.7 Hz, 4H, 2 × CH2N-aniline),
3.76 (t, J = 6.7 Hz, 4H, 2 x CH2N-tetrazine);

13C NMR (DMSO-d6,
151 MHz) 161.9 (CO amide), 155.0 (d, 1JCF = 243 Hz, C-4), 144.1
(C-1), 139.7 (CO tetrazine), 134.7 (Cq tetrazine), 131.3 (Cq
imidazole), 129.3 (C−H imidazole), 116.0 (d, 2JCF = 23.1 Hz, C-3 &
C-5), 114.1 (d, 3JCF = 7.2 Hz, C-2 & C-6), 49.4 (CH2N-aniline), 46.5
(CH2N-tetrazine); MS (ES): m/z 524.3 (M + H)•+; 546.2 (M + Na)
•+; IR (KBr) 3450m (CONH2), 1725s (CO), 1675s (CONH2),
1600m and 1510s (Ar−H) cm−1. Anal. C20H18FN13O4·0.35 H2O·0.3
AcOH requires, CHN.

3,3′-(2,2′-(4-Methoxy-2-nitrophenylazanediyl)bis(ethane-
2,1-diyl))bis-(4-oxo-3,4-dihydroimidazo[5,1-d][1,2,3,5]-
tetrazine-8-carboxamide) 3f. Prepared according to General
Method F. The product was purified by flash column chromatography
(5% AcOH/CH3CN), and imidazotetrazine 3f was obtained as an
orange/yellow solid (0.21 g, 26%): mp 139−140 °C. 1H NMR
(DMSO-d6, 600 MHz) 8.72 (s, 2H, imidazole CH), 7.77 and 7.67 (2 ×
br s, 4H, 2 × CONH2), 7.49 (d, J = 9.2 Hz, 1H, 6-H), 7.16 (d, J = 3.0
Hz, 1H, 3-H), 7.04 (dd, J = 9.2, 3.0 Hz, 1H, 5-H), 4.32 (t, J = 6.2 Hz,
4H, 2 × CH2N-aniline), 3.67 (s, 3H, OCH3), 3.47 (t, J = 6.2 Hz, 4H, 2
× CH2N-tetrazine);

13C NMR (DMSO-d6, 151 MHz) 161.9 (CO
amide), 156.3 (C-4), 147.8 (C-2), 139.5 (CO tetrazine), 135.6 (C-
1), 134.8 (Cq tetrazine), 131.3 (Cq imidazole), 129.1 (C−H
imidazole), 126.9 (C-5), 119.4 (C-6), 109.1 (C-3), 56.4 (CH3O),
52.1 (CH2N-aniline), 46.9 (CH2N-tetrazine); MS (ES): m/z 581.3 (M
+ H)•+; 603.1 (M + Na)•+; IR (KBr) 3450m (CONH2), 1750s (C
O), 1675s (CONH2), 1600m and 1525s (Ar−H) cm−1. Anal.
C21H20N14O7·1.4 H2O·0.4 AcOH, CHN.

3,3′-(2,2′-(4-Methoxyphenylazanediyl)bis(ethane-2,1-diyl))-
bis-(4-oxo-3,4-dihydroimidazo[5,1-d][1,2,3,5]tetrazine-8-car-
boxamide) 3e. Prepared by a variation on General Method F using
AcOH (0.17 M) in place of HCl. The product was purified by flash
column chromatography (10% AcOH/CHCl3), and 3e was obtained
as red solid (0.2 g, 11%): mp 178−179 °C. 1H NMR (DMSO-d6, 600
MHz) 8.75 (s, 2H, imidazole CH), 7.76 and 7.65 (2 × br s, 4H, 2 ×
CONH2), 6.73 (d, J = 8.1 Hz, 2H, 3-H and 5-H), 6.62 (d, J = 8.1 Hz,
2H, 2-H, and 6-H), 4.39 (t, J = 6.6 Hz, 4H, 2 × CH2N-aniline), 3.72
(t, J = 6.6 Hz, 4H, 2 × CH2N-tetrazine), 3.53(s, 3H, CH3);

13C NMR
(DMSO-d6, 151 MHz) 162.0 (CO amide), 152.0 (C-4), 141.5 (C-
1), 139.6 (CO tetrazine), 134.7 (Cq tetrazine), 131.2 (Cq
imidazole), 129.2 (C−H imidazole), 115.2 and 114.9 (C-2 & C-6,
C-3 & C-5), 55.6 (CH3), 49.6 (CH2N-aniline), 46.9 (CH2N-
tetrazine); MS (ES): m/z 536.3 (M + H)•+; 558.3 (M + Na)•+; IR
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(KBr) 3450m (CONH2), 1750s (CO), 1675s (CONH2), 1600m
and 1500s (Ar−H) cm−1. Anal. C21H21N13O5, CHN.
In Vitro Chemosensitivty. Cells used were A2780 (human

ovarian carcinoma, from European Collection of Cell Cultures), the
MMR-deficient derivative A2780-Cp70 (gift of Professor G Margisson,
University of Manchester, UK). Isogenic HCT116 p53+/+ and
HCT116 p53−/− came from Bert Vogelstein.39 Cells were plated
into 96-well culture plates at 1 × 103 cells per well and incubated
overnight at 37 °C in a CO2 enriched (5%) atmosphere to enable cells
to adhere to the plate. Culture medium was removed and replaced
with fresh medium containing test compound at concentrations
ranging from 0 (controls) to 250 μM. Following 5 days of incubation
at 37 °C, cell survival was determined using the MTT assay. All TMZ-
related compounds were dissolved in DMSO, and the final
concentration of DMSO in the culture plates was <0.1% (v/v).
PaTrin2 was used as an inhibitor of MGMT, and cells were incubated
with test compounds in the presence or absence of 10 μM PaTrin2
NCI Data Handling. Standard COMPARE and matrix COMPARE

were run using the NCI database Data Build Date: 2012−04−28. GI50
data were selected, and where multiple data sets were available, those
averaged from the larger number of individual experiments were used.
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Small Molecule Therapeutics

Evaluation of Novel Imidazotetrazine Analogues
Designed toOvercomeTemozolomideResistance
and Glioblastoma Regrowth
Yulian P. Ramirez1, Ann C. Mladek2, Roger M. Phillips3, Mikko Gynther4,
Jarkko Rautio4, Alonzo H. Ross1, Richard T.Wheelhouse5, and Jann N. Sakaria2

Abstract

The cellular responses to two new temozolomide (TMZ)
analogues, DP68 and DP86, acting against glioblastoma multi-
forme (GBM) cell lines and primary culture models are
reported. Dose–response analysis of cultured GBM cells
revealed that DP68 is more potent than DP86 and TMZ and
that DP68 was effective even in cell lines resistant to TMZ. On
the basis of a serial neurosphere assay, DP68 inhibits repop-
ulation of these cultures at low concentrations. The efficacy of
these compounds was independent of MGMT and MMR func-
tions. DP68-induced interstrand DNA cross-links were dem-
onstrated with H2O2-treated cells. Furthermore, DP68 induced
a distinct cell–cycle arrest with accumulation of cells in S phase

that is not observed for TMZ. Consistent with this biologic
response, DP68 induces a strong DNA damage response,
including phosphorylation of ATM, Chk1 and Chk2 kinases,
KAP1, and histone variant H2AX. Suppression of FANCD2
expression or ATR expression/kinase activity enhanced anti-
glioblastoma effects of DP68. Initial pharmacokinetic analysis
revealed rapid elimination of these drugs from serum. Collec-
tively, these data demonstrate that DP68 is a novel and potent
antiglioblastoma compound that circumvents TMZ resistance,
likely as a result of its independence fromMGMT andmismatch
repair and its capacity to cross-link strands of DNA. Mol Cancer
Ther; 14(1); 111–9. !2014 AACR.

Introduction
The imidazotetrazine prodrug temozolomide (TMZ; Supple-

mentary Fig. S1), concurrent and adjuvant to radiotherapy, is now
the first-line treatment for glioblastoma multiforme (GBM) in
North America and Europe; however, intrinsic and acquired
resistance ultimately limits the efficacy of therapy (1–3). At
neutral pH,TMZismoderatelyunstable (t1/2¼1.24hours, pH7.4;
ref. 4) and is hydrolyzed in a ring-opening reaction to the open
chain triazene MTIC (Supplementary Fig. S2A; t1/2 ¼ 8 minutes,
pH 7.4; ref. 5) that fragments to the reactive electrophile, methyl-
diazonium (t1/2 ¼ 0.39 seconds, pH 7.4; refs. 6–8). The methyl-
diazonium ion reacts with nucleophilic groups onDNA, resulting

in DNA methylation. Approximately 70% of the methyl groups
are located on N7-guanine (N7-G), 10% on N3-adenine (N3-A),
and 5% at O6-guanine (O6-G) sites (3, 9). Products of N-meth-
ylation are readily repaired by the base-excision repair pathway
and are not major contributors to cytotoxicity (10). In contrast,
O6-methylguanine (O6-MeG) lesions are reversed byO6-methyl-
guanine methyltransferase (MGMT), and failure to remove these
lesions can lead to cytotoxicity and accumulated G!A transition
mutations (Supplementary Fig. S2B; ref. 11). The MGMT gene is
silenced by promoter methylation in approximately 35% of
GBMs (12). In these tumors, persistent O6-MeG lesions form
wobble base pairs with thymidine during replication. These O6-
MeG:T pairings trigger futile cycles of mismatch repair (MMR),
stalled replication forks, and lethal DNA double-strand breaks.
Disruption of MMR through mutation or suppressed expression
results in a TMZ-tolerant phenotype, while high-level expression
of MGMT protein is a major mechanism of inherent TMZ resis-
tance (13).

Attempts have been made to engineer new TMZ derivatives
withmodified spectra of activity.One strategy is tomodifyDNAat
O6-G in a manner that is not recognized or repaired by MGMT
(14, 15). A disulfide linked imidazotetrazine dimer showed a
similar response profile as the established agent busulfan in the
NCI60 screening panel (16). The design of the imidazotetrazine
compounds investigated herein sought a switch of chemical
mechanism with the aims of avoiding known mechanisms of
TMZ resistance and generating therapeutic benefit from themajor
reaction site, N7-G (70% for TMZ), rather than the minor (5%)
O6-G site (17). In this study, we focus on two of the most
promising compounds developed: the monofunctional DP86
and the bifunctional DP68 imidazotetrazines (Supplementary
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Fig. S1; refs. 17, 18). These compounds are precursors of azir-
idinium ions, which are reactive intermediates of proven clinical
utility related to those generated by nitrogen mustard drugs
(Supplementary Fig. S2C and S2D). The bifunctional, p-methyl
substituted compound,DP68, is themost potent compound, and
has the least dependence on MGMT function and MMR status.
This analogue was selected for detailed investigation; the mono-
functional analogue, DP86, was evaluated for comparison. In
matrix COMPARE analysis of NCI60 data, the new compounds
showed no significant correlationwithmitozolomide (0.46! P!
0.35) so these are distinct new members of the imidazotetrazine
class. The putative DNA lesion of the bifunctional agent is a five-
atom cross-link, related in structure to those formed by the
nitrogen mustard prodrugs; however, no drugs of this class
showed strong correlations 0.59 ! P ! 0.29. Notably, there was
also no similarity to the nitrosoureas, which are also diazonium
ionprecursors, 0.45!P!0.05or cisplatin, anotherN7-G reactive
agent 0.42 ! P ! 0.27 (18). This manuscript describes the bio-
logic effects of these novel DNA-alkylating agents in GBMmodels
and their relative activities in the context of MGMT overexpres-
sion and other mechanisms of TMZ resistance.

Materials and Methods
Cells and reagents

The glioma cell lines U87MG, T98G, andU251were purchased
from the ATCC in 2011 and 2001, respectively. U118MG was a
kind gift from Dr. Larry Recht (Stanford University, Stanford, CA,
2003). U251 (ATCC), T98G (ATCC), U118MG (IDEXX RADIL),
and U87MG (IDEXX RADIL) were authenticated by short tandem
repeat analysis in 2013. These cell lines are representative of the
diverse GBM genotypes (Table 1). Adherent lines were main-
tained as monolayer cultures in DMEM supplemented with 10%
FCS and 1% penicillin/streptomycin. U87MG andU118MGwere
converted to neurosphere cultures, U87NS and U118NS, and
maintained in serum-free media consisting of DMEM/F12 1:1
(Gibco), B27 supplement (Gibco), 15 mmol/L HEPES (Gibco)
supplemented with 20 ng/mL EGF (Invitrogen) and 20 ng/mL
bFGF (Invitrogen). A TMZ-resistant culture, U87NSTMZ, was
established from U87NS cells by incrementally increasing,
twice-weekly treatments of TMZ to a final concentration of 325
mmol/L. TMZ-resistant cells were maintained with a single weekly
TMZ dose. GBM12TMZ (#3080) from the Mayo GBM xenograft

panel and U251TMZ have been described (19, 20). Short-term
explant cultures, GBM6 andGBM12, were established fromMayo
GBM xenograft lines by mechanical disaggregation followed by
culture in neurobasal serum-free media (StemPro NSCSFM; Invi-
trogen Cat#A1050901).

DP68 and DP86 were synthesized as described previously
(17), TMZ was from Schering-Plough Corp and Sigma-Aldrich.
All three agents were prepared as 25 mmol/L stocks in DMSO.
O6-benzylguanine (O6-BG) was obtained from Sigma-Aldrich,
the ATR inhibitor VE-821 from ChemieTek, and the ATM inhib-
itor KU-60019 from Selleck Chemicals. Antibodies against ATM
(ab10939), p-ATM S1981 (ab81292), and p-KAP1 (ab70369)
were purchased from Abcam; Chk1 (#04-207), Chk2
(#05-649), and ATR (#PC538) from Millipore; p-Chk1 Ser345
(#MA5-15145) and MGMT (#MS-470-P) from Thermo Scien-
tific; p-Chk2 Thr68 (#2661), KAP1 (#4123), p-H2A.X Ser139
(#2577), and MLH1 (#3515) from Cell Signaling Technology;
and FANCD2 (#2986-1) from Epitomics. b-actin antibody was
purchased from Sigma-Aldrich. Secondary anti-rabbit and anti-
mouse IgG were purchased from Cell Signaling Technology and
Pierce, respectively.

Western blotting
Cells were lysed in RIPA lysis buffer (R0278, Sigma-Aldrich)

supplemented with a protease inhibitor cocktail (Roche). Total
proteins were isolated from flash-frozen flank xenografts or short-
term explant cultures, separated by SDS-PAGE, and electro-trans-
ferred onto PVDF membranes. Membranes were blocked in TBS
containing 5%milk and 0.1% Tween-20 at room temperature. All
primary antibodies were incubated overnight at 4"C followed by
room temperature incubation with a secondary antibody conju-
gated with horseradish peroxidase for 1 hour. Detection was
performed with Super Signal Chemiluminescent reagent accord-
ing to the manufacturer's protocol (Pierce).

CyQUANT cell proliferation assay
A cell proliferation assay was performed using the CyQUANT

Cell Proliferation kit (Invitrogen) according to manufacturer's
recommendations. Cells were seeded (1,000 cells/well) in tripli-
cate in 96-well plates, exposed to the DP68, DP86, or TMZ, and
incubated for 5 days. In some experiments, O6-BG (10 mmol/L)
was added 1 hour before DP68, DP86, or TMZ treatment. On day
5, medium was removed, cells were washed with PBS, and plates

Table 1. Activity of TMZ, DP68, and DP86 in glioma cultures

IC50 (mmol/L)
Cell line MGMT EGFR amplified P53 PTEN activity TMZ DP86 DP68 TMZ/DP68

Established glioma cell line CyQuant assay
T98G þþþ $ Mutant $ 340 % 21 110 % 9 11.3 % 2.2 30
U118MG þ $ Mutant $ 135 % 41 42 % 7 10 % 3.0 14
U251 $ $ Mutant $ 60 % 21 68 % 7 5.2 % 0.6 12
U251TMZ $ $ ND $ 306 % 21 70 % 13 3.6 % 0.5 85
U87MG $ $ WT $ 43 % 23 67 % 20 14 % 5 3

Established glioma line neurosphere assay
U118NS þ $ Mutant $ 71 % 11 42 % 9 2.7 % 0.2 26
U87NS $ $ WT $ 7.5 % 1.0 61 % 2 5.9 % 0.5 1.3
U87NSTMZ $ $ ND ND 153 % 8 33 % 3 4.1 % 0.2 37

Patient-derived xenograft neurosphere assay
GBM6 þþþ EGFRvIII Mutant WT 187 % 38 43 % 24 1.3 % 0.6 144
GBM12 $ Mutant Mutant WT 3.2 % 0.3 19 % 3 0.8 % 0.1 4
GBM12TMZ þþþ ND ND ND 500 % 132 25 % 2 1.4 % 0.1 357

Abbreviations: ND, not determined; WT, wild-type.
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were stored at !80"C. The plates were thawed and lysed in
CyQUANT GR dye-containing lysis buffer. After 4-minute incu-
bation at room temperature, the fluorescence intensity of the
DNA-binding dye wasmeasured using a TECAN plate reader with
excitation at 480 nm and emission at 520 nm.

Flow-cytometric analysis
Cell-cycle distribution was analyzed by flow cytometry. Cells

were harvested, washed with PBS, and fixed with ice-cold 70%
ethanol/30% PBS. Cells were resuspended in PBS containing
propidium iodide (40 mg/mL), RNase A (100 mg/mL) and Triton
X-100 (0.05%), and incubated at 37"C for 30 minutes. DNA
content was determined using a FACScan flow cytometer system
(Becton Dickinson), and results were analyzed with Modfit soft-
ware (Verity Software).

Neurosphere assays
Chemosensitivity (sphere IC50) of glioblastoma cells to TMZ,

DP86, and DP68 was analyzed by seeding U87NS and U118NS
cells in triplicate in 96-well plates (1,000 cells/100 mL/well). After
24hours, vehicle, TMZ,DP86, orDP68was added to thewells and
primary neurospheres were quantified after 7 days. Primary
xenograft cultures (GBM6,GBM12, andGBM12TMZ)were plated
(500 cells/well), treated, and neurospheres were quantified at day
14. For limiting dilution experiments in Supplementary Fig. S3,
GBM12 cells were plated at 1, 10, 30, 100, 300, or 1,000 cells/well,
drug treated after 24 hours, and counted at day 14. For the
recovery and secondary sphere assay (21), cells were plated at
clonal density (3,000 cells/mL; 2 mL total) in 6-well plates and
treated with TMZ, DP86, DP68, or vehicle. Primary spheres were
counted on day 7 and cells were fed with neurospheremedium (2
mL). Spheres for the recovery phase were counted on day 14,
dissociated using a basic pH dissociation method (22), and a
dilution of the culture replated. Secondary spheres were counted
on day 21. Spheres with 10 cells or more were counted.

siRNA and shRNAs
Transient knockdown of ATM,ATR, and FANCD2was achieved

using siRNAs from Thermo Scientific/Dharmacon: ATM- AAG
CAC CAG TCC AGT ATT GGC; ATR- C CTC CGT GAT GTT GCT
TGA; FANCD2- GGUCAGAGCUGUAUUAUUC; control lucifer-
ase siRNA- CTT ACG CUG AGU ACUUCG A. siRNAs were mixed
with 5 to 8 million U251 cells and electroporated with two 280 V
pulses of 10 ms. The cells were plated, incubated overnight, and
again electroporated. After a 24-hour recovery, cells were plated
for subsequent studies.

For MLH1 knockdown experiments, lentiviral (TRC) shRNAs
against eGFP andMLH1 (TRCN0000040053, TRCN0000040056)
as well as empty pLK0.1 vector construct were purchased from
UMASS RNAi Core (Open Biosystems), and lentiviruses were
produced using HEK293T. T98G cells were infected by lentivirus
using 10 mg/mL polybrene, followed by selection using 2 mg/mL
puromycin for 2 weeks to generate stable lines.

Analysis of DNA cross-linking in single cells using alkaline
comet assay

U251 cells in exponential growthwere exposed toDP68,DP86,
TMZ, or melphalan (positive control for cross-linking) for 24
hours and subsequently treated with 100 mmol/L hydrogen per-
oxide for 20minutes. As described previously (23), cells thenwere
embedded in 0.5% lowmelting point agarose, spread on agarose-

coated glass slides, and lysed in ice-cold lysis buffer before being
transferred to electrophoresis buffer (pH >13). After 30-minute
incubation to allow DNA unwinding and expression of alkali
labile sites, cells were subjected to electrophoresis at 0.6 V/cm for
25 minutes. Neutralization buffer was added drop-wise to the
slides followed by rinsing in distilled water, fixation in 100% ice-
cold ethanol, and dried overnight. Slides were stained with SYBR
Gold solution (Molecular Probes Inc.) and the comets visualized
using an epi-fluorescent microscope (Nikon Eclipse E800). Tail
moments were measured on 50 randomly selected comets using
Comet Assay III software (Perceptive Instruments). Percentage
DNA cross-linking was calculated from (TMC-TMT)/TMC where
TMC and TMT represent the tail moment of control and drug-
treated cells, respectively (23).

Pharmacokinetic analysis of imidazotetrazine compounds
DP68 and DP86 were formulated in 0.9% NaCl, 10% (w/v)

HP-b-cyclodextrin, and C57B2/6 mice were dosed with a single
25 mmol/kg intraperitoneal injection. Groups of 3 mice were
euthanized at times up to 6 hours after injection and plasma
harvested for analysis. Drug levels were assessed by the LTQ
quadrupole ion trap mass spectrometry method (24).

Results
Efficacy of DP68 and DP86 in human glioma cultures is
independent of MGMT and MMR expression

The efficacies of DP68 and DP86 were evaluated in MGMT-
nonexpressing and MGMT-expressing glioma cell lines (Fig. 1A
and Table 1). In contrast with TMZ, DP68 was efficacious in both
MGMT-negative (U251, IC50 ¼ 5.2 mmol/L; U87MG, IC50 ¼ 14
mmol/L) and MGMT-positive (T98G, IC50 ¼ 11.3 mmol/L;
U118MG, IC50¼ 10mmol/L) cell lines (Table 1). The bifunctional
agent DP68 was significantly more potent than TMZ in all cell
lines with IC50 ratios (TMZ:DP68) ranging from 3 to 85 (Table 1).
The monofunctional agent DP86 was approximately 10-fold less
potent than DP68 in all lines studied, but similar to DP68, the
activity of DP86 was independent of MGMT expression. U87NS
and U118NS cultures that had been converted to long-term
neurosphere growth as well as neurospheres derived from the
Mayo xenograft panel were similarly sensitive to DP68 and DP86
(Fig. 1B and C and Supplementary Fig. S3A). In models of
acquired TMZ resistance, the efficacy of DP68 was essentially
unchanged compared with the parental lines with an IC50 for
DP68 inU251TMZof 3.6mmol/L and inU87NSTMZof 4.1mmol/
L (Table 1 and Supplementary Fig. S3B). In a third TMZ-resistant
model developed from primary line GBM12 that has high-level
MGMT overexpression (GBM12TMZ), DP68 was highly effective
(Fig. 1C and D; IC50 ¼ 1.4 mmol/L). As before, DP86 was
approximately 10-fold less potent with IC50s ranging from 19 to
43 mmol/L.

Because plating density can affect the efficiency of neurosphere
formation (25), limiting dilution assays were carried out with
GBM12 cells plated at various densities and treated with TMZ,
DP68, or DMSO (control). TMZ andDP68 have similar potencies
for neurosphere formation regardless of cell density with DP68
demonstrating greater inhibition of neurosphere formation (Sup-
plementary Fig. S3C)

To validate the impact of MGMT activity on DP68 and DP86
activity, T98G and GBM6 cells were cotreated with the MGMT
suicide inhibitor O6-BG. Cotreatment with O6-BG increased
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sensitivity to TMZ in theMGMT-expressing T98G andGBM6 cells
(Supplementary Fig. S3D and S3E), whereas O6-BG had no
impact on the efficacy of DP68 and DP86 in these cells (Fig.
1E and F).

Cytotoxicity of TMZ also depends on the integrity of the MMR
system, which is activated in response to O6-MeG lesions that
mismatch with thymine. To assess the importance of this path-
way, we infected T98G cells with shRNAs targeting MLH1 (Sup-
plementary Fig. S4A). Knockdown of MLH1 had no impact on
activity of DP86 or DP68 while decreasing the sensitivity to TMZ
(empty vector IC50 ¼ 982 mmol/L, sheGFP IC50 ¼ 1077 mmol/L,
shMLH1 #1 IC50 ¼ 2005 mmol/L, shMLH1 #2 IC50 ¼ 1748
mmol/L; Supplementary Fig. S4B).Collectively, these data confirm
that activity of the new imidazotetrazine compounds is indepen-
dent of cellular MGMT and MMR.

DP68 and DP86 inhibit recovery and secondary sphere
formation

The effects of imidazotetrazines on long-term cell growth were
evaluated in a secondary neurosphere formation assay with
MGMT-nonexpressing glioma lineU87NS andMGMT-expressing
line U118NS. Treatment of U87NS and U118NS with TMZ
(100 mmol/L) showed similar reductions in the number of neuro-
spheres at day 7 ("Treatment" – Fig. 2A) with 95% and 96%
reductions, respectively. By day 14, U118NS cultures recovered,

showing similar number of neurospheres as the DMSO-treated
culture ("Recovery" – Fig. 2A), while there were few spheres
present for U87NS cells. The neurospheres were dispersed and
replated. By day 21, U87NS and U118NS cultures formed sec-
ondary spheres with marked recovery from TMZ treatment ("Sec-
ondary" – Fig. 2A). In contrast, DP68 treatment greatly reduced
neurosphere formation after a single treatment and prevented the
subsequent recovery of spheres (Fig. 2B); secondary sphere for-
mation was completely repressed by 10 to 30 mmol/L DP68.
Similar results were seen with DP86 at approximately 10-fold
higher concentrations than DP68 (Fig. 2C). Thus, in comparison
with TMZ, DP68 and DP86 provide more durable inhibitory
effects on primary and secondary neurosphere formation.

DP68 induces DNA cross-links in glioma cells
Damage to nuclear DNA can be investigated by single cell

electrophoresis (comet assay). This assay detects single- and
double-strand breaks and alkali labile sites and has been adapted
to measure DNA interstrand cross-linking. Pretreatment with a
DNA-cross-linking agent will retard the migration of DNA frag-
ments generated by H2O2 treatment (26). The cross-linking agent
melphalan (positive control) and DP68 showed significant and
comparable, concentration-dependent cross-linking of nuclear
DNA in U251 cells (Fig. 3A), whereas DP86 and TMZ showed
no evidence of cross-linking (Fig. 3A). These data show that DP68

Figure 1.
DP68 and DP86 exhibit strong
antiglioma activity independent of
MGMT. A, Western blot analysis
showing MGMT expression in glioma
lines; B–D, the effects of TMZ, DP68,
and DP86 were assessed in
neurosphere formation assays for
U87NS (B), GBM12 (C), and,
GBM12TMZ (D); in E and F, T98G (E)
and GBM6 (F) cotreated with 0 or 10
mmol/L O6-BG and DP86 or DP68
were evaluated by a CyQUANT assay
(E) or neurosphere formation (F). The
mean " SEM of three independent
experiments are shown.
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is equipotent with melphalan at DNA cross-linking; in contrast,
the monofunctional agents do not form cross-links.

S-phase accumulation and G2–M arrest by DP68
The effects of DP68 and TMZ on cell-cycle distributions were

compared in U251 (MGMT nonexpressing) and T98G (MGMT
expressing) cells. In U251 cells, treatment with 30 mmol/L TMZ
had relatively minimal effects on cell cycle until 72 hours after
treatment, when there was an accumulation of cells in G2–M. In
contrast, DP68 induced a marked S-phase accumulation within
16 to 24 hours, and by 72hours, themajority of cells accumulated
in G2–M (Fig. 3B). In contrast, TMZ treatment has no significant
effects on cell-cycle distribution in TMZ-resistant T98G cells,
whereas DP68 treatment results in a similar cell-cycle distribution
as in U251 with marked accumulation in S and G2–M 24 hours
after treatment and significant accumulation in sub-G1 by 72
hours after treatment. Thus, DP68 has a cell-cycle arrest profile
distinct from TMZ, with an early accumulation of cells in S-phase
followed by G2–M arrest.

Activation of DNA damage response by low concentrations of
DP68

Consistent with the flow-cytometry data, DP68 activated DNA
damage signaling pathways within hours of treatment. As seen

in Fig. 3C, phosphorylation of ATM (S1981) and the canonical
ATM substrate Chk2 (T68) were detected 4 to 8 hours after
treatment with 30 mmol/L DP68, whereas phosphorylation of
the canonical ATR substrate Chk1 was later with reproducible
phosphorylation induction at 8 to 16hours. Both ATM and ATR
can phosphorylate KAP1 (S824) in response to DNA damage
(27), and consistent with activation of these pathways, phosphor-
ylation of KAP1 was evident within 8 hours of DP68 treatment
and maintained for at least 72 hours. In contrast, TMZ-induced
damage signaling was evident only inU251 cells and only at a late
72-hour time point. DP68 induced phosphorylation of this DNA
damage response network (p-ATM, p-Chk2, p-Chk1, andp-KAP1)
and histone variant H2AX (S139; g-H2AX) at concentrations as
low as 3 mmol/L in MGMT-negative U251 and MGMT-positive
T98G cells (Supplementary Fig. S5). Collectively, these data are
consistent with robust activation of ATM- and ATR-dependent
DNA damage signaling at concentrations associated with signif-
icant chemosensitivity.

Impact of ATM, ATR, and FANCD2 suppression on
imidazotetrazine sensitivity

The Fanconi anemia pathway is important for repairing DNA
interstrand cross-links, and DP68 induces DNA interstrand cross-
links, activating the ATM and/or ATR damage responses. To assess

Figure 2.
Single treatment of GBM
neurospheres with DP68 or DP86
leads to a reduction of neurospheres
and inhibition of secondary sphere
formation. U87NS or U118NS
neurospheres were treated with TMZ
(A), DP68 (B), or DP86 (C). Bars show
the number of neurospheres following
treatment on day 7 (black), recovery
at day 14 (white), and secondary
spheres at day 21 (gray).
Representative results from at least
three independent experiments are
shown.
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functional importance, these pathways were evaluated using
siRNA and small-molecule inhibitors. U251 cells were electro-
porated with siRNAs directed against ATM, ATR, and a core
Fanconi anemia pathway gene, FANCD2 (Fig. 4A). Knockdown
of ATM had no impact on sensitivity to TMZ, DP68, or DP86
(Fig. 4B), whereas ATR knockdown significantly enhanced the
response to TMZ,DP86, andDP68. FANCD2knockdown resulted
in a significantly enhanced activity only with DP68 treatment
(relative fluorescence of 0.16 vs. 0.51, P ! 0.001), but had no
significant effect on TMZ (0.37 vs. 0.44, respectively; P¼ 0.26) or
DP86 (0.87 vs. 0.96, respectively; P ¼ 0.11)-treated cells. The
impacts of ATR andATM signaling on cytotoxicity were confirmed
using small-molecule inhibitors of ATM (KU-60019) and ATR
(VE-821) kinase activity in U251 (Fig. 4C) and T98G (Fig. 4D)
cells. In both lines, cotreatment with VE-821 markedly enhanced
the efficacy of DP68, and to a lesser extent DP86 in T98G cells.
In contrast, KU-60019 was less effective than VE-821 when
combined with DP68 in T98G cells (P ¼ 0.001) and in U251
cells (P ¼ 0.01). Similarly, cotreatment with the ATR inhibitor
VE-861, but not KU-60019, enhanced the efficacy of DP68 and
DP86 in a neurosphere assay with GBM12 or GBM12TMZ
(Figs. 4E and F). These data are consistent with the induction of
DNA cross-links by DP68 and suggest that ATR and FANCD2
aid recovery following treatment with DP68.

Initial in vivo characterization of imidazotetrazine compounds
The pharmacokinetic properties of DP68 and DP86 were

evaluated in mice for potential dosing strategies. Following a
single intraperitoneal injection, DP86 peaked rapidly with a
Tmax of 10 minutes, Cmax of 3,230 nmol/L and t1/2 ¼ 14
minutes (Fig. 5A). DP68 had similar pharmacokinetic proper-
ties except that absorption was much more limited with a Cmax

of 206 nmol/L (Fig. 5B). No adverse clinical effects were noted

in the mice for up to 6 hours after drug injection. However,
because of the very short half-life for both drugs and the
relatively limited absorption for DP68, further in vivo charac-
terization of these compounds was not pursued.

We investigated whether the fast elimination could be due to
enzymatic degradation using published techniques (24). The
half-life of DP68 and DP86 was determined in mouse liver
homogenate [DP68 t1/2 ¼ 1.73 # 0.05 hours (n ¼ 3); DP86
t1/2¼ 1.62# 0.18 hours (n¼ 3)] and the half-life was roughly the
same as in aqueous buffer at pH 7.4 [DP68 t1/2 ¼ 1.75 # 0.04
hours (n¼3);DP86 t1/2¼1.74#0.08hours (n¼3)]. Therefore, it
is likely that DP68 and DP86 are not susceptible to enzymatic
degradation.

Discussion
TMZ is a key component of therapy for GBM, but the

ultimate benefit is limited by emergence of resistance. Expres-
sion of the MGMT DNA repair protein accounts for profound
TMZ resistance in the majority of chemotherapy na€"ve GBM
patients, and inactivation or downregulation of MMR can lead
to acquired tolerance of TMZ-induced lesions. Therefore, devel-
oping therapeutic agents based on the TMZ structure that
circumvent mechanisms of TMZ resistance may provide signif-
icant therapeutic gains. In this study, the antiglioma activity
was evaluated for two novel imidazotetrazine analogs: the
bivalent DP68 and monovalent DP86. Both compounds exhib-
ited activity in established glioma lines maintained in both
serum-containing medium and as neurospheres in defined
medium. In short-term explant cultures from primary GBM
xenograft lines, both compounds were equipotent in TMZ-
sensitive and -resistant GBM models. The bivalent DP68
induced a rapid and profound S-phase accumulation, and was

Figure 3.
Cellular responses to DP68. A, U251
cells were treated with melphalan,
TMZ, DP68, andDP86 for 24 hours and
then H2O2 for 20 minutes before
analysis in a Comet assay. Relative
amount of DNA cross-linking was
calculated from the comet moments
(#SD). B, U251 and T98G cells were
treated with vehicle, 10 mmol/L DP68,
or 30 mmol/L TMZ for 24 or 72 hours,
fixed, stained with propidium iodide,
and analyzed by flow cytometry. C,
U251 and T98G cells were treated with
0 or 30 mmol/L DP68 or 100 mmol/L
TMZ and processed for Western
blotting at various time points
following drug addition.
Representative results from three
independent experiments are shown.
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associated with early activation of DNA damage signaling.
These data provide a proof-of-concept that novel TMZ analogs
can circumvent TMZ resistance in GBM models.

TMZ chemotherapy provides significant benefit to a subset of
patients, although progressive tumor growth associated with
emergence of TMZ resistance is almost universal. Stem-like cells
express drug efflux transporters, have higher DNA repair capac-

ities, and may be responsible for repopulating tumors with
therapy-resistant clones (28–30). They grow as neurospheres in
serum-free media, and in this study, the effects of the imidazote-
trazine analogs on neurosphere growth were evaluated in two
different models. The neurosphere recovery assay provides a
three-dimensional tumor model that measures acute responses
to drug therapy and the clonogenic potential of cells following

Figure 4.
Recovery from DP68-induced DNA
damage is ATR and FANCD2
dependent. A, Western blot analysis
confirming knockdowns in U251 cells
double-electroporated with control
(fLuc), ATM, ATR, or FANCD2 siRNA.
B, transfected cells were treated with
0 or 30 mmol/L TMZ, 3 mmol/L DP68,
or 30 mmol/L DP86 and assessed for
cell growth using a CyQuant assay.
U251 (C) and T98G (D) cells were
treatedwith anATR inhibitor (1mmol/L
VE-821), an ATM inhibitor (1 mmol/L
KU60019), or vehicle with or without
TMZ, DP68, or DP86, and cell survival
was analyzed in a CyQuant assay.
E and F, a neurosphere assay was
performed in parental GBM12 (E) and
TMZ-resistant GBM12TMZ (F)
explant cultures treated with 0 or
1 mmol/L VE-821 or 1 mmol/L
KU60019 in combination with TMZ,
DP68, or DP86. Data points and error
bars presented are the mean relative
neurosphere number ! SEM from
three independent experiments.
" , P < 0.05; "", P < 0.001.

Figure 5.
Pharmacokinetic evaluation of DP86
and DP68. Following a single IP
injection of DP86 (A) or DP68 (B),
plasma drug levels were determined at
times up to 6 hours postinjection.
Results shown are mean ! SD at each
time-point (n¼ 3 mice per time-point).
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treatment. Both U87NS (TMZ sensitive) and U118NS lines (TMZ
resistant), cells were initially responsive to TMZ treatment, but
outgrowth of secondary neurospheres was only inhibited at TMZ
concentrations greater than 100 mmol/L (Fig. 2A), which is at the
limit of clinically achievable levels of TMZ. A similar pattern of
regrowth was observed with DP68, but at a log lower concentra-
tion. The impact of drug therapy also was evaluated in neuro-
sphere cultures derived directly from patient-derived xenograft
lines. In both GBM12 (TMZ sensitive) and GBM6 (TMZ resistant)
models, DP68 effectively suppressed neurosphere formation at a
log-lower dose of drug than TMZ. Although other criteria for
defining tumor stemness were not tested specifically in this study,
wehavedemonstrated tri-lineagedifferentiation, self-renewal and
tumorigenicity in animals formultipleMayoGBM xenograft lines
(31). Thus, these data suggest that DP68 effectively kills stem-like
cells and reduces the emergence of TMZ resistance mechanisms.

Threemodels of acquired TMZ resistance were evaluated in this
study. The dose responses for DP68 and DP86 were similar for
GBM12 and GBM12TMZ, while the latter line was markedly
resistant to TMZ. Resistance in GBM12TMZ has been linked to
high-level MGMT expression (32). Coadministration of the
MGMT suicide inhibitor O6-BG significantly sensitized MGMT-
overexpressing cells lines to TMZ (GBM6 and T98G), but had no
impact on response to DP68 or DP86. The U87NSTMZ and
U251TMZ lines have distinct mechanisms of TMZ resistance
unrelated to MGMT. Previous studies have linked mutational
inactivation of MSH2 or MSH6 in the MMR pathway to tolerance
of cytotoxic O6-MeG lesions, resulting in a TMZ resistance in
patients with GBM (3, 15). Although we have not tested, we
speculate that resistance in these models is related to disruption
of MMR or another TMZ-tolerance mechanism. Regardless of
mechanism, the data demonstrate equal efficacy of DP68 and
DP86 in parental tumor lines (U251, U87NS) and derivative
models of acquired TMZ resistance (U251TMZ, U87NSTMZ).
Thus, DP68 and DP86 are highly effective in models with diverse
mechanisms of TMZ resistance.

The aqueous chemistry of DP68 and DP86 is subtly different
from that of TMZ (Supplementary Fig. S2). All three compounds
undergo pH-dependent hydrolytic ring-opening reactions to gen-
erate reactive diazonium ions. For TMZ, these are the final reactive
intermediates that covalently modify N7-G, O6-G, and N3-A. In
contrast, the diazonium ions from DP68 and DP86 undergo an
efficient, intramolecular trapping reaction to form aziridinium
ions, and these intermediates react with DNA, predominantly at
N7-G sites (17). The new agents were designed to generate
anticancer activity from N7-G adducts but should adducts occur
at O6-G, these would be resistant to repair by MGMT (18).
Consistent with either mechanism, sensitivity to both com-
pounds was unaffected byMGMT expression in the TMZ-resistant
T98G, GBM6, or GBM12TMZ models, and a similar MGMT
independence was observed in A2780 ovarian carcinoma cells
(18). The early arrest in S-phase withDP68 treatment is consistent
with DNA adducts that cannot be bypassed by the replication
machinery, stalling replication forks. Consistent with these obser-
vations, DP68 triggered robust DNA damage signaling to the
Chk1 and Chk2 checkpoint kinases and the chromatin remodel-
ing protein KAP1 within 4 to 8 hours of treatment, and ultimately
phosphorylation of H2AX (33). These damage-inducible mod-
ifications are typically mediated by ATM in response to DNA
double-strand breaks and by ATR in response to replication-
induced DNA damage. Consistent with signaling effects triggered

predominantly by replication-induced damage, disruption of
ATR signaling enhanced the potency of DP68 and DP86, while
ATM inhibition had less significant inconsistent effects (Fig. 4).
Collectively, these data suggest that DP68 and DP86 induce DNA
lesions that disrupt DNA replication.

Despite likely similar nucleotide targets, DP68 and DP86
trigger significantly different patterns of DNA damage processing
compared with TMZ. DP68 is a bivalent molecule that could
generate two reactive aziridinium ions. Given the propensity of
aziridinium ions to react with N7-G, we speculated that DP68
would insert five-atom, 3-azapentyleneN7-G–N7-G intra- and/or
interstrand cross-links. Themarked suppression of H2O2-induced
comet tail moment following treatment with DP68, but not
DP86, is consistent with formation of DNA interstrand cross-
links. Moreover, the Fanconi anemia DNA repair pathway spe-
cifically repairs cross-link damage (34), and disruption of this
repair function, via siRNA suppression of FANCD2, sensitized
U251 cells to DP68 but not DP86 or TMZ. These data indicate
formation of interstrand cross-links by DP68, and the 10-fold
greater potency compared with DP86 likely reflects this DNA-
cross-linking activity.

The present study provides proof-of-concept for novel imida-
zotetrazine analogs that induce DNA adducts insensitive to TMZ-
resistancemechanisms. Specifically, bifunctionalDP68withDNA
cross-linking activity provided significant gains in potency and
was highly effective against cells with the most common mech-
anism of TMZ resistance: MGMT overexpression. In preliminary
pharmacokinetic studies, the half-life for eitherDP68orDP86 (14
minutes)was significantly shorter than TMZ (55minutes).On the
basis of these data, medicinal chemistry approaches are being
used to optimize the drug-like properties for improved biodis-
tribution. Essentially all patients with GBM treated with TMZ
develop refractory disease and ultimately die from progressive
tumor. Thus, developing novel chemotherapies specifically effec-
tive against, or indeed averting the evolution of TMZ-resistant
tumors is a critical unmet clinical need (35). The data presented
suggest that mono- and bifunctional imidazotetrazines may be a
compound class for treating TMZ-resistant tumors. Future studies
with optimized second-generation molecules will focus on defin-
ing the in vivo efficacy in orthotopic GBM xenograft models and
defining the toxicity profile and therapeutic window for this
promising class of agents.
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Figure S1. Structures of TMZ, DP68, and DP86. 
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Figure S3. MGMT sensitivity of anti-glioma activity of TMZ, DP86 and DP68. 
(A-B) TMZ, DP68, and DP86 dose-response curves in (A) U118NS and (B) U87NSTMZ 
cell lines. All neurosphere lines were plated in triplicate and exposed to varying 
concentrations of each agent. Following a 7-day incubation neurospheres were quantified. 
Representative results from three independent experiments are shown. (C) GBM12 cells 
were plated with varying densities, treated with no drug (control), 1 µM DP68, 3 µM DP68 
or 4 µM TMZ. Neurospheres were counted after 14 days. (D-E) T98G (D) and GBM6 (E) 
cultures were co-treated with 0 or 10 µM O6-BG and response to TMZ was evaluated. Cell 
survival was analyzed via CyQuant assay with the mean relative fluorescence ± SEM from 
three independent experiments are shown. 
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Figure S4.  
DP86 and DP68 activity is independent of MMR expression.  (A) 
Western blot confirmed knockdown in T98G cells infected with empty 
vector, sheGFP, and two shRNAs targeting MLH1. (B) Infected cells 
were treated with TMZ, DP86, or DP68 and cell survival was 
analyzed via CyQuant assay. Mean IC50 ± SEM from three 
independent experiments are graphed. * (p<0.05) 
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Figure S5. DNA damage signaling activated by low concentrations of 
DP68.    
U251 and T98G cells were exposed to DP68 for 24 h and whole cell and 
nuclear extracts were processed for Western blotting. Representative blots 
from three independent experiments are shown.   
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Factors involved in the anti-cancer activity of the investigational agents
LM985 (flavone acetic acid ester) and LM975 (flayone acetic acid)

M.C. Bibby, J.A. Double, R.M. Phillips & P.M. Loadman

Clinical Oncology Unit, University of Bradford, Bradford BD7 1DP, UK.

Summary LM985 has been shown previously to hydrolyse to flavone acetic acid (LM975) in mouse plasma
and to produce significant anti-tumour effects in transplantable mouse colon tumours (MAC). It has
undergone Phase I clinical trials and dose limiting toxicity was acute reversible hypotension. Substantially
higher doses ol LM975 can be given clinically without dose limiting toxicity. We have investigated the activity
of LM975 against a panel ol MAC tumours and also the in ritro cytotoxicity of both LM985 and LM975 in
two ce11 lines derived from MAC tumours. LM985 is considerably more cytotoxic than LM975 in vitro but
increased length olexposure toLM975 results in improved activity. Single rz rirro injection of LM975 showed
no activity against the ascitic tumour MAC 15A, moderate activity against the s.c. poorly differentiated
tumour MAC 13 and produced a significant growth delay in the well dilferentiated MAC 26. These latter
responses were considerably enhanced by repeated injection 7 days later. Pharmacokinetic studies in mice
lollowing i.p. injection ol LM985 demonstrated rapid degradation ol LM985 to LM975 in the peritoneum.
Length of exposure as well as drug concentration appear important iactors in determining anti-tumour
responses.

4H-1-benzopyran-8-acetic acid, 4 oxo-2-phenyl-,2- (diethyl-
amino) ethylester hydrochloride (Figure 1A) was selected for
Phase I clinical evaluation largely on its activity against
colon 38 in the NCI screen. Double et al. (1985) have
demonstrated significant activity against mouse trans-
plantable subcutaneous colon tumours (MAC) and also
confirmed the rapid hydrolysis of LM985 to flavone acetic
acid (LM975) (Figure 18) suggested by Kerr et al. (1985).
There was a good dose relationship between plasma levels of
Llt49'75 and the administered dose of LM985 and a clear
relationship between areas under the curve and tumour
responses. An ascitic colon tumour failed to respond to
treatment suggesting tumour site may be an important
factor.

Kerr et a/. (personal communication) have commenced a
Phase I clinical study with LM975 and they state that
substantially higher doses of the hydrolysis product can be
given without dose-limiting cardiovascular toxicity. Recently
Plowman et al. (1986) have demonstrated regression of
advanced colon 38 tumours by LM975, with greatest efficacy
observed following administration of high individual doses
rather than high total dose.

The present study examines the activity of flavone acetic
acid against three MAC tumour lines. It also describes an rn

a

CrH u

N-CH2
CrH u

-cHr-ooc- cH2

HOOCCH,

Figure I Structural formulae of (A) LM985 and (B) LM975.
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vitro coTony forming assay with MAC lines and examines
their chemosensitivity to LM985 ar,d LM975 in vitro.
Optimal exposure times are assessed and related to
pharmacokinetic profiles and responses achieved in vivo tn
order to predict plasma exposures likely to be required for
anti-tumour activity in man.

Materials and methods

Animals
Pure strain NMRI mice (age 6 8 weeks) from our inbred
colony were used. They were fed on CRM diet (Labsure,
England) and water ad libitum.

Test compounds

LM985 was received from the EORTC Screening & Pl.rarma-
cology Group and further supplies were a gift from Dr W.R.
Vezin, CRC Formulation Unit, University of Strathclyde.
LM975 was a gift from Lipha (Lyon) via Professor S.B.
Kaye, University of Glasgow. Positive control compounds
methyl-CCNU and cyclophosphamide were gifts from the
NCI and Boehringer, UK, respectively. For in vito experi-
ments LM975, LM985 and cyclophosphamide were dissolved
in physiological saline and methyl-CCNU in 10%
ethanol/arachis oil at an appropriate concentration for a
desired dose to be administered in 0.1m1 per 10g body
weight. All injeclions were i.p.

Tumour system

The development of several adenocarcinomata of the large
bowel in NMRI mice from primary tumours induced by
prolonged administration of 1,2-dimethylhydrazine has been
described elsewhere (Double et al., 1975).

In vivo studies MAC 13 and MAC 26 tumours were
transplanted into female mice and MAC 26 tumours into
male mice by s.c. implantation of tumour fragments
(-1x2mm) in the flank. MAC 15A ascites tumours were
transplanted into male mice by i.p. inoculation of 1x 106
tumour cells in 0.2ml physiological saline. This inoculation
gives a survival time of - 14 days.

ln vrtro studies The s.c. solid tumours MAC 13 were
removed aseptically from the inguinal region of the mice and
placed in a small volume of sterile RPMI 1640 medium
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(Flow Laboratories) supplemented with 10% heat inacti-
vated foetal calf serum (FCS) (56"C, 20min), lmtvt sodium
pyruvate, penicillin and streptomycin (50 IUml-t). The
ascites tumour MAC 15.A was removed by aseptic peritoneal
washing using 5m1 supplemented RPMI 1640. 'Primary'
solid tumours were dissected into small pieces (-2pm3) and
transferred into 75 ml culture flasks (Corning) containing
30ml supplemented RPMI 1640. Flasks were gassed using a
5yo COz, 95Yo air mixture, labelled and incubated horizon-
ta11y at 37"C. The 'primary' ascites tumour suspension was
poured into similar flasks and similarly treated.

Chemosensitivity

In vivo studies The anti-tumour activity of LM985 against
MAC 13, l|l4AC 26 and MAC 15A has been described
previously (Double et al., 1986). The activity of LM975
against these tumours was assessed by using the same
protocols. Chemotherapy commenced 2 days after implan-
tation for MAC 13 and MAC l5A tumour bearers arrd 27
days after implantation for MAC 26 tumour bearers. MAC
13 tumours were assessed 14 days later by recording tumour
weights and MAC 15A tumours were assessed from median
survival times (Geran et al., 1972). MAC 26 tumours were
assessed by twice weekly two-dimensional caliper measure-
ments. Activity scores for LM975 and positive control
compounds against each tumour line, were allocated by the
method of Double et al., (1986).

In vitro studies Treatment effects of the drugs were assessed
using a clonogenic assay (Hamburger & Salmon, 1977).
Single cell suspensions, derived from primary monolayer
cultures, were exposed to increasing drug concentrations for
different time course exposures at 37'C in RPMI 1640
supplemented with 10% heat inactivated FCS penicillin/
streptomycin (50IUml 1). sodium pyruvate (50pgml-1).
Following treatment, the cells were washed twice in Hanks'
balanced salt solution and 0.5 x lOs viable cells were plated
into 25ml tissue culture flasks containing 10ml of complete
RPMI 1640. After 5-7 days incubatiot at 37'C, colonies of
)50 cells were counted using an inverted microscope and
plating efficiencies (MAC l3:4.12yo, MAC 154:6.8%)
calculated for each drug concentration. Cytotoxic effects ol
drug treatment were expressed in terms of 7o survival taking
the control plating efficiency to represent 100o/o survival for
each experiment. Duplicate samples for each drug concen-
tration were performed.

Measurement of drug levels in plasma, the peritoneum and
tissue culture medium

Reagents Spectroscopic grade ethanol (BDH Chemical,
Poole, Dorset), p-dimethylaminobenzaldehyde (Sigma Chemi-
cal Co., Poole, Dorset) and triple distilled water were used.
Other reagents were of analytical grade.

Sample collection Blood samples from three normal mice at
each time point were taken by cardiac puncture under ether
anaesthesia, collected into heparanised tubes, centrifuged at
2,000 g and 4'C for 10 min and then separated plasma stored
at -20"C until analysis.

Drug was removed from the peritoneum by three 5 ml
washes with acetate buffer (0.11r, pH .0). Peritoneal volume
was determined prior to washing at each time point by
Evans blue dilution. This volume was used to calculate drug
concentrations.

Sample extraction and chromatography LM985 and LM975
were extracted from fluid samples using solid phase
chromatography and measured by an HPLC method
described by Double et al. (1986) and modified from Kerr e/
a/. (1985).

Standard curves were prepared by the addition of LM985

and LM975 to buffered control mouse plasma (pH 4.0) and
plotting ratio of peak areas of LM985 and LM975 to the
internal standard against drug concentration. Peaks were
traced and integrated with an Isaac Model 42A data module
(Cyborg Corporation, USA). An Apple IIE computer (App1e
Computer, Inc., USA) and Appligration II software
(Dynamic Solutions Corporation, USA). The curves were
linear over the range 0.1-40pgml-1. The assay was sensitive
to drug concentration of l0ngml-t. Recovery was >90%
for both compounds.

In vitro stability studies RPMI 1640 (2m1) with a concen-
tration of l mgkg-1 LM985 was incubated at 37"C. Samples
were taken and immediately diluted lll(vlv) with acetate
buffer and l00pl of internal standard were immediately
added. LM985 and LM975 were then extracted as described
(Double et al., 1986). This procedure was repeated with
0.9% physiological saline instead of RPMI.

Protein binding

LM975 was added at various concentrations to PBS as
control, RPMI 1640 containing 10% FCS, human plasma
and mouse plasma. The mixtures were incubated lor t hr at
37'C and aliquots taken for ultra filtration using a multi-
micro concentrator (Amicon, MA, USA) and Amicon PM10
Diaflo membranes (25mm diameter). The ultrafiltrates were
then analysed by HPLC and protein binding (PB) calculated
lrom:

concentration in matrix uitrafiltratePB:1- x 100f(
concentration in PBS ultrafiltrate

Pharmacokinetic analysis The area under the concentration
versus time curve (AUC) was calculated using the trapezoid
ru1e.

Results

In vivo anti-tumour actittity oJ LM975
The i.p. maximum tolerated dose of LM975 in NMRI mice
was 300mgkg 1. The compound had no effect against MAC
15.A ascites tumours (Table I). Single dose treatment against
MAC 13 produces some tumour inhibition but this is
considerably enhanced by repeat treatment (Table II).
Greater than 90oh tumour inhibition can be achieved at
300mgkg-1 on day 2 and day 9 with no indication of
toxicity. Similar responses are seen with the slower growing
MAC 26 tumours with cures being achieved with
300mgkg 1 on day 0 and day 7 (Figure 2).

In vitro chemosensitivity

MAC 13 cells grown in vitro are sensitive to LM985 but
MAC 15A cells are much less responsive (Figure 3). In vitro
chemosensitivity data of MAC 13 cells to LM975 are
presented in Figure 4. Two hour exposure to doses of up to
2mgm1 1 of LM975 fail to produce a response in MAC
15,A cells (Figure 5). Longer exposure times result in signifi-

Table I Activity of LM975 against MAC 15A

Dose (mg kg t) Vehicle f lC% Actitity

600
300
200
100
Positive control

Methyl-CCNU
20

Control

0.970 saline 7
0.9% saline 100
0.970 saline 107
0.9% saline 107
Ethanol/

Arachis oil(1/10) ts4

Toxic
0
0
0

l+



Dose (mg kg- 1)

Table II Activity ol LM975 against MAC 13
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15 min

MAC 15A

0 025 0.50 0t5 10

LM 985 (mg mt 1)

Figure 3 In yilro chemosensitivity of MAC l3 and MAC 15A
cells to LM985.

a.25 0.5 0.75 1.0

LM 975 (mg ml 1)

F'igure 4 In yitro chemosensitivity of MAC 13 cells to LM975 at
a range of exposure times and concentration.

Peritoneal levels of LM985 and LM975 following i.p.
inoculation of 3 dose levels of LM985 are presented in
Figure 7. Both LM985 and LM975 are rapidly cleared from
the peritoneum. Levels of LM975 in the peritoneum and
plasma following i.p. inoculation of three dose levels are
described in Figure 8. Identical curves were produced when
these measurements were repeated 7 days later.

Day 2 Day 9 Vehicle Surviyors 7'lC% Actittity

600
300
300
200
200
100
100
Positive control

Methyl-CCNU
20

Control

0.970 saline
0.9o% saline
0.97o saline
0.9% saline
0.9%o saline
0.97o saline
0.9% saline
Ethanol/

Arachis oil
(1/10)

Ethanol/
Arachis oil
(1/t0)

5i 1+44+57 1+10 3+19043 2+

44+

300

200

100

0/10
10/10
10/i0
10/10
10/10
10/10
10/i0

10/i0
10/10

o
2
: lU
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0)
E
l
o>2
=
E
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o
o
ocr u5

o.;
fa

Figure 2 Activity of LM975 against MAC 26 (l A untreated
control, I I 200mgkg 1 day 0, ! tr 200mgkg-1 day 0,
day 7, O-O 300mgkg 1 day 0, O-O 300mgkg 1 day 0, day
1, A A positive control compound, cyclophosphamide
300mgkg 1).

Table III LM975 protein binding in various matrices

o/o Protein binding

Matrix 0.25mgml | 0.5mgml 1 l.lmgml-r 2.0mgml 1

PBS ()

RPMI 1640
+ 10% FCS 0

Human plasma 8i
Mouse plasma 47

cant anti-tumour elfects. Degradation studies of LM985 in
tissue culture fluid are described in Figure 6. LM985 was
stable for at least 5h it 0.9oh saline and ethanol and for 3
days in acetate buffer (pH4.0).

Analysis of protein binding of LM975 in PBS, supple-
mented RPMI 1640, human and mouse plasma is described
in Table III.

0
7'7
44

0
57
6t

0
82
61

1 h MAC13

5/10 Regrowing
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Figure 6 Breakdown of LM985 in tissue culture fluid at 3'7'C
12h and at a concentration ol 1.0mgm1-1. Rate ol reaction:

13.3 pmol min- 1.0 0.25 0.5 0.15 ',t .0 2.0

LM 975 (mg ml 1)

Figure 5 In vitro chemosensitivity of MAC 15A cells to LM975
at a range ol exposure times and concentration.
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Figure 7 Levels of LM985 (a-a) and LM975 (Q Q) in the peritoneum following i.p. administration of three dose 1evels of
LM985: (a) 400mgkg-r; (b) 200mgkg-1; (c) 100mgkg-1.

AUC+1s.d. (mghm1 1)

LM985 LM915
2.98+0.31 1.18+0.12
1.22+ 0.t6 0.53 + 0.07
0.32+0.04 0.20 +0.015

(u)
(b)
(c)
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Figure 8 Levels of LM975 (+s.d.) in the peritoneum (closed
symbols) and plasma (open symbols) following i.p. adminis-
tration of three dose levels O,O 300mgkg-1; 1,tr
200mgkg-1; 1,7\ 100mgkg- I.

Dosemgkg 1

300
200
100

AUC+ 1 s.d. (mghml-1)
peritoneum plasma
3.21+0.61 2.52+0.15
t.46+0.22 1.83+0.13
0,62 + 0.09 0.89 + 0.09

Discussion

Initial chemotherapy experiments using the MAC series of
transplantable adenocarcinomas of the colon (Double et al.,
1986) have demonstrated that 2 s.c. tumours of different
histology and growth characteristics (MAC 13 and MAC 26)
respond to LM985. The ascitic line MAC 15A was
unresponsive.

This study demonstrates that MAC 13 is highly sensitive
to LM985 in vitro whereas MAC 15A cells are only
moderately sensitive at a t h exposure. LM985 degrades to
LM975 in tissue culture medium at a rate similar to that
previously shown for degradation in human plasma. There
was no evidence of any protein binding to the serum in
complete tissue culture medium. Analysis of peritoneal levels
following i.p. administration of LM985 indicate that LM985
degrades rapidly to LM975 in the peritoneum, MAC 15A
cells lr vivo are therefore not exposed to the minimum
LM985 concentration and exposure time required to effect a
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response. Kerr et al. (1986) have completed a Phase I clinical
trial with LM985 and are currently conducting a similar trial
with LM975. They state that higher doses of L}il975 can be
given without dose limiting toxicity and probably without
loss of anti-tumour activity. The in uluo responses achieved
here with MAC 13 and MAC 26 confirm LM975 to be
highly active against s.c. mouse tumours. The lack of
response of the ascites tumour MAC 15A to LM975 in vivo
is more interesting as analysis of LM975 in the peritoneum
following i.p. administration reveals high levels for the first
30min.

In vitro chemosensitivity studies show that MAC l5A cells
are in fact less responsive to LM975 than LM985. They are
unresponsive to 2h exposures of concentration of up to
2mgml-r but long term exposures result in improved cyto-
toxicity. The concentrations and exposure times experienced
by MAC l5.A tumours grown in vivo are therefore
insufficient to produce a response. Comparison of in vitro
assays with LM975 and LM985 indicate the parent
compound to be considerably more active against MAC 13
than the hydrolysis product. Long term exposures to LM975
in vitro result in improved cytotoxicity.

In conclusion this study reveals that LM975 is less active
in vitro than LM985 but that in vitro chemosensitivity to
LM975 increases with prolonged exposures. Dose response
curves show the minimum drug concentrations and exposure
times required to effect a response in vitro and would suggest
that if these parameters are achievable in vivo the tumour
would respond. Pharmacokinetic studies have indicated the
plasma levels necessary to achieve a response in sub-
cutaneous tumours, and these levels are lower than those
predicted in the MAC 13 in vitro assays. Protein binding
studies of LM975 in mouse and human plasma have indi-
cated moderate binding. The reasons for the apparent
difference in chemosensitivity between in vitro and in vivo
tumours are under investigation.

From Table II the more than additive percentage cell kill
produced by the second injection is difficult to explain, as
this phenomenon has never been observed with standard
agents in this tumour system. The cures seen in MAC 26
have never previously been achieved. The measurement of
pharmacokinetic parameters provide no explanation for the
dramatic tumour responses achieved by repeated treatment
as these were identical for mice treated at days 2 and 9. This
phenomenon will be the subject of further investigation.

The MAC series of tumours has previously been shown to
be a good model of human disease with responses to
standard agents only seen close to maximum tolerated dose
(Double & Ball, 1975). Similar anti-tumour responses may
well be achieved in human large bowel cancer if the
minimum drug concentrations and exposure times presented
here can be achieved in man.
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EXPERIMENTAL ANT]-TUMOR EFFECTS OF FLAVONE
ACETIC ACID (LM975)

M C Bibby, J A Double, R M Phi11ips, PM Loadman &

J A Gumer
Clinical Oncology Unit, School of Biomedical-
ScLences (JAG), University of Bradford, Bradford
BD7 1DP, IJK

INTRODUCTION

The investigational anti-cancer agent flavone acetic
acid (LM975) (Fig 1) is currently undergoing clinical
evaluatlon in the UK and in the USA.

HOOC cH2

Figure 1 Structural fornula of flavone acetic acid.

The ratlonale for the subml,ssion of this compound for
clinical trial was the demonstration of signiflcant anti-
tumour effects in solid murine tumoura which are usually
poorly responsive-to standard cytotoxic agents (Plowman et
a1,1986, Bibby et a1,..1987) and also the lack of conven-
tional toxicity. The plasma profiles of LM975 associated
with actlvity against subcutaneous (sc) experimental tumours
have now been attained Ln man (Kerr et al, 1986) but no
responses have yet been seen. The present study attempts to
explain this by examining the effects of LM975 on MAC L6, a
transplantable colon tumour which is non-responsive to
standard chemotherapeutic agents. It also examines the
response to LM975 of a transplantable adenocarclnoma Srordrl
in different sites and specific biologlc proPerties of the
tumour which may be important in the mechanism of action of
Lt!97 5.
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MATERIALS AND METHODS

Pure strain NMRI mice (age 6-8 weeks) from our in-bred
colony were used. L14975 was a gift froro Lipha (Lyon) via
Professor S B Kaye, University of Glasgow. For in vivo
experiments LM975 was dissolved in physioJ_ogical-saTliE at
an appropriate concentration for a desired dose to be
administered j.n 0.1 mlper 10g body weight.

MAC 16 tumours rdere transplanted by implantation oftrocar fragments into the flank. Chemotherapy commenced
when tumours could be reliably measured and anti-tumouraffects were assessed by serial twice weekly two-dimensionalcaliper measurements.

MAC 15A ce1ls were i.njected either ip, iv via the tailvein or sc. For MAC 15A tumours chemotherapy cormenced 2
days after implantation and effects r^rere assessed from
median survival times or tumour weight. The relationship
between chemosensitlvity of sc MAC l5A and tumour blood
volume was assessed by using an Evans- Blue perfusion
technique. Evans- Blue dye was injected into the tail veinof mice bearing sc MAC 15A and tumours were removed 1 minutelater. Evans- Blue dye was extracted from the tumours andfrom plasma using the technique of Harada et a1,1971.
Tumour vasculature was measured from histological secti.ons
usLng a stereol-ogical method for estimation of volumedensity (Wiebel, L979).

In vitro studies with MAC 15A ce1ls utilised the
clono[-enTE;s-ssay (Bibby er al, L}BT). MAC rumour cel1s donot readily form spheroids so IIT-29 cell_s were used.
Following drug e;posure, spheroids were washed in Hanks
balanced salt solution (HBS) before being dissociated intoa single cell suspension by trypsin (2.5f.). The resulting
suspensions r^rere washed in I1BS and assessed for clonogenicproperties.

RESULTS

Ihe ip maximum tolerared dose of L14975 in fenale NMRImlce bearing MAC 16 tr:mours was 200mg kg-r. This doser
when admLnistered at 2 and 9 days after tumours could bereliably measured, produced highly significant anti-tumoureffects (Fig 2A). Eight out of 10 nice in thls group r^7erelong term cures.
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Figure 2 A) Auti-tumour effects of LM975 against MAC 16.
B) The relationship between tumour and plasma vohme as
measured by Evans- Blue perfusLon, tumour weight and tine
after implantation of sc MAC 15A.
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TABLE I Effects of tumour
15A to LM975. (numbers in
days).

site on chemosensLttvity of MAC
brackets represent treatment

Tumour si.te
ip
sc
iv systemic

Dose (ng te-l) Z inhibition
250 0
25O 40(2) 90(2,9)
250 0

TABLE 2 Relationship between vasculature compositLon and
response to fl-avone acetic acid in sc MAC l5A.

Days post Vasculature 'tlC
inplantation Compositiol (7") (7")

Tumour weight
inhibition (Z)

40
46
66
70

2
5
7
9

o.7 60
L.2 54
1.3 34
2.3 30

Plateau phase MAC 15A cel-1s are approxinately 4 tirnes
more sensitlve than 1og phase MAC 15A ce11s grown ln culture
(Fig 3A). HT-29 human colon tumour ce11s are 4 times more
resistant to LM975 when grown as spheroids than when grown
as monolayer cultures (Fig 38).
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o.E o.5

Figure 3A) Effects of 6h exposure of 1og and plateau phase
MAC t5A ce11s to LM975 and B) Spheroids and monolayers of
HT-29 cells to 24t. exposure.

DISCUSSION

The significant anti-tumour effect produced in MAC 16by LM975 suggests that this compound has a novel mechanismof action as this tumour does not respond to standardcytotoxic agents. The MAC 15A and spheroid data suggeststhat tunour architecture and establishment ls also..importantin its mechanism.
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Influence of site on the chemosensitivity
of transplantable murine colon tumours
to flavone acetic acid (LM975, NSC 347512)*
M. C. Bibby, R. M. Phillips, and J. A. Double

Clinical Oncology Unit, University of Bradflord, Bradford BD7 1DP, U.K.

Summary. A number of experimental studies have demon-
strated significant responses of s. c. solid tumours to flavone
acetic acid (FAA). Clinical studies to date have been dis-
appointing, with no objective responses being seen. The
present study demonstrated that the tumour site is impor-
tant for the anit-tumour action of FAA against two trans-
plantable adenocarcinoma lines (MAC) in NMRI mice.
Responses were achievable only when the tumours were
implanted s.c. Ascitic or systemic tumours did not respond
to FAA. Experimentally achievable plasma levels of FAA
were not sufficient to induce significant cell kills in either
MAC 15A or MAC 26 cell lines in vitro. A poor correla-
tion exists between in vitro and in vivo responses, as the
clonogenic assay could not predict the response of the sol-
id MAC tumours grown s. c. The in vitro data indicated
that the length of exposure to FAA was important, with
long exposure times being necessary for cytotoxicity to de-
velop, in these tumour cell lines. These studies imply that
more than one mechanism is involved, and it is likely that
the activity of FAA against s. c. tumours relies at least in
part on a specific biological feature of tumours in this site.
However, it may still be possible to achieve systemic tu-
mour cell kill in vivo by increasing drug-exposure times.

ancer
hemotheranv and
harmacology

Introduction
Flavone acetic acid (FAA) is currently undergoing clinical
evaluation in malignant disease. The rationale for the sub-
mission of this compound for clinical trial was its pre-
clinical activity against a broad spectrum of murine trans-
plantable solid tumours that tend to be refractory to con-
ventional cytotoxic agents 17, l9l. Previous studies in this
laboratory [1, 2] have demonstrated spectacular responses
in established s.c. solid, transplantable colon tumours
in mice (MAC tumours). Phase I studies [6] have indi-
cated that the peak plasma concentrations associated with
experimental activity in mice are achievable in humans, al-
though no objective responses have been seen. Differences
in the pharmacology of FAA between mouse and man
therefore cannot be ruled out.

Preliminary studies in this laboratory have suggested
that the tumour site may be important in the response to

* Supported by Whyte Watson/Turner Cancer Research Trust,
Bradford, U.K.
OJfprint requests lo: M. C. Bibby

O Springer-Verlag 1989

FAA [0] and that the establishment of a tumour vascula-
ture may be necessary for the achievement of responses [3].
Previous in vitro studies using a variety of tumour cell
lines [4, 21] have indicated that high drug concentrations
and long exposure times are necessary for the develop-
ment of direct cytotoxicity. The present study examines the
influence of concentration and exposure time on the in vit-
ro chemosensitivity to FAA of two transplantable colon
adenocarcinoma lines derived from tumours with different
growth characteristics. It also describes the influence of tu-
mour site on the in vivo response of these tumours to FAA
in an attempt to explain the lack of activity seen clinically.
The relatively cytotoxic effects of FAA on an established
human cell line, cultured as monolayers or spheroids, were
investigated with the aim of assessing the influence of the
three dimensional properties of a spheroid on chemosensi-
tivity in vitro.

Material and methods

Animals. Pure-strain 6- to S-week-old NMRI mice from
the inbred colony at the Clinical Oncology Unit, Universi-
ty of Bradford, were housed in cages in an air-conditioned
room where regular, alternate 12 h cycles of light and
darkness were maintained. Animals were supplied with a
pellet diet (CRM Labsure, Croydon, England) and water
ad libitum.

Tumour system. The development of several adenocarcino-
mata of the large bowel in NMRI mice from primary tu-
mours induced by the prolonged administration of
1-2,dimethylhydrazine (DMH) has been described. else-
where [9]. The series was developed by the s.c. implanta-
tion of primary adenomatous polyps from DMH-treated
mice and subsequent passaging in pure-strain mice by s. c.
implantation. The panel comprises a series of colon adeno-
carcinomas with various growth characteristics and a his-
tology ranging from poorly differentiated tumours to well-
differentiated cystic and active mucin-producing tumours.
Ascites tumours were derived from several of the solid tu-
mours by the i. p. implantation of tumour fragments.

In vivo studies. MAC 26 tumours were transplanted into
male mice by the s. c. implantation of tumour fragments
(approx 1 x 2 mm) in the flank. MAC 15A ascites tumour
cells were transplanted into male mice by the s.c., i.p. or
i. v. inoculation of I x 106 tumour cells in 0.2 ml physiologi-
cal saline.
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In vitro studies. The s.c. solid MAC 26 tumours were asep-
tically removed from the inguinal region of the mice. As-
citic MAC 15A cells were removed from the peritoneal cavi-
ty by aseptic peritoneal washes in saline (0.9% w/v). Cell
lines were derived from the solid tumours by mechanical
disaggregation and were routinely maintained as monolay-
er cultures in RPMI 1640 tissue-culture medium supple-
mented with 10% foetal calf serum, sodium pyruvate
(l mM, penicillin,/streptomycin (50 IU ml-r, 50 pg ml- ')and buffered with HEPES (25 mlttt). MAC 15A cell lines
were derived by the inoculation of "complete" RPMI 1640
medium with a small volume of peritoneal washings con-
taining MAC l5A cells, and these were maintained as de-
scribed above.

MAC cell lines do not readily form spheroids; thus,
HT-29 human colon cancer cells [3] were used for spher-
oid studies. These cells, which were originally derived
from a human primary adenocarcinoma of the colon, were
a gift from the Department of Pathology, University of
Leeds, and were maintained as monolayers as described
above. Spheroid formation was initiated by the seeding of
approx 105 cells into 75-cm2 tissue-culture flasks that had
previously been base-coated with l0/o agar. Spheroids
(250 pm in diameter) were harvested approx. 10 days after
the initial seeding of cell suspensions and chemosensitivity
was assessed as described below.

Test compounds. FAA was a gift from Lipha (Lyon) via
Prof. S. B. Kaye, University of Glasgow; 5-fluorouracil
(5-FU) was generously donated by Roche, UK; tauromus-
tine (TCNU) was a gift from Leo Laboratories (Helsing-
borg, Sweden); and chlorambucil was donated by
Dr. D. E. V. Wilman, Institute of Cancer Research (Sutton,
UK). For in vivo experiments, FAA, 5-FU and TCNU
were dissolved in physiological saline and chlorambucil
was dissolved in l0% ethano\/arachis oil. Appropriate
concentrations were used for a desired dose to be given in
0.1 mll10 g body weight.

Chemosensitivity.Invivo studies : The differing morphology
and growth characteristics of the two tumour lines necessi-
tated the use of different chemotherapy and assessment
protocols. As MAC 26 is a relatively slow-growing, well-
differentiated tumour (tumour-volume doubling time,
4.5 days), chemotherapy was begun when the tumours had
reached a size that could accurately be measured (tumour
volume, approx. 40 mm3), viz., approx. 18 days after im-
plantation. Chemosensitivity was assessed twice weekly by
caliper measurements of the tumour. Tumour volumes
were determined by the formula a2 xb/2, where a is the
smaller and b is the larger diameter of the tumour [14]. The
percentage of volume inhibition was determined when tu-
mour regrowth occurred. For MAC 15A ascitic tumour
cells implanted via the i.p. and i.v. routes, anti-tumour ac-
tivity was determined by comparison of the life span in
treated and control groups. Deaths were recorded and the
median survival times (MST) determined. The percentage
of tumour-cell inhibition was calculated from a survival-
inoculum curve. MAC l5A tumours grown in the s.c. site
were weighed and the effects of chemotherapy estimated
from the percentage of weight inhibition of tumours
14 days after implantation. Groups of ten animals were
used in each case.

In vitro studies : The colony-forming abilitl of tumour cells
surviving drug treatment was assessed usins a slightly
modifled version of the Hamburger and Salmon [15] clon-
ogenic assay. No soft agar was used in this assar'. as fibro-
blastic contamination was minimal and colonv integrity
was maintained. Previous studies in this laboratorl- [lg]
have shown that a linear relationship exists between the
number of cells plated and the number of colonies formed
using this methodology. Single-cell suspensions derived
from monolayer cultures (0.25% trypsin) were exposed to a
range of experimentally achievable drug concentrations in
complete RPMI 1640 and incubated at 37' C for various
intervals. Following drug erposure. the cells were washed
twice in Hanks' balanced salt solution (HBSS) and
2-5 x 104 viable cells (tr1 pan blue erclusion) were plated
into 25 cm2 plastic flasks conrainins lo ml complete RpMI
1640. After 5-7 days ol incubation ar _17'C, colonies of
> 50 cells were counted usins an in,. ened microscope and
plating efficiencies were calculared fu-r each drug expo-
sure. Cytotoxic effects of drug trearmeni * ere erpressed in
terms of the percentage ol surlir al. rakins cur;ttrol plating
efficiencies to represint 1r.rr-r su:',i'.a1. -Each assir rvai
carried out in triplicate. Chemosensiiivirr studies \\'ere re-
stricted to cultures passaged ieii er rh.rn ien times re\cepI
HT-29 cells), and cells in the erponential phase ol grouth
were used throughout.

Spheroids. Multi-cellular spheroids approx. 250 pm in di-
ameter were exposed to r.arious concentrations of FAA.
Following drug exposure. spheroids were washed in HBSS
before being dissociated into a single-cell suspension by
trypsin (25%). The resulting cell suspensions were washed
in HBSS and assessed lor clonogenic properties as de-
scribed above. Comparative studies on the effects of FAA
on spheroids vs monolar ers of HT-29 cells were run simul-
taneously.

In vivo sensitivitl' o-f in-vitro-derived MAC 26 cells. MAC
26/'tC cells derived as previously described and estab-
lished in tissue culture u'ere reimplanted in NMRI mice by
the i.p., i.v. and s.c. routes. Chemosensitivity was assessed
by the same method previously described for MAC l54.
cells.

Results

In yitro studies

Dose-response curves following the exposure ol \tAC i5A
and MAC 26 cells to FAA for various interral: are pre-
sented in Fig. I and 2, respectivel)'. Chr'-marographic
analysis of culture media during drug e\posures showed
that FAA is stable in vitro over a 24-h in;ubation at 37" C.
Increasing both the duration of drug e\posure and the
drug concentration improves .1on.-genic cell kill. For a
given drug concentration, an incr:ase in the duration of
drug exposure increases ceil kill: similarly, for a given
exposure time (with the ercepti.rn ol 1-h drug exposures).
an increase in drug concentrarion improves clono_eenic
cell kill.

The responses of \1.\C I j.\ and MAC 26 cell lines it1-
lowing a 1-h exposure to FAA are similar (Figs. 1 arc lt.
However, as the duration of drug exposure incr:".:s.
MAC 26 cells are more sensitive to FAA than \1,\C --<\
cells. To compare the elfects of exposure time on ::.3 :e-
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Fig. 1. MAC l5,{ dose-response curves following a 1-h(.-.), 2-h (o-o), 4-h (t-t), 8-h(tr-tr) and 24-h ( 
- 

) exposure to FAA.
Values presented are the means t SD of three samples

sponse of these two cell lines to FAA, the data in Figs. 1

and 2 are presented in an alternative way. The total drug
concentration x time (C x t) exposure in MAC cell lines
in vitro was calculated from all possible combinations of
drug concentration and exposure times used in vitro and

FAA(mg ml-')
Fig. 2. MAC 26 dose-response curves following a l-h(o-o), 3-h (r t), 6-h (A- L) arld 24-h(tr-tr) exposure to FAA. Values presented are the means+ SD ol three samples
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Fig.3. The relationship between the total in vitro drug C x t ex-
posure and the clonogenic cell survival of MAC 26 and MAC 15A
cell lines

s
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Fig.4. The response of H'l-29 multicellular spheroids(A-A) and monolayer cultures ( 

-A) 

following a
24-h exposure to FAA. Values presented are the means + SD of
three samples
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the results were plotted against the percentage of clono-
genic cell survival. Graphic representations ofthe relation-
ship between cell survival and in vitro drug C x t expo-
sures are presented in Fig. 3. In this figure, the line of best
fit was determined by the linear regression analysis of semi-
logarithmically transformed data. The coefficients of
variation for MAC 26 and MAC 15A curves were 0.85 and
0.89, respectively (individual data points were omitted
from these curves in the interest of clarity). Figure 3 clearly
shows that MAC 26 cells are inherently (approx. 2 times)
more sensitive to FAA than MAC 15A cells; furthermore,
increasing the drug C x t exposure in vitro increases clono-
genic cell kill.

The response of HT-29 colon carcinoma cells exposed
to FAA as multicellular spheroids or monolayer cultures is
described in Fig. 4. Spheroids were (approx. 4 times) more
resistant to FAA than the same cells cultured as mono-

layers, although fluorescence studies demonstrated that
FAA penetrated to the centre of the spheroids. Histologi-
cally, HT-29 spheroids resemble MAC 15A (i.v.) lung
nodules (Figs. 5 and 6). Both the tumour and the spheroid
contain peripheral proliferating cells, deeper lying, non-
proliferating cells and necrotic centres.

In vivo studies

The effects of FAA treatment on s. c. MAC 26 tumours
(Fig.7) are presented in Table 1. On these treatment sched-
ules this tumour was highly sensitive to FAA, with 100%
remission being seen at the maximum tolerated dose,
which was given twice at 7 -day intervals.

Inoculation of tissue-culture cells (MAC 26TC) de-
rived from MAC 26 tumours provides the opportunity to
study the chemosensitivitl' of the same cells at various
sites. Localised tumours uere produced by s.c. inoculation

Fig.5. Section through the centre of
a multicellular spheroid (HT-29)
stained with H&E

Fig. 6. Section through a mouse lung
demonstrating spheroid-like lung
nodules lollowing i.v. inoculation of
MAC l54. cells

&
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Fig. 7. MAC 26 tumour - routlne s' c'
passage stained with H&E

Fig. 8. AnaPlastic MAC 26TC tumour
orloduced bY s'c. inoculation of
iirsue-cultuie-derived cells from the
MAC 26 tumour (H&E)

Fie.9. Spheroid-like lung nodules
produced by i.v. inoculation of
iissue-culture-derived cells from the
MAC 26 tumour (H&E)
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(Fig. 8), spheroid-like lung nodules (Fig. 9), by i.v. inocu-
lati,on via the tail vein and ascites tumours, by i.p. inocula-
tion. The chemosensitivity of these tumours is presented in
Table 1. The treatment of s.c. tumours by a day 2, day 9
schedule resulted in 100% remission, although s.c. tumour
morphology was very different from that of the original
MAC 26 tumours. No anti-tumour effects were seen in as-
cites or systemic tumours on this schedule, with median
survival times (MST) being identical for control and treat-
ed animals (10 days for i.p. tumour cells,32 days for i'v'
tumour cells).

The in vivo chemosensitivity of MAC l5A cells grown
in various sites is presented in Table 2. Spheroid-like lung
colonies (Fig. 6) were also formed following the i'v' inocu-
lation of MAC 15A cells. The chemosensitivity to three
other agents is also presented, in none of these cases was
activityln the s.c. site superior to that in ascites or systemic
tumours. FAA is active against MAC l5,{ tumours grown
s. c. but not against ascitic or systemic tumours; FAA activ-
ity was not even demonstrated in systemic tumours when
the route of administration was altered to i.v. or when tu-
mours were allowed a longer time to establish (12 days)'

Discussion

The results of this study clearly demonstrate the site-de-
pendent sensitivity to FAA of transplantable colon tu-
mours in mice. Significant anti-tumour effects occurred in
s.c. tumours, but ascitic and systemic (largely lung de-
posits) tumours failed to respond. This observation is very
interesting in the light of the dramatic experimental activi-
ty of FAA against solid tumours 12, 7, l9l and its lack of

Table 1. In vivo chemosensitivity ol MAC 26 to FAA

clinical activity to date [16]. These latter data are sugges-
tive of possible species differences in the anti-tumour
action of FAA, and certainly there are differences in clear-
ance and metabolism between mouse and man [8]. Evi-
dence has also been reported of the activation of FAA to
cytotoxic metabolites in vitro by the addition of phenobar-
bitol-induced mouse liver supernatant [5]. However, the
site-dependent action of FAA demonstrated in the present
study suggests that the experimental anti-tumour action of
the drug may be due to specific properties of s.c. tum-ours.

In vitro itudies showed that increasing the drug C x t
exposure in MAC cell lines increases clonogenic cell kill
(Fig. 3). Although previous studies ['7, 191 have failed to
show an improvement in activity against s. c. tumours,
methods aimid at increasing drug C x t exposures in vivo
(e.g. continuous infusion or split scheduling) may improve
syslemic tumour responses, provided that toxicity does not
cancel out any improvement in the therapeutic index. The
present studies also showed that MAC 26 cells are inher-
ently more responsive than MAC 15A cells when pro-
longed (>3-h) exposures are used, whereas little or no
difference is seen with 1-h exposures (Figs. 1-3). These
results are broadly reflected in the response of MAC
tumours in vivo, in that these tumours (growing s.c.) are
more responsive to FAA than MAC l5A tumours grown at
the same site (Tables I and 2).

Although direct comparison of C x t values achieved
in vitro with those obtained in vivo is difficult due to the
different shapes of the respective.curves, experimentally
achievable plasma (2.52mgh ml-1) and peritoneal levels
B.2l ms. h ml-r) of FAA following the i. p. administration
of 300ilg ke-' FAA I2l seem highly unlikely to be suffi-
cient to induce significant cell kills in vitro. Whereas these
results correlate with the poor response of MAC 26TC and
MAC 15A tumours grown i.v' or i.p., they do not correlate
with the extremely good response of MAC tumours grown
s.c. Furthermore, in vitro studies could not predict the im-
proved response of MAC tumours grown s'c. when che-
motherapy was given by a different schedule (e. g. day 9
treatmenls vs day 2 treatment; Table 2). Therefore, the
clonogenic assay could not forecast the site-dependent re-
rporti of MAC tumours or the schedule dependence of
MAC tumours grown s. c.

These results suggest that some mechanism other than
direct cytotoxicity may be responsible for FAA-induced

Tumour Site Dose Route
(mg kg-')

Day of
treatment

Inhibition
(%)

MAC 26 s.c. 200
s.c. 200
s.c. 300
s.c. 300

MAC 26TC

82
>99

84
100

100
0
0

s.c. 250
i.p. 250
i.v. 250

1.p.
i.p.
i.p.
i.p.
i.p.
i.p.
i.p.

2l
21,28
2t
21,28
,o
,o
?o

Table 2. In vivo chemosensitivity of MAC 15 A to various chemotherapeutic agents

Agent Dose
(mg kg-')

Day of
treatment

Route Inhibition (%) of tumours implanted at diflerent sites

i.p.' i.v." s.c. u

5.FU
Chlorambucil
TCNU
FAA
FAA
FAA
FAA
FAA

120"
30"
30.

250.
250
250
250
250

2
2
2
2
9)o
2,9
5, 12

50
25
95
40
'70

90

1.p.
i.p.
i.p.
i.p.
i.p.
i.p.
i.v.
i.p.

65
'75

99
0
0

:

60
70

100
0
0
0
0
0

u Calculated lrom survival-inoculum curves
b Calculated from tumour weights
" Maximum tolerated doses
5-FU, 5-fluorouracil; TCNU, touromustine



activity against MAC 15A tumours growing s.c. This sug-
gestion is further strengthened by the observation that
HT-29 spheroids are more resistant to FAA than the same
cells cultured as monolavers. Whereas an exact explanation
for the resistance of spheroids is not known, it is clear that
the three-dimensional properties of the spheroid (i.e. pH,
pO2, nutrient. proliteration gradients have an adverse effect
on FAA-induced crtotoxicity. Preliminary fluorescence mi-
croscop] studies in this laboratory have shown that FAA
can penetrare spheroids (unpublished observations), there-
bi sug_eesting that drug-penetration barriers cannot likely
erplain drug resistance in spheroids, although concentra-
tions have not yet been measured. Nevertheless, the drug
letels that induce significant cell kills in spheroids are
much higher than those that produce a comparable re-
sponse in monolayer cultures (ID7e of 45.6 mg h ml-1 and
6.48 mg h ml-1, respectively; Fig. a).

A similar result in the systemic MAC l5,A and MAC 26
tumours, which are structurally similar to HT-29 spheroids
in cross section, may account for the resistance of these tu-
mours in vivo, as the drug leveis required to produce a re-
sponse would not be experimentally achievable. By the
same token, the drug levels required to produce a response
by direct cytotoxicity in MAC 26 and MAC 15A tumours
growing s.c. (ID7e values of 4.5 mg h ml-1 and 10.0 mg h
ml-1, respectively; Fig.3) would also be unachievable in
vivo. The difference between in vivo and in vitro responses
suggests that the in vivo activity against s. c. tumours may
be due to an indirect action of FAA that may be related to
tumour architectoric.

Preliminary studies in this laboratory [3] have demon-
strated that tumour vasculature may be important, as the
vascular composition increases with time after the s. c. in-
oculation of MAC 15,A. tumour cells. The chemotherapeu-
tic response of MAC l5A tumours to FAA improves with
time after its implantation in the s. c. site. Of course, tu-
mour vasculature is important for drug delivery to s.c. tu-
mours but may itself be a target for chemotherapeutic at-
tack [17]. Preliminary studies in this laboratory [11] and by
Evelhoch et al. [2] have demonstrated that FAA alters the
blood flow in experimental s. c. tumours. Further, ongoing
studies in this laboratory using a fluorescent dye (Hoechst
33342) have demonstrated differences in vasculature in tu-
mours growing in different sites in NMRI mice (unpub-
lished observations).

The anti-tumour studies on MAC l5,4, tumours derived
from the i.v. inoculation of cells indicate that drug pene-
tration is not a problem with chlorambucil, 5-FU or
TCNU, producing comparable responses in ascitic and
systemic tumours.

Numerous possible mechanisms of action for FAA
have been suggested in the literature in an attempt to ex-
plain the experimental solid-tumour activity demonstrated
for this compound. Smith et al. [22) have suggested that
FAA and tumour necrosis factor (TNF) may work simi-
larly because ofthe haemorrhagic necrosis produced in co-
lon 26 and colon 38 tumours. Rubin et al. [20] have sug-
gested that anti-tumour effects in mice may be related to
altered platelet function following FAA treatment. Wil-
trout [23] and Ching and Baguley [6] have suggested that
natural killer (NK) cells may be involved in the mecha-
nism of action, as FAA activates NK-cell activity in mice.
However, the site-dependent activity described in this pa-
per is difficult to explain by any of these mechanisms.
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In conclusion, FAA is highly active in s. c. transplant-
able adenocarcinomata in NMRI mice (MAC tumours),
but it is only active in vitro following long exposure times.
The in vivo effects of long exposure to low levels are diffi-
cult to measure in mice due to problems with drug treat-
ment. Ascitic or systemic disease induced using the same
cell lines failed to respond to FAA. The results, highly in-
dicative ofan effect in s.c. tumours, are dependent on spe-
cific biological properties of tumours in this site that may
not exist in metastatic disease in man.
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Anti-tumour activity of flavone acetic acid (NSC 347512) in mice -
influence of immune status

M.C. Bibbyt, R.M. Phillipst, J.A. Doublel'- & G. Pratesi2,.

tClinical Oncology Unit, (lniversity of Bradford, Bradford BD7 1DP, West Yorkshire, tlK; and2Experimental Oncology B,
Istituto Nazionale per lo Studio e la Cura dei tumori, Via Venezian l,20133, Milan, Italy.

Summary Flavone acetic acid (FAA) is a synthetic flavonoid with dramatic pre-clinical anti-tumour activity
involving a vascular component in its mechanism but no clinical effects have been seen to date. As FAA also
has immunomodulatory activity, immunological factors might explain differences in activity between mouse
and man. This study examines the influence of host immune status on the anti-tumour activity of FAA. Two
human colon tumour xenografts (COBA, HT-29) fail to respond to FAA in nude mice. The lack of activity of
FAA against HT-29 xenografts cannot be explained on the basis of limited drug bioavailability as achievable
plasma, and tumour levels of FAA are similar to those seen in sensitive murine colon tumours. The immune
status of the host also influences the activity ol FAA against two transplantable tumours of the mouse colon.
Both these tumours are highly responsive to FAA in their normal NMRI hosts, but neither tumours exhibited
significant growth delay in thymectomised NMRI or nude hosts. Histological examination of treated tumours
revealed significant areas of haemorrhagic necrosis in all three hosts. These data suggest a clear immunological
component in the mechanism of action of FAA which is separate from the previously described haemorrhagic
necrosi s.

Flavone acetic acid (FAA) is a synthetic flavonoid with
interesting pre-clinical activity against a broad spectrum of
murine transplantable solid tumours that are refractory to
conventional cytotoxic agents (Corbett et al., 1986; Plowman
et al., 19861' Bibby er al., 1987b; Bibby er al., 1988a). Despite
these promising pre-clinical observations, FAA has no dem-
onstrable clinical activity (Kerr et al., 1989). Previous in vitro
studies with a variety of tumour cell lines have indicated that
high drug concentrations, or long exposure times, are neces-
sary to achieve direct drug cytotoxicity with FAA (Bibby el
al., 1987; Capolongo et al., 1987; Schroyens et al., 1987).
These drug profiles are not achieved in mice zn uiuo suggest-
ing that the anti-tumour effects against subcutaneous mouse
tumours are not the result of a direct cytotoxic mechanism.

Numerous possible mechanisms have been proposed in
order to explain this indirect activity and most of these
suggest the involvement of a critical host component. A
number of studies has demonstrated that FAA has immuno-
modulatory activity (Ching & Baguley, 1987; Hornung et al.,
1988; Wiltrout & Hornung, 1988; Ching & Baguley, 1988).
Earlier studies in this laboratory have demonstrated that the
establishment of a tumour vasculature may be necessary for
the achievement of responses (Bibby el a/., 19880). More
recent studies have shown that anti-tumour activity in sub-
cutaneous tumours is accompanied by vascular shut-down
and a reduction in tumour blood flow (Bibby er al., 1989a;
Evelhoch et al., 7988; Zwr et al., 1989). Further investigations
have shown that following FAA treatment in mice, clotting
times were signiflcantly reduced suggesting that possible in-
travascular coagulation occurs resulting in the vascular occ-
lusion of tumours (Murray et al., 1989). Although inhibition
of tumour blood flow by FAA is an obvious component of
its anti-tumour activity in solid subcutaneous tumours it is
still necessary to establish whether this is the key mechanism
of action. It is certainly an attractive possibility because
systemic tumours in mice which do not develop a capillary
blood vasculature do not respond to FAA (Bibby et al.,
te89b).

The anti-tumour activity of FAA in subcutaneous tumours
is accompanied by histological changes similar to those pro-
duced by tumour necrosis factor (TNF) (Bagdey et al.,
1989). TNF has been shown to produce thrombus formation
which may be involved in its anti-tumour activity (Shim-

Correspondence: M.C. Bibby.-Screening and Pharmacology Group, EORTC.
Received 6 July 1990; and in revised form 12 September 1990.

omura e/ al., 1988). The histological appearance of sub-
cutaneous tumours treated with FAA is also very similar to
that reported following endotoxin treatment (Parr et al.,
1973). The tumour regression brought about by endotoxin
was thought to be due to vascular damage to the tumour
which permitted access for the immune defence mechanisms
of the host to the tumour and also to activation of macro-
phages present within the tumour. Immunosuppression
interfered with the anti-tumour action of endotoxin in spite
of the fact that haemorrhagic necrosis still occurred. Res-
ponse of human tumour xenografts to FAA appears to be
modest (Gravazzi et al., 1988; Finlay el al., 1988; H. Fiebig
personal communication) and there are certainly no pub-
lished data demonstrating spectacular responses similar to
those achieved in subcutaneous murine tumours.

The aims o[ this present study are to examine the influence
of FAA on the growth of human colon tumour xenografts
(HT29, COBA) in immune suppressed mice and also to
compare the pharmacokinetics of FAA in nude mice with
previously published mouse data (Bibby el al., 1987b; Blbby
et al., 1988a; Bibby et al., 1989a). To further study the
influence of immune status the investigation also compares
the effects of FAA on mouse adenocarcinomas of the colon
(MAC tumours) in their syngeneic hosts with the effects
achieved in nude and thymectomised hosts.

Materials and methods

Drugs

FAA was supplied as pure compound by the NCI (Bethesda)
for the Milan study and dissolved in 5% sodium bicarbonate.
For the Bradford study, clinically formulated FAA was a gift
from Lyonnaise Industrielle Pharmaceutique (Lyon, France).
Formulated FAA was dissolved in physiological saline.
Cyclophosphamide, 5 Fluorouracil (5FU) and tauromustine
(TCNU) were gifts from the Boehringer Corporation, Lon-
don: Roche, Welwyn Garden City, UK and Pharmacia LEO
Therapeutics AB, Helsingborg, Sweden, respectively. They
were dissolved in physiological saline. All preparations were
at an appropriate concentration for the desired dose to be
administered in 0.1mI per l0g body weight. All injections
were intraperitoneal (i.p.).

Animals
Pure strain NMRI mice were used from the Bradford Clin-
ical Oncology Unit inbred colony. Mice aged 6-8 weeks



58 M.C. BIBBY er c/.

were used for therapy experiments and mice aged 4 weeks
were used for thymectomy. Nude mice of a BalblC genetic
background purchased from Banting and Kingman (UK)
were used for the MAC and HT-29 study and nude mice
from the Istituto Nazionale per lo Studio e la Cura dei
tumori, Milan, were used for the COBA-P and COBA-M
tumours. NMRI mice were housed in cages in a air condi-
tioned room where regular alternate 12 h cycles of light and
darkness were maintained. Nude mice were housed in an
isolator in similar conditions. Al1 animal procedures in the
UK were carried out under a Project Licence approved by
the Home Office, London. Thymectomies were carried out in
NMRI mice under Saffan (Glaxo, UK) anaesthesia and 7
days later thymectomised mice received whole body irradia-
tion (11 Gy) from a Newton Victor X-ray superficial therapy
set. Irradiated mice were reconstituted with I x 106 bone
marrow cells from normal NMRI mice.

Tumour systems

The development of several adenocarcinomas of the large
bowel in NMRI mice lrom primary tumours induced by
prolonged administration of 1,2-dimethylhydrazine has been
described previously (Double et al., 1975). For this study the
well differentiated slow growing MAC 26 tumour (Bibby er
al., 1989a) and the moderately to well differentiated cachexia
inducing MAC 16 tumour (Bibby er al., 1987a) were used.
HT-29 human colon cancer cells were received from the
Department of Pathology, University of Leeds and were
maintained as solid subcutaneous tumours in nude mice.
COBA-P is a moderately differentiated adenocarcinoma of
the Sigmoid colon which has been maintained in serial pas-
sage and COBA-M is a synchronous metastasis which has
retained its well differentiated appearance. All tumours were
transplanted subcutaneously into the flank.

Chemotherapy

Chemotherapy began when the tumours had reached a size
that could be accurately measured, and anti-tumour activity
was assessed either by tumour volume or tumour weight.
Tumours were established at the time of chemotherapy and

Figure I Influence of FAA (200 mg kg ', day 0, day 7) on
growth of COBA-P (O, control O, treated) and COBA-M (I,
control E, treated) tumours in nude mice.

all tumours were of comparable size (- 4-5 mm in diameter).
The degree of tumour vasculature in MAC tumours im-
planted in all three hosts was comparable at the time of
treatment with MAC 26 tumours being relatively well vas-
cularised compared to MAC 16 tumours. HT-29 tumours
were poorly vascularised with a viable outer rim of tumour
cells and large central necrotic regions. The vascularity of
COBA-P and COBA-M tumours was not investigated.

Histology
The effects of treatment were assessed histologically by exam-
ination of haematoxylin and eosin stained paraffin wax sec-
tions.

Measurement of drug levels in plasma and tumours
Reagents: Spectroscopic grade ethanol (BDH Chemicals,
Poole, Dorset UK), p-dimethylaminobenzaldehyde (Sigma
Chemicals, Poole, Dorset UK) and triple distilled water were
used. Other agents were of analytical grade.

Sample collection

Blood samples from 3HT-29 tumour bearing mice at each
time point were taken by cardiac puncture under ether anaes-
thesia, collected into heparinised tubes, centrifuged at 2000
r.p.m. and 4'C lor 10 min and then separated plasma was
stored at - 20'C until analysis. The mice were killed by
cervical dislocation and rapidly dissected. Tumours were
immediately frozen in liquid nitrogen and stored at -20'C.

Sample extraction and chromatography
FAA was extracted from fluid samples using solid phase
chromatography measured by the HPLC method described
by Double et al. (1986), and modified from Kerr et al. (1985).
FAA plus internal standard, dimethylaminobenzaldehyde
(100pI at 100pgml-') were extracted from separated plasma
samples (50p1) using C18 Bond Elut cartridges that had
previously been primed using ethanol (1 ml) and washed with
distilled water (l ml). Following further washing, FAA was
eluted in ethanol (500 pl) and injected into the HPLC.
Tumour samples were mixed with 0.1tr,t sodium acetate-
acetic acid buffer pH 4 (10% weight/volume) and homo-

Figure 2 Influence of FAA on growth ol HT-29 tumours in
nude mice (O, control I, 200 mg kg-, A, 300 mg kg-').
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Figure 3 Mean plasma concentration (+ I s.d.) ol FAA follow-
ing intraperitoneal administration of FAA (200 mg kg-') to nude
mice bearing HT-29 tumours.

Figure 4 Mean tumour concentration (+ I s.d.) of FAA follow-
ing intraperitoneal administration of FAA (200 mg kg-r) to nude
mice bearing HT-29 tumours.
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genised using an Ultra Turrax blender. Homogenates were
centrifuged at 2,500 r.p.m. at 4"C for 5 min. FAA plus inter-
nal standard (l00pl at lOpgml r) were extracted from the
supernatant (100 pl) as described above. Chromatography
was performed using a Waters HPLC system and com-
ponents were separated on a Lichrosorb RP-18 column and
detected using a Lambda Max model 480LC spectrophoto-
meter at 303 nm. An isocratic mobile phase consisting of
phosphoric acid (0.005 M, 62.5oh), Methanol (12.5Y,), Ace-
tonitrile (12.5%) and Propan-2-ol (12.5%) was used. Stan-
dard curves were prepared by the addition of FAA to
buffered control mouse plasma (pH 4) and plotting a ratio of
peak areas of FAA to the internal standard against drug
concentration. Peaks were traced and integrated with an
Isaac Model 42A data module (Syborg Corporation, USA)
using an Apple IIE Computer (Apple Computer Inc., USA)
and Appligration II Software (Dynamic Solutions Corpora-
tion, USA). The assay was sensitive to drug concentrations
down to lOngml rand recovery was greater than 90%.

P harmacokine tic analy sis

For HT-29 tumours in nude mice the area under the concen-
tration versus time curves (AUC) was calculated for plasma
and tumour samples using the trapezoid rule.

Results

FAA treatment at maximum tolerated dose (MTD) on day 0
and day 7 has no influence on the growth of COBA-P,
COBA-M and HT-29 tumours growing in nude mice (Figures
1 and 2) and histological examination revealed no additional
necrosis in the treated tumours.

Plasma profiles of FAA in nude mice bearing HT-29,
following i.p. administration of 200 mg kg-r are presented in
Figure 3. Peak levels of 380pgml-r are achieved at 30min
after treatment. FAA levels in HT-29 tumours are presented
in Figure 4. AUC (0-24 h) for FAA was I ,336 pg h ml-r and
5l7pgh g I lor plasma and tumour respectively. A repeat
experiment gave a plasma AUC= 1,546 ltghml-r.

The influence of FAA treatment in MAC tumours is pre-
sented in Figures 5 and 6. The growth rate of MAC tumours
in all three hosts was similar with the exception of MAC 16
tumours in NMRI mice which have a slower growth rate
than tumours in nude or thymectomised mice. (This may be
an artefact as growth rates ol MAC 16 are more variable
because of the large areas of necrosis occurring in this
tumour line). A dose of 200mgkg-ron day 0 and day 7 to
MAC 26 tumours causes a growth delay ol greater than 30
days in normal NMRI mice and two out of ten mice have
complete remission (Figure 5a). However this effect is lost in
both nude hosts (Figure 5b) and thymectomised NMRI hosts
(Figure 5c). MAC 26 responses to cylcophosphamide, 5FU
and TCNU are similar in NMRI and nude hosts (Table I).
There were no significant differences in peak plasma levels in
normal NMRI tumour bearers (333 ltgml-') and thymecto-
mised NMRI tumour bearers Qa3y,gml-r). Similar observa-
tions were made with the MAC 16 tumours. Eight out of ten
tumours in normal NMRI mice were cured (Figure 6a)
whereas no significant growth delays were observed in either
nude (Figure 6b) or thymectomised NMRI mice (Figure 6c).
This tumour is resistant to a large range of anti-cancer drugs
and there is no measurable activity with cyclophosphamide,
5FU or TCNU in either NMRI or nude hosts. The MAC 16
tumour is highly necrotic and on histological examination
there were no clear differences between treated and untreated
tumours. However the untreated N4AC26 tumours does not
normally become necrotic (Figure 7) and histological exam-
ination of treated tumours from all three hosts demonstrated
a similar degree of haemorrhagic necrosis (Figure 8) even
though there were no observable growth delays in both nude
and thymectomised hosts. Tolerance of FAA was influenced
by the tumour type with the MTD in MAC 26 and MAC 16
tumour bearing mice being 300 and 200mgkg-'i.p.respec-
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tively. The influence of the host on
minimal.

FAA tolerance was

Discussion

There can be little doubt that FAA has a complex mech-
anism of action against murine tumours that is mediated via
an indirect rather than a direct cytotoxic event. Proposed

Figure 5 Influence of FAA (200 mg kg ', day 0, day 7) on the
growth of MAC 26 tumours in a, normal NMRI mice, b, nude
mice, c, thymectomised NMRI mice (O, control I, treated).

mechanisms include its action as a biological response mod-
ifler. through the activation ol NK cells and macrophages
(Ching & Baguley, 1987; Hornung et al., 1988; Ching &
Baguley, 1988), interference with tumour endothelium reiult-
ing in the collapse of the vascular supply (Bibby el al., 19g9a;
Zwi et al., 1989), and metabolism to a more cytotoxic species
in vivo (Chabot et al., 1989). The results of this study clearly
demonstrate Jhat the anti-tumour activity of FAA ii depen-

Figure 6 Influence oIFAA (200mgkg-tday 0, day 7) on the
growth of MAC 16 tumours in a, normal NMRI mice, b, nude
mice, c, thymectomised NMRI mice (O, control l, treated).
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Table I Comparative effects of four anti-cancer agents against MAC 26 tumours
growing in syngeneic and nude hosts

Percentage tumour volume inhibition*

61

Cyclophosphamide
Host (200 mg kg-t )

FAA sFU TCNU
(200mgkg-t) (l20mgkg-t) (20mgkg t)

NMRI
Nude

31.0
2'.7.5

86.0
0

55.2
44.8

54.5
58.6

*Calculated from relative tumour volume curves al day 14 following single
intraperitoneal doses at day 0. Data represent mean values from two independent
experiments in each case.

Figure 7 Normal appearance of MAC 26 growing in nude hosts
(Haematoxylin and Eosin, bar : 50 pm).

Figure 8 Histological appearance of a MAC 26 tumour from a
nude mouse following treatment with FAA (200 mg kg I x 2)
(Haematoxylin and Eosin, bar : 80 pm).

dent upon the immunological status ol the host. In normal
NMRI mice, both MAC 16 and MAC 26 tumours grown
subcutaneously respond to FAA with haemorrhagic necrosis
seen within 4 h following drug administration (Bibby et al.,
19870; Bibby et al., 1988a). When MAC tumours are grown
subcutaneously in nude mice or thymectomised NMRI mice
however, the anti-tumour effects of FAA are significantly
reduced even though haemorrhagic necrosis was still ob-
served. The extent to which haemorrhagic necrosis occurred
in MAC tumours was comparable in all three hosts. No
signiflcant anti-tumour effects were seen in the three human
tumour xenografts grown in nude mice. There was also no
evidence of haemorrhagic necrosis in these tumours and the
reasons for this require investigation. Pharmacokinetic stud-
ies suggest that the poor response of HT-29 xenografts to
FAA is unlikely to be the result of poor drug bioavailability.
Tumour levels of FAA in HT-29 xenografts (AUC : 517 1tghg-') are comparable with those achieved in the highly
responsive MAC 16 tumour (AUC : 500 pg h g-1) following
the i.p. administration of FAA (Bibby el al., 1988a). Further-
more, preliminary pharmacokinetic studies also suggest that
the lack of activity of FAA against MAC 26 in thymec-
tomised hosts is not the result of poor drug bioavailablity as
peak plasma levels ol FAA are equivalent to those achieved

in MAC 26 tumours in normal NMRI mice (343 and
333pgml-' respectively) (Phillips et al., 1990).

The results of this study demonstrate that the host immune
response is an important component in the mechanism of
action of FAA. It may also be true to say however, that the
activity of FAA may depend upon the immunogenicity of the
tumour lines employed, although the activity reported by Hill
et al. (1989) in non-immunogenic tumours (Hewitt et al.,
1976) suggests this is unlikely. The high transplantation take
rates and relative insensitivities of MAC tumours to standard
cytotoxic drugs (Bibby et al., 19884 Double et al., 1975)
suggest that MAC tumours are not strongly immunogenic.
There are no signiflcant differences in the response rates of
MAC tumours to standard anti-cancer drugs (nitrosoureas,
cyclophosphamide, 5-fluorouracil) in NMRI and nude mice
hosts. Sequential excision of MAC 15,A' tumours and assess-
ment of clonogenic cell ki.ll in vitro at various time intervals
following FAA administration indicated that major cell kill
occurred between 4 and 6 h after treatment in syngeneic
hosts whereas limited cell kill was observed in tumours in
nude mice (Phillips et al., 1990).

The exact mechanism by which FAA interacts with the
immune system remains unclear although several studies have
shown that FAA is capable of activating NK cells in vivo and
macrophages in vitro (Ching & Baguley, 1987; Hornung el
al., 1988; Ching & Baguley, 1988). In this respect, it is of
interest to note that the characteristic features of FAA
induced anti-tumour activity (i.e. the requirement for estab-
lished tumours, rapid appearance of haemorrhagic necrosis,
site dependent responses and the necessity for an immuno-
competent host) bear a striking resemblance to those re-
ported for endotoxin (Parr et al., 1973). The process by
which endotoxin induces anti-tumour effects is also indirect,
depending upon a complex interaction of several host factors
rather than direct action on tumour cells themselves. Interest-
ingly haemorrhagic necrosis involving coagulation was found
to be essential but not in itself sufficient to account for the
dramatic anti-tumour effects (Parr et al., 1973). The demon-
stration that MAC tumours grown in thymectomised NMRI
mice also undergo haemorrhagic necrosis without signifi-
cautly influencing the growth of the tumour closely mimics
that seen with endotoxin. Clearly therefore, the occurrences
of haemorrhagic necrosis, whilst it is an essential leature of
FAA induced responses, is not the only mechanism involved.
For significant anti-tumour activity to occur some additional
component(s) of the immune system appears necessary. A
recent study by Pratesi et al. (tnpttblished) has shown that
FAA is active against colon 26 tumours in euthymic but not
athymic mice and has also identified a role for L3T4T
lymphocytes in FAA induced regression of colon 26 tumours
in Balb/c mice.

Haemorrhagic necrosis has not been detected clinically, but
it is possible that FAA might induce haemorrhagic necrosis
in human tumours without it being detected as a recognisable
anti-tumour response. If haemorrhagic necrosis does occur in
patients, these vascular effects may be compounded by com-
bination studies with standard anti-cancer drugs. Studies to
determine whether or not haemorrhagic necrosis occurs in
other human tumour xenografts and the effects of combina-
tion chemotherapy are currently under way.

In view of the similarities between the anti-tumour effects
of FAA and endotoxin, it is reasonable to assume that both
compounds induce cytotoxic events via a common mech-
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anism. It is generally accepted that the anti-tumour effects of
endotoxins are mediated through the formation of tumour
necrosis factor (TNF) secreted primarily by activated macro-
phages (Old, 1988). The involvement of TNF in the anti-
tumour activity of FAA has been inferred in a recent study
where the pre-treatment of tumour bearing mice with an
anti-serum to recombinant murine TNF s prevents the vas-
cular collapse associated with FAA induced cytotoxicity
(Mahadevan et al., 1990). It seems likely therefore that TNF
secretion within the solid tumour mass may play a major role
in the anti-tumour activity of FAA although other cytokines
secreted by other components of the immune system cannot
be ruled out at this stage.
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The relationship between tissue levels of flavone acetic acid (NSC 37512)
and site dependent anti-tumour activity in murine colon tumours

M.C. Bibby, R.M. Phillips & J.A. Double

Clinical Oncology Unit, University of Bradford, Bradford BD7 1DP, UK

Summary Flavone acetic acid (FAA) is extremely active against subcutaneous transplantable tumours in
mice, but disappointingly there has been no demonstrable clinical activity. Previous studies have shown that
lung tumour deposits are less responsive than the same cells implanted subcutaneously. The aim of this study
is to examine the tissue disposition of FAA in an attempt to explain this site-dependent activity. The data
show clearly that FAA clearance curves are influenced by the presence of MAC l5A tumours growing either
subcutaneously or systemically. The decreased clearance of FAA from MAC 15A tumour bearing animals
does not however explain the resistance of lung deposits. Neither can this be explained by differences in
metabolism in these different sites. Cytotoxic metabolites have not been detected either in vito or in vivo and
their role in the mechansim ol action of FAA is questionable.

Flavone acetic acid (2-phenyl-8-[carboxymethyl]-benzopyran-
4-one NSC 347512) (FAA) is a compound that is capable of
inducing significant responses in several murine solid
tumours (Corbett et al., 1986; Plowman et al., 1986; Bibby er
al., 19870) although no objective responses have been
observed in clinical trials (Kerr et al., 1987, 1989). The
reasons for these discrepancies are unknown although differ-
ences in the mechanism of action of FAA between mouse
and man may be signiflcant. In murine tumour models, the
action of FAA is characterised by the rapid shutdown of
tumour vasculature, the appearance of haemorrhagic necrosis
within 4 h of drug administration, and activity against
advanced solid tumours that are normally resistant to con-
ventional cytotoxic agents (Bibby et al., 1989a; Zwr et al.,
1989). One further characteristic of FAA induced responses
is that activity is dependent upon the site of tumour implan-
tation (Bibby et al., 1989b; Giavazzr et al., 1988). Recent
studies in this laboratory have demonstrated that murine
colon tumours (MAC) grown subcutaneously respond to
FAA (90% tumour inhibiton) whereas the same cells grown
systemically (as small spheroid-like nodules in the lung) or
intraperitoneally (as ascites) do not respond (Bibby et al..
1989b). The reasons for these site dependent responses are
unknown although differences in drug distribution between
tumours with different histological characteristics and vas-
cular supply may be a highly significant factor. The aim of
this study therefore is to assess whether or not differences in
FAA bioavailability can explain the spectrum of anti-tumour
activity observed in the murine colon tumour model, MAC
15,A'. In addition, preliminary studies incorporating S-9 liver
fractions or plasma from responding tumour bearing mice
were conducted in vitro to further study the possibility of a
cytotoxic metabolite being responsible for the anti-tumour
activity of FAA as suggested by Chabot et al. (1989a).

Materials and methods

Animals
Pure strain NMRI mice (6-8 weeks of age) were used from
our inbred colony. They received CRM diet (Labsure, Croy-
don, England) and water ad libitum.

Test compounds

Clinically formulated FAA was a gift from Lipha (Lyon,
France). It was dissolved in physiological saline at an appro-
priate concentration for a desired dose to be administered in
0.1 ml per 10 g body weight.

Correspondence: M.C. Bibby.
Received 2 April 1990; and in.revised form 23 November 1990.

Tumour system

The development of several adenocarcinomas of the large
bowel in NMRI mice from primary tumours induced by
prolonged administration of 1-2-dimethylhydrazine has been
described previously (Double et al., 1975, Bibby et al.,
1981a). MAC 15A ascitic tumour cells (1 x 106) were im-
planted via the intravenous (iv) and subcutaneous (sc) route.
Tumour bearing animals were treated at day 12 with a dose
ol 200mgkg-' FAA in line with protocols described by
Bibby et al. (1989b).

Measurement o.f drug concentrations in plasma and tissues

Sample collection: Blood samples from three mice at each
time point were taken by cardiac puncture under ether anaes-
thesia, collected into heparinised tubes, centrifuged at 10009
and 4'C for 10 min and the separated plasma was stored at
-20"C until analysis. The rapidly dissected tissues and
tumours were immediately frozen in liquid nitrogen and
stored at -20"C. Samples were stored for less than 1 week
during which time no degradation of FAA was observed.
Each pharmacokinetic proflle was repeated twice using three
mice per time point. For the flrst run, 12 time points were
studied ranging from I min to 18 h after the administration
of FAA (200mgkg-' ip). In repeat experiments, four time
points (15min, 1,8 and 12h) were studied. In the sub-
cutaneous tumour study mean MAC l5A sc tumour weight
was 0.55 g+ 0.21 (range 0.19 + 0.92d. In the case of MAC
15A iv tumours, mice were treated approximately 14 days
alter the iv inoculation of I x 106 cells at which time there
were extensive tumour deposits in the lung. Measurement of
FAA concentration in the lungs of MAC l5A iv tumour
bearing mice was taken to represent tumour drug concentra-
tions as dissection of normal from tumour tissue is not
possible.

Sample extraction and chromatography

FAA was extracted from plasma and tissue homogenates
(l0o/o wlv in acetate buffer pH4.0) using Cl8 Bond Elut
cartridges (Analytichem International). Cartridges were acti-
vated by passing ethanol (l ml) through, under vacuum (Vac
Elut system - Analytichem International) and washed with
acetate buffer (1 ml). Plasma samples (50p1 plasma,50pl
internal standard [100 pg ml-t p-dimethylaminobenzaldehyde]
and 100p1 acetate buffer) and tissue samples (l00pl homo-
genate plus 100 pl internal standard, l0 pg ml-1) were applied
to each cartridge. Following a further wash (1 ml acetate
buffer), FAA was eluted in 500 pl ethanol. Extraction
efficiency of FAA was greater than 90oh.
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FAA was measured by reverse phase HPLC, details of
which have been published elsewhere (Kerr er al., 1985;
Double et al., 1986). Standard curves were prepared by the
addition of FAA to buffered control mouse plasma (pH a.0)
and plotting the ratio of peak area of FAA to internal
standard against drug concentration. The assay was sensitive
to drug concentrations down to l0ngml-r.

Pharmacokinetic parameter de termination
All pharmacokinetic parameters were calculated using stan-
dard formulae (Gibaldi, 1984). The terminal half life (q) was
calculated by least square linear regression analysis of the
terminal log linear phase of the curve and the elimination
constant (K.1) determined from the relationship Kr : 0.693/
t+. The area under the curve (AUC) from time 0 to the last
measured time point (t,) was calculated using the trapezoid
rule. The remaining area from t, to @ was calculated using the
equation C,/K"1 where C, equals the concentration at t,. Total
body clearance (Clr) was calculated as dose/AUC. Volume of
distribution was calculated as dose/C6 where C6 is the con-
centration at time 0.

Plasma protein binding

Protein binding of FAA in plasma of non-tumour bearing
and MAC 15A bearing mice was examined at 15 min and 8 h
after FAA administration. Plasma samples were divided into
two aliquots, one of which was extracted and analysed as
described above the other being added to a CentrifreerM
micropartition system (Amicon). Following centrifugation at
200g for 20 min the ultrafiltrate was collected and FAA was
extracted and analysed as described above.

Preparation o/'S-9 liver fractions and chemosensitivity studies
in vitro
S-9 microsomes were prepared from normal and phenobar-
bitone pre-treated mice (60mgkg-' ip lor 4 days) by the
methods described by Chabot et al. (1989a). Mice were
sacrificed by cervical dislocation and livers were aseptically
excised and gently homogenised in four times their weight of
cold RPMI 1640 tissue culture medium (pH7.g using a
motor driven teflon/glass homogeniser and centrifuged at
9,000Jr for 20min at 4"C. One ml of this supernatent was
added to a sterile universal tube containing 3 ml of MAC
15A cells in suspension. To this 0.5mI FAA (l-5mgml-r)
and 0.5mI of co-factors (glucose-6-phosphate, 33mgml-l
NADP, 4mgml '; MgCl.6HrO, 6.6mgml-r and glucose-6-
phosphate dehydrogenase, 1.66 units) were added and incub-
ated at 37"C for I h. Following drug exposure, cytotoxic
effects were assessed using a clonogenic assay, the details of
which have been published elsewhere (Phillips et al., 1988).
All assays were performed in triplicate and cells in the expon-
tial phase of growth were used throughout. Controls contain-
ing S-9 preparations and co-factors were used as well as a
positive control assay using cyclophosphamide (0.5 to 2 mg
ml-l lor t h).

Influence of FAA containing mouse plamsa on cytotoxicity in
vitro
Blood samples from normal mice and mice bearing sub-
cutaneous MAC 15A tumours were collected by cardiac
puncture t h and 4 h after the ip administration of a thera-
peutic dose of FAA (200mgkg-r). Blood was immediately
centrifuged and plasma samples (l ml) added directly to a
pellet of MAC 15A cells and incubated at 37"C for t h.
Following exposure to plasma samples the cells were washed
and chemosensitivity was assessed as described previously.
For control cultures FAA, at peak plasma drug concentra-
tions (0.6mgml-r) was added to fresh mouse plasma.

Results

FAA was administered to tumour bearing and non-tumour
bearing mice at 200mgkg-'ip, and the resulting plasma and
tissue concentrations of FAA at various times thereafter are
presented in Figures I and 2. In all cases the elimination of
FAA was biphasic. The presence of MAC 15A tumours
grown iv or sc has a significant effect upon the pharmaco-
kinetic behaviour of FAA compared to non-tumour bearing
mice. In both MAC 15A iv and sc tumour bearing mice the
total body clearance of FAA is reduced in all tissues com-
pared with non tumour bearing mice resulting in significant

0 6 12 18
Time (h)

Figure I Means concentration of FAA+1s.d. in plasma and
tissues of non tumour bearing NMRI mice (A) and mice im-
planted with MAC l5A rumour cells by rhe iv 1O1 and sc (A)
route 12 days earlier. FAA was given at a single ip dose ol
200mgkg r. Values presented are the means of inree mice per
time point.
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Time (hours)
Figure 2 Mean concentration of FAA+ 1 s.d. in plasma (A) and
MAC 15A tumours (A) growing subcutaneoulsy in NMRI mice
following a single ip dose of 200mgkg-'. Values presented are
the means of three mice per time point.

increases in AUCo - values (Table I). The increase in plasma
AUC6-- values in MAC 15A iv and sc tumour bearing mice
relative to non-tumour bearing mice (AUCg/AUCNB :2.4
and 2.6 respectively, TB : tumour bearing, NTB : non
tumour bearing) is not accompanied by an increase in peak
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plasma drug concentrations (Peak13/Peakss :0.91 and l.l2
respectively, Table II).

The relationship between peak concentrations or AUC
values of FAA in tumour samples and anti-tumour activity is
presented in Table III. For the purposes of comparison, three
additional MAC tumours (MAC l5Aip, MAC 16 and 26)
have been included, details of pharmacokinetic exposures at
the tumour site have been published elsewhere (Bibby et al.,
1987b; Bibby et al., 1988; Bibby er al., 1989a). There is a
poor correlation between pharmacokinetic parameters at the
tumour site and the flnal outcome of chemotherapy in vivo.
In both the resistant MAC 15A ip and iv tumour lines AUC
and peak levels of FAA are higher than these achieved in the
very responsive MAC 16 tumour (Table III). Plasma protein
binding of FAA is presented in Table IV. There are no
significant differences in plasma protein binding between
non-tumour and MAC 15A iv and sc tumour bearing mice
with values ranging from 68.7oh to 85.6oh.

The cytotoxic activity of FAA in vito was not enhanced
by the inclusion of S-9 or phenobarbitone induced S-9 liver
fractions in the incubation mixture (Figure 3). The positive
control compound, cyclophosphamide is activated by the S-9
liver preparation. No cell kill was observed in MAC 15A
cells exposed to plasma from responding tumour bearing
mice.

Discussion

Two main conclusions can be drawn from the results present-
ed in this study; first, the presence of MAC 15,A. tumours has
a significant influence upon the pharmacokinetic behaviour
of FAA and second, that the site-dependent response of
MAC 15A tumours cannot be explained on the basis of poor
drug bioavailability.

The reasons for altered pharmacokinetics in MAC l5A
tumour bearing mice relative to non tumour bearing mice are
unknown although it is clearly not due to differences in

I

O)
o)
i_
o

l

E

i

Table I Plasma and tissue distribution ol FAA following the ip administration of FAA (200 mg kg-r)
C*o,o T^,, Tt

(pe s-') (h) (h)
K"t

(h ')
v,t Cl, AUC\ -b(Lks-') (Lh.-') (trsh.s-')

Non tumour bearing mice
Plasma

Kidney

Liver

Lung

511
586
136
243
239
383
113
167

0.25
0.25
0. l6
0.25
0.25
0.25
0.25
0.25

3.5
3.1
2.7
2.8
2.7
3.4
1.3
1.5

0.198
0.224
0.256
0.247
0.256
0.203
0.529
0.462

0.357
0.307
1.25
0.77
0.661
0.467
t.48
1.05

0.1 38
0.097
0.401
0.203
0.27'/
0.137
0.888
0.3s8

1443
2058

499
984
720

1455
22s
558

MAC 15A iv
Plasma

Kidney

Liver

Lung"

520
4'74
183
157
222
290
137
ll9

0.25
0.25
0.25
0.25
0.166
0.25
0.083
0.2s

8.6
8.5

10.5
8.9
9.9
/.f
6.9
6.4

0.080
0.081
0.066
0.077
0.070
0.093
0. 101
0.107

0.37
0.39
1.01
l.l8
0.8 r
0.65
1.38
1.54

0.056
0.04t
0.144
0.1 l8
0.112
0.061
0.271
0.28'7

3526
4878
I 384
1697
1770
3237
740
696

MAC 15A sc
Plasma

Kidney

Liver

Lung

Tumour

610
536
155
239
375
361
169
192
136
151

0.25
0.25
0.25
0.25
0.08
0.25
0.25
0.25

I
I

9.2
8.'7

12.6
7.3
5.8
5.4
6.9
6.9

12.6
6.9

0.075
0.079
0.055
0.094
0.119
0.129
0.101
0.101
0.055
0.101

0.3 t
0.3 5
1.14
0.82
0.51
0.53
r.il
1 .01
0.95
0.83

0.037
0.052
0.112
0.098
0.0'72
0.078
0.198
0.162
0.t 14
0.1 59

5356
3859
1 789
2036
2776
2573
1 009
1236
1'.784
1251

uunits for plasma levels are ;rg ml-1; bUnits for plasma AUC values are pg h.ml-r; "N.B. Lung tissues
contain extensive tumour deposits at the time of chemotherapy. For each tissue results from two
independent experiments are presented. K.r : Elimination constant; Tt : Terminal half life; C.* : Peak
concentrationts.d.; T."*:Time of peak concentration; Cl1 :Total body clearance; Va:Apparent
volume of disJribution; AUCo - : Area under the curve.
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Table II Summary of peak plasma and plasma AUC values in tumour
bearing and non tumour bearing mice

Ratio
AUCTB
AUCNTB

Peak'plasma Ratio Plasmao
values peakr; AUC(' -)(ltg *l-') peakrr, (tt7 h.ml-t)

MAC l5A iv
MAC l5A sc
Non tumour

bearing

497
5"73
549

0.91
1.04
1.00

4202
4608
1'751

2.4
2.6
1.0

'Mean values for two experiments with three mice per point in each
experiment. bTB : Tumour bearing; NTB : Non tumour bearing.

Table III Relationship between tumour pharmacokinetic parameters
and anti-tumour activitv

o
.2

f
ct)

MAC l5A ivd
MAC l5A sc
MAC l5A ip"
MAC 16f
MAC 26C

Dose and
route Peal( conc

(mgkg') (ttss-')
'% Tumouf

AUCrc--)b inhibition
(lts h.s-') in vivo

718
1517
3210

500
t260

"Units for peritoneal washings are pgml-r; bUnits for peritoneal
washings are;rg h.ml-r;"Tumour inhibition assessed by: (l) MAC l5A
ip and iv: survival times; (2) MAC I 5A sc: tumour weight; (3) MAC 16
and 26: growth delay; dPeak and AUC values for FAA represent those
achieved in lung tissues which contain extensive tumour deposits at the
time of chemotherapy; "Bibby er al., 1987b;rBlbby et a\.,1 988; cBibby e/
al., 1989a; All drug values presented are the mean of two experiments
with three mice per point in each experiment.

Table IV Plasma protein binding of FAA

FAA (mg mt-1)

Figure 3 In yitro chemosensitivity of MAC 15A cells following aI h exposure to FAA and cyclophosphamide with and without
addition of mouse liver S-9 fractions. Cyclosphosphamide (CpA)(t); FAA (A); CpA + S-9 (o); FAA + S-e lrliran + pheno-
barbitone induced S-9 (O). All points ,.p."r.rt the means of
three independent experiments* s.d.

against MAC 15A ip and iv rumours is unlikely to be the
result of limited drug penetration. Concentrations of FAA in
the lungs of unresponsive MAC 15A iv tumour bearing mice(AUCg--:7l8pCh.g-l) for example are similar to those
achieved in the very responsive MAC 16 tumour (500pg
h.g-r). Furthermore, additional studies including phase' I
clinical trials have shown that plasma concentrations of FAA
associated with activity in mice are achievable in humans
which strongly suggests that poor penetration of FAA into
human tumours is unlikely to explain the lack of activity
observed in clinical studies (Maughan et al., 1989;Kerr et al.,
1987).

Two metabolites of FAA were detected in vivo. The first
metabolite eluted was present at low levels (7% of circulating
FAA) in plasma samples but was barely detectable in other
tissues. Similar findings have been reported in NMRI mice
(Cummings et al., 1989) and Balb/c mice (Damia et al.,
1988). The second metabolite could only be detected in liver
samples. Attempts to identify cytotoxic metabolites in vivo orto activate FAA to a cytotoxic species tn vitro failed to
substantiate the results presented by Chabot et al. (1989a). ln
this and previous studies (Damia et al., 1988), no metabolites
arising from the inclusion of S-9 liver fractions in the incuba-
tion 'mix' in vitro were detected by HPLC. Furthermore, as
no metabolites could be detected in tumour tissues, their role
in the anti-tumour activity of FAA remains questionable.

In conclusion, the results of this study have demonstrated
that the site dependent activity of FAA cannot be fully
explained on the basis of differences in drug and/or meta-
bolite bioavailability or on altered pharmacokinetic profiles
caused by the presence of large tumour loads. The reasonsfor the site dependent activity of FAA remain unclear
although it is likely that the activity of FAA against sc
tumours relies in part on the speciflc vascular feature of
tumours at this site.

This research was funded by Bradford's War on Cancer Trust, and
Whyte Watson/Turner Cancer Research Trust, Bradford; also Lyon-
naise Industrielle Pharmaceutique, Lyon, France. R.M.p. is funded
by the Association for International Cancer Research.

200 ip
200 ip
200 ip
200 ip
200 ip

128
144

3100
4t

130

0
90

0
100
82

Dose
(mg kg ')

Time
(min)

% Binding'
Expt.A. Expt.B

Non tumour
bearing

MAC l5A sc

MAC l5A iv

75.8 + 6.1 78.4+ 4.8
84.1 + 5.9 81.7 + 8.2
70.8+7.1 68.7+7.5
81.4+3.6 85.6+9.1
74.2+ 5.4 76.6+ 8.1
78.6+ 4.9 85.2+ 4.7

uValues presented are the meanststandard deviations from two
independent experiments (three mice per point in each experiment).

plasma protein binding (Table IV). It also seems unlikely that
this phenomenon is a direct result of the dose dependent,
non-linear characteristic of FAA pharmacokinetics (Damia el
al., 1988; Chabot et al., 1989b) as the increase in plasma
AUC6 - in tumour bearing mice is not accompanied by an
increase in peak concentrations (Table II). Whether or not
saturation of tubular secretion is involved in this case re-
mains an open question. A much more likely explanation is a
combination of host factors such as depression of metabolic
capacity, impaired kidney function etc caused by an aggres-
sively growing tumour (Donelli et al., 1984).

Whatever the mechanism, the relevance of these changes to
anti-tumour activity appear to be limited, as increases in
plasma and tissue AUC6 - values for FAA occur in both the
resistant MAC 15A iv and the sensitive MAC l5A sc models
(Table I). In addition, such signiflcant increases in plasma
and tissue AUC values for FAA were not observed in MAC
26 and MAC 16 tumours, both of which are sensitive to
FAA (Cummings et al., 1989; Bibby er al., 1988).In terms of
tolerance however, these observations may be relevant partic-
ularly as Zaharko et al. (1986) have shown that increased
lethality results from too long an exposure to therapeutically
effective concentrations of FAA. Further detailed studies on
the relationship between AUC and tolerance in normal and
tumour-bearing mice are under way.

The relationship between tumour levels (both peak concen-
trations and AUC6 - values) and anti-tumo:ul. activity in viyo
(Table III) clearly demonstrates that rhe lack of activity

200 ip

200 ip

200 ip

t5
480

l5
480

l5
480
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Synthesis and Antitumour Activity of New Derivatives of 
Flavone-%acetic Acid (FAA). Part 1: 6-Methyl Derivatives 
R. Alan Aitkena)*, Michael C. Bibbyb)*, John A. Doubleb)*, Roger M. Phillipsb), and Shiv Kumar Sharmaa) 
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Summary 

A range of 17 derivatives of flavone-&acetic acid (FAA) with a 
6-methyl substituent have been prepared and their anti-tumour 
activity evaluated in vitro against a panel of human and murine 
tumour cell lines and in viva against MAC 15A. While many of 
the compounds show activity comparable to FAA in vitro, this 
essentially disappears in vivo, possibly due to degradation before 
the compounds can reach the tumour site. 

Introduction 

Flavone-8-acetic acid 1 (FAA, NSC347512, LM975) is a 
synthetic flavonoidl'] with near universal activity against 
solid murine tumour m ~ d e l s ~ ~ , ~ ]  but little or no activity in the 
clinicL4]. Whilst the mechanism of action of FAA against 
murine tumours is still not yet fully understood[51, the re- 
sponse of these tumours to FAA is characterised by rapid 
vascular collapse, hemorrhagic necrosis, and the involvemcnt 
of an immunological c ~ m p o n e n t [ ~ , ~ ] .  The aim of this study is 
to investigate the mechanism of action of FAA by conducting 
structure activity studies on a series of novel analogues. A 
comparison between the properties of active and inactive 
analogues may provide useful information on the mechanism 
of action of this novel class of compound. The range of 
analogues for which activity data is available is in fact some- 
what limited. Since the original report['] where a good num- 
ber analogues were examined, on1 one paper has reported 
activity data for simple analoguesL4. A further large number 
of compounds have been described in patents['], but only for 
a few of these has the activity been reported. Useful in vivo 
activity has been reported for analogues of 1 with a l-cy- 
clopentenyl or 1 -c clohexenyl substituent in place of phenyl 
at the 2-position[Id;, for a wide range of substituted xanthen- 
one-4-acetic acids 2" 'I, and most recently for the flavone-8- 
carboxylic acid derivatives 3['']. 
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We report here the preparation and in vitro and in vivo 
activity of some new simple derivatives of 1 with a methyl 
group at the 6-po~ition"~I. The structure activity studies were 
essentially divided into two stages; an initial screen against a 
panel of human and murine cell lines in vitro with the aim of 
establishing the cytotoxic potency of a novel compound 
thereby providing an estimate of a suitable starting dose in 
vivo and secondly, all compounds were tested in vivo against 
the murine colon tumour line MAC 15A grown subcutane- 
ously which is responsive to FAA[141. 

Results and Discussion 

Synthesis 

The compounds were prepared following a patent proce- 
d ~ r e ' ' ~ ~  starting from 2-hydroxy-3-methoxymethyl-5- 
methylacetophenone 7. This was obtained in a four-step 
sequence from p-cresol by acetylation to give 4 and Fries 
rearrangement to 5[16], chloromethylation using HC1 and 
formaldehyde to give 6, and reaction with methanol in the 
presence of hydrochloric acid and iron powder[15]. Genera- 
tion of the dianion of 7 using NaH and condensation with the 
required aromatic ester then gave the 1,3-diones 8. It is well 
known that 1,3-diketones can exist in different tautomeric 
forms and in the case of S the three possible forms 8A-C 
present different o portunities for hydrogen bonding as 

showed the presence of a single tautomeric form in solution 
and the 13C signals for the 1,3-dione function, exemplified by 
the values for Sc of SC 195.6, 177.1 and 92.8, clearly exclude 
the diketone form SA. An enol structure was also confirmed 
by the 'H signals at 6~ 6-7 (1 H), 12-13 (1 H), and 15-16 
(1  H) for all the compounds, with the latter two values sug- 
gesting structure SB where two favourable hydrogen bonding 
interactions across a six-membered ring are possible rather 
than SC with only one. 

shown. The 'H and p3 C NMR spectra of all the compounds 8 
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The 1,3-diones could be cyclised directly to flavones 10 
with concomitant formation of the 8-bromomethyl group, or 
alternatively cyclised to 9 by treatment with H2SO4 in metha- 
nol, and then converted to 10. Direct reaction worked well for 
benzenoid substituents a-d while the two-step method was 
found to be preferable for heterocyclic substituents e-g. The 
bromides 10 were then converted to nitriles 11 by reaction 
with KCN, and acid hydrolysis afforded the desired carbox- 
ylic acids 12. Some of the acids 12 had low solubility in 
suitable media for screening and so they were converted to 
the more soluble sodium salts 13 by simple treatment with 
NaOH. Other derivatives readily prepared were the methyl 
esters 14 and thiouronium salts 15 and these were of interest 
since analogues of this type lacking the 6-methyl group were 
reported to have some activity[". Using these methods six- 
teen examples of compounds 12-15 were obtained in reason- 
able overall yield and gave the expected spectroscopic and 
microanalytical data. 

Anti-Tunzour Activitj in Vitro 

A panel of human and murine tumour cell lines was em- 
ployed. These included the following cell lines; MAC 

15AL3](derived from an ascitic murine adenocarcinoma of the 
colon), MAC 1 6[71 (slow growing, solid and cachectic murinc 
adenocarcinoma of the colon), MAC 2d7I (well differenti- 
ated solid murine adenocarcinoma of the colon) WEHI- 
3B1I7l (murine myelo-monocytic leukaemia), K562'"l 
(human chronic myelogenous leukaemia with erythroid char- 
acteristics), HT-29['911, HCLO, DLD- I [*'', and HCT- 18 (hu- 
man adenocarcinomas of the colon), HRT- 1 X [ 2 ' 1  (human 
rectal adenocarcinoma), and BM (murine bone marrow). 

Chemosensitivity was assessed using an MTT assay1**] 
following the continuous (96 hours) exposure of cell lines to 
cach compound. All results were expressed in terms ol' % 
survival, taking the control absorbance values to represent 
100% survival. From the dose response curves constructed, 
IC50 values were estimated. FAA was reconstituted in saline. 
The final concentration of solutions used was less than 0.0 I % 
and solvent controls were used throughout. Solubility prob- 
lems were encountered with compounds 12f,g, 14a,b,e, and 
15a,e in that all proved insoluble in physiologically accept- 
able solvents and so chemosensitivity data could not be 
obtained. The in vivo activity of these could however be 
measured since they could be dissolved in suitable vehicles 
for intraperitoneal injection (see below). 
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Table 1: Chemosensitivity of tumour cell lines in virro 

in vitro Ic50 value (pM) 

Com- MAC MAC MAC HCT HRT BM 

pound 15A 16 26 WEHI K562 HCLO HT-29 DLDl 18 18 

1 
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13a 
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540 

560 
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340 

530 

660 

200 

310 

1090 

200 

640 
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130 
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700 
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490 

680 

1040 

880 

740 
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520 

370 

320 

1270 

> I450 

900 

>I550 

1630 

1110 
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- 
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370 

940 
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> 1790 

920 

340 
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870 

>I580 
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1670 

1170 

1 I30 

930 

1550 

1400 

> 1790 

850 
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- 
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>1580 

>I450 
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>I550 

21630 
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1170 
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1300 
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320 

1420 

>1450 

1520 
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>1630 

- 
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860 
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780 

- 

- 

- 

- 
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The responses of human and murine tumour cell lines to 
FAA 1 and its analogues are presented in Table 1. The results 
presented clearly demonstrate that FAA and its analogues are 
cytotoxic in vitro. Cytotoxic potency however is low with the 
majority of compounds inducing cell kills at IC50 values of 
greater that 300 kM. In the case of MAC 15A cells the most 
active compounds were 13b and 13g, with 13a and 13f being 
the least active. The remaining compounds 12a,b,c,e and 13e 
were of comparable cytotoxicity to 1. 

200 mg kg-' (56% tumour inhibition). At 300 mg kg-1 13f 
was toxic (4/5 deaths). In a repeat experiment 13f at  
250 mg kg-' was not active and no hemorrhagic necrosis was 
observed with any of the compounds tested. 

Table 2: Response of MAC 15A tumours to FAA analogues in vivo 

Com- Vehicle % Tumour growth inhibition at dose (mgkg) 
pound 100 200 300 

Anti-Turnour Activity in Vivo 

The tumour line used in this study was MAC 15A grown 
subcutaneously as a poorly differentiated, solid tumour in 
NMRI mice which has previously been shown to respond to 
FAA['41. Chemotherapy began when tumours had reached a 
size that could be accurately measured and had an established 
vasculature. Anti-tumour activity was assessed by tumour 
weights. All drugs were administered intraperitoneally at 
comparable doses to 1 which was used as a positive control. 

The responses ofMAC 15A tumours grown subcutaneously 
to FAA and its analogues are presented in Table 2. As positive 
controls FAA was administered in two solvents, 20% cremo- 
phor/saline and arachis oil. In the case of FAA 1 administered 
in 20% cremophor/saline good anti-tumour activity was ob- 
served (83% tumour inhibition) with significant differences 
(To.01) between treated and control tumour weights. FAA 
administered in arachis oil however proved to be less active 
(53% tumour inhibition) and more toxic (3/5 deaths) suggest- 
ing that this vehicle may alter the pharmacokinetic profile of 
FAA in vivo. No significant differences between treated and 
control tumour weights were observed in mice treated with 
12a,b,c,g, 13a,b,e,g, 14a,b,e, and 15a,d,e. In the case of 12e 
treated tumour weights at 300 mg kg-' were significantly 
greater (To.05) than control tumour weights. Significant 
(T0.05) activity was observed with 12f at 200 and 300 mg kg-' 
(59 and 45% tumour inhibition respectively) and 13f at 

1 (FAA) 
1 (FAA) 

12a 
12b 
12c 
12e 
12f 
1% 
13a 
13b 
13e 
13f 
13g 
14a,b,e 
15a,d 
1% 

A 
B 
A 
C 
C 
A 
A 
A 
D 
D 
D 
D 
D 
B 
B 
B 

- 
- 

0 
3 
0 

11 
39 
46 
32 
39 
14 
36 
21 
0 
0 
6 

- 83 
53" - 
0 0 
0 20 

18 8 
0 0 

59 45 
43 8 
4 16 

27 25 
36 0 
56 94b 
21 36 

- 0 
0 

15 

- 

- 

A 20% crem/saline, B arachis oil, C NaOWsaline, D saline 
a 3/5 deaths 

415 deaths; retest at 250 mgkg gave 0% TGI 

The data for most of the compounds in Table 2 appear not 
to show a conventional dose response relationship. However 
it is known that FAA 1 and other compounds such as the 
xanthenone acetic acids 2 show a very steep dose response 
relationship and anti-tumour activity is seen only very close 
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to the maximum tolerated dose. The most important feature 
of the data in Table 2 is that even at doses close to the toxicity 
level most of the compounds 12-15 do not show significant 
activity. 

The results of this study clearly demonstrate that a very 
narrow structure activity relationship exists. Whilst the cyto- 
toxic potency of all these compounds are comparable in vitro 
(Table l ) ,  the presence of a single methyl group on the 
molecule 12a effectively abolishes the activity against MAC 
15A tumours in vivo. Substitution by an OH group at the 
6-position of 1 was previously re orted to completely remove 

consistant with those of Atwell et al.L81 where modifications 
to the nucleus of the molecule led to inactive compounds. It 
seems possible that the main effect ofthe 6-methyl group here 
is to provide a handle for degradation of the compounds in 
vivn before they can reach the tumour site. If this is the case, 
then the good in vitro activity observed for electron rich aryl 
groups such as methoxyphenyl, furyl, and thienyl may trans- 
late to improved in vivo activity for the corresponding 6-un- 
substituted FAA analogues. We are currently determining the 
activity of a wide range of these prepared by a new improved 
route and the results will be reported shortly. 

its activity against C38 in vivo 8 1  and these results are also 
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Experimental 
Melting points were determined on a Reichert hot-stage microscope and 

are uncorrected. NMR spectra were recorded at 300 MHL for 'H and at 75 
MHz for "C on a Bruker AM300 instrument using solutions i n  CDCI? or 
CDiSOCDi and are reported i n  ppm relative to MeiSi a\ internal standard 
with coupling constants J in HL. Infrared spectra were obtained using a 
Perkin-Elmer SP-I200 spectrophotorneter on thin films for liquids and on 
Nujol mulls for solids. Mass spectra were obtained on a Finnigan-Incos 50 
mass spectrometer using electron impact at 70 eV. Dry THF was freshly 
distilled from potassium benzophenone ketyl under N2. Solutions of products 
were dried over anhydrous MgSOj and evaporated under reduced prersure. 

3-Clil i1ro1net/iyl-2-/i j~ri1,~j-5-n1etli~la~eti~~~h~r1i~1ie (6 1 

To a stirred solution of paraforinaldehyde ( I  2 g, 0.4 mol) in concentrated 
HCI (200 ml) at 20 "C was added 2-hydroxy~5~ii~ethylacetopheno11e"~'S (50 
g, 0.33 mol). The mixture was heated at 70-80 "C for 7 h and lcft for I 2  h at 
20 "C. The lower organic layer was separated and dissolved in dichlo- 
romethane (250 ml). This solution was washed well with water and 10% 
aqueous NaHCO3, dried, and evaporated. The residual sem-solid was ex- 
tracted with hexane (3 x 50 nil) and the residue upon evaporation Kugclrohr 
distilled to give 3 as a yellow oil (62 78%) which crystallised on standing; 
bp(oventemp.)24OoC/1 Ton-(ref.ll"l 10-1 l6"C/0.4Torr),mp38-40"C.- 
IR 3410-3450 cm-' (br, OH), 1650 (C=O), 1620 (C=C).- IH NMR (CDCI?) 
6 = 2.76 (s, 3 H, 5-CH3). 2.48 (s, 3 H, COCH?). 4.48 (a ,  2 H, CHzCI). 8.08 
(d, J = 2. I H, 4 H ) ,  8.16 (d, J = 2, I H, 6-H), 13.12 (s, 1 H, exchangeable 
with DzO, 2-OH). 

ration of the extracts followed by Kugelrohrdi\tillatioll gabe 7 as an oil (49 g, 
82%) which formed light ellow crystals upon standing; bp (oven temp.) 
160-165 "C/20 Torr (ref."' 95-103 "C/0.6 Torr), mp 36-38 T - I R  3380- 
3440cm-' (br, OH), 1640(C=O).- 'H NMR (CDCI?) 6=2.30(s, 3 H, S-CHI). 
2.60 (s. 3 H, COCHIj, 3.45 (s. 3 H. CH2OCH.j). 4.52 (s, 2 H, CH~OCHI), 
7.42(d,J=2,IH.4-H),7.46(d,.1=2,1H,6-H),12.44(~,1 H,exchangeable 
with DzO. 2-OH).- I3C NMR (CDCIjj 204.6 (C=O), 158.0 (C-2),  136.5 

(CH2OCH3). 26.7 ( C O C H ) .  20.6 (5-CH?). 
(C-4), 129.7 (C-6) ,  127.6 (C-S), 127.2 (C-3), 119.0 (C-I), 68.7 (CH?). 58.6 

Prepurutioii of I-A1-,l-3'-(2'-h~d~i1,~~-3'-1~i~~tl1i~,~j1net/1jl-5'-n1etlijl~~l1e1iyl)- 
propane- 1,3-diolies 8 

Sodium hydride dispersion in oil (14.4 g NaH. 0.6 mol) was thoroughly 
washed by decantation with dry petroleum ether and suspended in dry THF 
(500 ml). The mixture was heated at 60-70 "C while a solution of 7 (48.5 g. 
0.25 mol) and the appropriate aromatic methyl ester (0.25 mol) in dry 
tetrahydrofuran (50 ml) was added dropwise with stirring. The mixture was 
heated undcr reflux for 4-8 h and then cooled at 0 "C while anhydrous 
methanol 1200 ml) was cautiously added dropwise. After 2 h at 20 "C the 
solution was evaporated and the residue dissolved in  dichloromethane ( I  I). 
The solution was washed with 1M HCI (2 x 250 nil) dried, and evaporated 
to give the crude product. Recrystallisation from methanol afforded 8 as light 
yellow crystal?. 

1 -/I'-Hjdro ~ ~ - ~ ' - f l l e t ~ l ~ ~ x ~ ~ l l l ~ ~ t ~ ~ ~ / - ~ ' - i ~ l ~ ~ t / ~ j ~ ~ ~ h ~ ~ l l ~ / ~ - ~ - p / ~ ~ ~ l ~ ~ ~ ~ ~ l ~ i ~ p ~ i l l ~ ~  

I , - ? - d i i m ~  (8a) 

Yield 80%. Mp 53-54 T- 1R 3340 cm-' (br, OH), 1635 (C=O). 1610 
(C=C), 1590 (C=C).- 'H NMR (CDCI?) 6 = 2.38 (a, 3 H. S'-CH?), 3.49 (s. 3 
H, CH2OCH.j). 4.58 (s, 2 H, CHZOCH~), 6.82 (a .  I H. a-H). 7.39-7.62 (in, 
4 H), 7.93 (d, 1 H), 8.02 ( s ,  1 H, 4'-H), 8.13 (s, I H, 6'-H), 12.25 (s. 1 H, 
2'-OH), 15.53 (s. 1 H, P-OH).- MS; fd: (% j = 298 (18) [M']. 281 (9), 266 
(11).250(10). 149(50). 105(100). 

I -( 2'-Hyd,v ~ ~ - ~ ' - f 1 r e t ~ ? o . ~ ~ 1 r ~ t / 1 ~ / - ~ ' - f ? ~ e t l n ) ~ / ) - ~ - ( 3 - ~ ? ~ e t h o ~ - ~ ~ ~ ) p h e r 1 ~ ~ ) -  
p,.iI/~~ine-l,3-~iii)ri(, (8b) 

Yield 7 3 4 .  Mp 72-74 "C.- IK 3440-3360 cn- '  (br. OH), 1615 (C=O), 
1600 (C=C).- 'H NMR (CDCI?) 6 = 2.32 (s. 3 H, 5'-CH1). 3.46 (s. 3 H, 
CHz0CH.j). 3.92 (s. 3 H. 3'-OCH3). 4.62 (s. 2 H. CH~OCHI), 6.91 (s, 1 H, 
a-H),7.15-7.24(m,2I-1),7.58-7.64(m,4H), 12.40(brs, I H.2'-OH), 15.62 
(br s, 1 H, P-OH).- MS; ridz (%) 310 (40) [Mt-H20]. 295 (29). 279 (23) ,  
267 (6). 250 (2 1 j ,  147 ( 100). 

I -(3, 5-Dif~irtho~v~kerlqli-3-(2'-h~drlInj-3'-rrz~~~lll~.~~~~leth!.l-j'-l~lerll!.I- 
p / i e n j ~ ) ~ l r o p a n c ~ -  1,3-diorir (8c) 

Yield 659 .  Mp 104-105 "C.- IR 3400 cm-l (br, 01-1). 1610 (C=O). 1600, 
1580 (C=C).- ' H  NMR (CDCIIj 6 = 2.37 (s, 3 H. S'-CHi), 3.48 (s. 3 H, 
CH2OCH.3), 3.85 (s. 6 H, 3. 5-OCH3). 4.54 (s, 2 H. CHzOCH?). 6.64 ( t ,  J = 
2, 1 H, 4-H), 6.76 (s, 1 H. a-H), 7.03 (d, J = 2. 2 H, 2. 6-H). 7.40 (d. J = 3, 
I H, 4'-H), 7.48 (d, J = 3, I H. 6'-H), 12.20 (br S, 1 H, 2'-ON). 15.55 (s, I H, 
P-OH).- "C NMR (CDCI?) 195.6 (C=O). 177.1 (p-C-OH), 160.9 (C-3. S ) ,  
158.1 (C-2'), 136.0 (C-4'). 135.8 (C-5'). 127.9 (C-3'). 127.5 (C-6'). 127.4 
(C-I), 118.2 (C-1'). 104.9 (C-2, 6). 104.2 (C-4), 92.8 (a-=CH), 68.9 
(CH20CH3). 58.6 (CHrOCH?), 55.6 (3. 5-OCH3j, 20.6 (S'-CH?).- MS; 1 1 1 k  

(%) = 358 (3) IM'I, 340 (4), 310 (6j, 296 (3). 165 (39). 82 (93), 80 (100). 

added concentrated HCI (30 ml) and iron powder (55 g, 0.32 mol). The 
mixture was heated under reflux for 4.5 h and then coolcd and filtered. The 
filtrate was evaoorated and the residue taken uo in dichloromethane (250 ml) 

Yield 88%. Mp 118-120 "C.- IR 3420 cm-' (OH), 1610 (C=O), 1590 
(C=C).- 'H NMK (CDCI.3) 6=2.30 (S, 3 H, 5'-CH3). 3.46 ( s ,  3 H, CH20CH.j). 

and washed well with 10% aqueous NaHCO3. Drying and evaporation gave 
a yellow semisolid which was extracted with hexane (3 x 200 ml). Evapo- 

4.38 (5, 2 H. CH20CH3), 6.56 (s, 1 H, a -H) .  7.25-7.40 (m, 5 H), 8.02 (d. 1 
H, 6'-H). 12.7 (br \, I H, 2'-OH). 15.2 (s, 1 H, p-OH). 



New Derivatives of Flavone-8-acetic Acid 493 

I -(2'-Hydsoxy-3'-1nethox).methyl-S~-meth~lphen~lj-3-(2-thienylj-psopat~e- 2-(3-Fur7.'lj-8-metho~methyl-6-methyl-4H-l -benzopyran-4-one (9g) 
1,3-dione (8ej Yield 90%. Mp 150-2 "C.-IR 1640 cm-' (C=O), 1610 (C=C), 1590.- 'H 

NMR (CDC13) 6 = 2.42 (s, 3 H, 6-CH3), 3.51 (s, 3 H, CHzOCHs), 4.73 (s, 2 
H, CHzOCH?), 6.49 (s, 1 H, 3-H), 6.73 (m, 1H,4'-H), 7.02-7.04(m, 2 H, 2', 
5'-H), 7.92 (d, 1 H, 7-H), 8.04 (d, 1 H, 5-H).- I3C NMR (CDC13) see Table 
3.- MS; d~ ("/.I = 270 (100) IM'1, 255 ( S S ) ,  240 (54.), 239 (52),  210 (53), 
147 (85). Anal. (C16H1404) C, H. 

Yield 85%. Mp 82-84 "C.- 'H NMR (CDC13) 6 = 2.24 (s, 3 H, 5'-CH3), 
3.38 (5, 3 H, CHzOCHj), 4.48 (s, 2 H, CHzOCH3), 6.51(s, 1 H, a-H), 
7.16-7.30 (m, 4 H), 7.92 (m, 1 H, 6'-H), 13.06 (hr s, I H, 2'-OH), 15.82 (s, 
1 H, P-OH).- MS; d z  (5%) = 304 (13) [M+], 289 (2), 273 (12), 260 (4), 147 
( 2 3 ,  1 I I (100). 

Preparation of 2-Aryl-8-bromometliyl-6-methyl-4H-l-benzopyrun-4-one.s 
I -(2'-H~droxy-3'-methoxymethq.l-5'-methylphenylj-3-(3-thien~lj-propane- 10 (Method A 
1,3-dione (8fj 

A solution of 9 (0.1 mol) in a mixture of glacial acetic acid (60 ml) and 
48% hydrobromic acid ( S O  ml) was heated under reflux for 8 h. The mixture 
was ooured into ice cold water (500 ml) and the resulting zrav ureciuitate 

Yield 84%. Mp 77-78 "C.- IR 3360-3450 cm-' (br, OH), 1615, 1610.- 
'H NMR (CDCh) 6 = 2.34 (s, 3 H, 5'-CH3), 3.47 (5, 3 H. CH2OCH3), 4.56 - -  , *  I 

(s, 2 H, CH20CH3), 6.71 (5, I H, a-H), 6.32-7.64 (m, 4 H), 8.18 (br s, 1 H, 
6'-H), 12.40 (br s, 1 H, 2'-OH), 15.52 (s, 1 H, P-OH).- MS; d z  (%) = 304 
(34) [M'], 273 ( I I ) ,  272 (23) ,  230 ( 2 2 )  147 (78), 1 1  1 (100). 

was filtered off and washed thoroughly with cold water. The product was 
dissolved in acetone (150 ml) and boiled for 15 minutes with charcoal. The 
solution was filtered, the filtrate evaporated, and the residue recrystallised 
from methanol to give 10 as colourless crystals. 

8-Bsomomethyl-6-methyl-2-(2-thienyl)-4H- I-benzopyrun-4-one (10e) I -(3-Furyl)-3-(2'-h~ds~x~~-3'-meth~~~inethyl-S'-methylphenq.l)propune- 
1,3-dione (8g) 

Yield 80%. Mp 69-70 "C.- IR 3400-3300 cm-' (br, OH), 1615 (C=O), 
1590 (C=C).- 'H NMR (CDCI3) 6 = 2.28 (s, 3 H, 5'-CH3), 3.36 (s, 3 H, 
CH2OCH.?), 4.40 (s, 2 H, CHZOCH~), 6.35 (s. 1 H, a-H), 6.78 (m, 1 H), 
7.42-7.6 (m, 4 H), 8.05 (d, 1 H, 6'-H) [2'-OH and P-OH not apparent].- MS; 
dz(%)288(14)[M'],256(12), 147(19),95(100). 

Preparation of 2-Aryl-8-methoxq.methyl-6-meth~l-4H-I-benzopysan- 
4-ones 9 

A solution of 8 (125 mmol) in anhydrous methanol (300 ml) containing 
conc. H2SO4 (0.5 ml) was heated under reflux for 3 4 . 5  h. Excess methanol 
was removed under reduced pressure and the residue added to cold water 
(250 ml). The resulting precipitate was filtered off, washed with cold water, 
dried, and recrystallized from methanol to afford 9 as colourless crystals. 

8-Methox)methq.l-6-methyl-2-phenyl-4H- I-benzopyrun-4-one (9aj 

Yield 95%. Mp 122-123 T-  IR 1630 cm-' (C=O), 1600 (C=C).- 'H 
NMR (CDC13) 6 = 2.45 (s, 3 H, 6-CH3), 3.55 (s, 3 H, CHzOCH.?), 4.83 (5, 2 
H, CH2OCH3), 6.85 (s, 1 H, 3-H), 7.46-7.54 (in, 3 H, 3', 4', S'-H), 7.58 (d. 
J = 3 ,  1 H,7-H),7.87-7.92(m,2H,2',6'-H),7.96(d,J=3, IH,S-H).-"C 
NMR (CDC13) see Table 3.- MS; d z  (5%) = 280 (86) [M'I, 265 (SO), 249 
(63), 236 (48). 220 (69), 147(100). Anal. ( C I X H I ~ O ~ )  C, H. 

8-Methoxymethyl-6-methyl-2-(2-thienq.l)-4H- I -benzopyan-4-one (9ej 

Yield 86%. Mp 149-150 "C.- IR 1650 cm-' (C=O), 1615 (C=C), 1585.- 
'H NMR (CDC13) 6 = 2.45 (s, 3 H, 6-CH3), 3.54 (s, 3 H, CHzOCH.?), 4.79 
(s, 2 H, CHZOCH~), 6.69 (s, I H, 3-H), 7.18 (dd, J 7 ,  6, 1 H, 4'-H), 7.56 (d, 
J 3, 1 H, 7-H), 7.58 (dd, J 6 ,  2, I H, S'-H), 7.69 (dd, J 7 ,  2, 1 H, 3'-H), 7.94 
(d, J 3, 1 H, S-H).- "C NMR (CDC13) see Table 3.- MS; d z  (%) = 286 (7) 
[M'], 271 (4), 255 (4), 226 (4), 203 (17), 162 (65), 161 (100). Anal. 
(Ci6H1403S) C ,  H. 

8-Methr~x~mrthq.l-6-nzetli~~l-2-(3-thienq.l)-4H- I-benzopyrun-4-one (9f) 

Yield 89%. Mp 148 "C.- IR 1640 cm-' (C=O), 1605 (C=C).- 'H NMR 
(CDCI3) 6 = 2.46 (s, 3 H, 6-CH3), 3.54 (s, 3 H, CHzOCHj), 4.80 (s, 2 H, 
CHZOCH~), 6.65 (s, 1 H, 3-H), 7.45-7.48 (m, 2 H, 4', 5'-H), 7.56 (d, J 3 ,  1 
H, 7-H), 7.94 (d, J 3 ,  1 H, 5-H), 7.97 (m, I H, Y-H).- 13C NMR (CDC13) see 
Table 3.-MS; m/z (%j = 286 (100) [M'], 271 (42), 255 (37). 226 (38), 147 
(51). Anal. (C16H1403S) C ,  H. 

Yield 74%. Mp 175-177 "C.- IR 1650 cm-' (C=O), 1615 (C=C), 1585.- 
'H NMR (CDC1-r) 6 =2.44 (s, 3 H, 6-CH3), 4.76 (s, 2 H, CHzBr), 6.70 (s, I 
H, 3-H), 7.19 ( d d , J = 8 ,  6, 1H, 4'-H),7.51 (d , J=3 ,  1 H,7-H),7.59(d,J= 
8 , l  H,5'-H),7.78(d,J=6, IH,3'-H),7.96(d,J=3,lH,5-H).-l3CNMR 
(CDCI3) see Table 3.-MS; m/z (96) = 336 (9) [8'Br-M+], 334 (9) [79Br-M+], 
256 (22), 255 (52) [M+-Brl, 242 (24), 147 (100). Anal. ( C I S H I I B ~ O ~ S )  C, 
H. 

8-Bromomethq.l-6-methyl-2-(3-thienyl)-4H-l -benzopyrun-4-one (1Of) 

Yield 77%. Mp 189-190 T- IR 1650 cm-' (C=O), 1605 (C=C), 1580.- 
'H NMR (CDC13) 6 = 2.40 (s, 3 H, 6-CH3), 4.74 (s, 2 H, CHzBr), 6.66 (s, 1 
H, 3-H), 7.44 (dd, I H, 4'-H), 7.50 (d, J =  3, 71H, -H), 7.52 (d, 1 H, 5'-H), 
7.92 (d, J =  3, 1 H, 5-H), 8.19 (d, IH, 2'-H).- I3C NMR (CDC13) see Table 
3.- MS; d z  (9%) = 336 (18) ["Br-M'], 334 (17) [79Br-M'], 256 (19), 255 
(100) [M+-Br], 147 (98). Anal. ( C I S H I I B ~ O ~ S )  C, H. 

8-Bs~~momethyl-2-(3-fur)'~l)-6-methyl-4H-l -benzopyran-4-one (log) 

Yield 70%. Mp 179-180 "C.- IR 1640 cm-' (C=O), 1610 (C=C), 1590.- 
'H NMR (CDCI3) 6 = 2.45 (s, 3 H, 6-CH3), 4.73 (s, 2 H, CHzBr), 6.58 (s, 1 

7.96 (d, J =  3, 1 H, 5-H), 8.17 (d, 1 H, 2'-H).- I3C NMR (CDC13) see Table 
3.- MS; d z  (%) = 320 (9) [*'Br-M'], 318 ( 1  1) [79Br-M'], 240 (19), 239 
(77) [M'-Br], 147 (100). HRMS (CisHi1~~BrO3): calcd, 317.9892; found, 
317.9888. 

H, 3-H), 6.79 (dd, 1 H, 4'-H), 7.51 (d, J =  3, 1 H, 7-H), 7.56 (d, 1 H, 5'-H), 

Preparation of 2-Ar7.'l-8-bromomethyl-~-methyl-4H-I-benzopyran-4-ones 
10 (Method B )  

A solution of 8 (0.1 mol) in glacial acetic acid (60 ml) and 4 8 8  hydro- 
bromic acid (50 ml) was heated at 80 "C for 4 h. After cooling the mixture 
was ,poured into ice cold water (500 ml) and the resulting grey precipitate 
was filtered off and washed thoroughly with cold water. The product was 
dissolved in acetone (150 ml) and boiled for 15 minutes with charcoal. The 
solution was filtered, the filtrate evaporated, and the residue recrystallised 
from methanol to give 10 as colourless crystals. 

8-Rromomethyl-6-methyl-2-phenyl-4H-I -benzopyran-4-one (1 Oa) 

Yield 68%. Mp 172-173 T - I R  1640cm-' (C=O).- 'H NMR (CDCl1) 6 
= 2.46 (s, 3 H, 6-CH3), 4.79 (s, 2 H, CHzBr), 6.82 (s, 1 H, 3-H), 7.50-7.58 
(m, 4 H), 7.98 (m, 3 H).- I3C NMR (CDC13) see Table 3.- MS; d z  (%) = 
330 (4) ["Br-M'], 328 (4) [79Br-M'], 250 ( l l ) ,  249 (58) [M+-Br], 147 
(100). Anal. (Ci7Hi3BrOz) C, H. 
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Table 3: I3C NMR data for flavone derivative5 9-15 (6) 

COm- c - 2  C-3 C-4 C-4a C-5 C-6 C-7 C-8 C-8a 6-Me 8-CHz 8-CHzX 
pound 

Signals for Ar 

9a 

9e 

9f 

9g 

10a 

10b 

1 Od 

1 Oe 

10f 

1% 

l l e  

12a 

12b 

12c 

12e 

12f 

1% 

13a 

13b 

13e 

13f 

13g 

14a 

14b 

14e 

15a 

15d 

15e 

162.9 107.2 178.7 123.5 124.6 134.9 134.5 127.3 152.2 21.0 68.9 

158.5 105.9 177.9 123.6 124.6 135.4 134.2 127.1 151.8 21.0 68.7 

159.0 106.9 178.5 123.6 124.6 134.8 134.4 127.0 151.9 21.0 68.9 

158.1 107.0 178.1 123.6 124.6 134.8 134.4 126.9 151.9 20.9 68.9 

163.0 107.5 178.1 124.2 126.1 135.1 135.8 126.9 152.3 21.0 26.5 

162.8 107.7 178.1 124.2 126.1 135.1 135.7 126.8 152.3 20.8 26.7 

160.9 107.2 176.6 123.4 124.9 134.9 136.1 127.4 151.7 20.2 27.6 

158.7 105.9 177.5 124.0 126.0 135.1 135.8 126.6 151.8 20.9 26.3 

159.2 106.8 178.0 123.9 125.0 134.9 135.7 126.6 152.0 20.8 26.6 

158.5 107.0 177.9 124.0 126.1 135.0 135.7 126.5 152.1 20.8 26.4 

158.6 106.3 177.3 119.2 125.7 135.6 134.7 124.1 151.5 20.9 34.4 

162.0 106.6 177.1 122.9 122.9 134.5 136.7 125.2 152.2 20.3 35.4 

161.8 106.9 177.1 123.1 123.0 134.3 136.7 125.2 152.3 20.4 35.6 

161.6 107.0 177.1 123.0 122.9 134.4 136.7 125.2 152.3 20.3 35.6 

158.0 104.8 176.5 122.9 122.9 134.4 136.6 124.9 151.9 20.3 35.1 

158.6 106.2 177.0 123.0 122.9 134.2 136.5 125.1 152.1 20.3 3 5 3  

157.8 106.4 176.8 123.1 123.0 134.3 136.5 125.1 152.1 20.4 35.6 

162.2 106.2 177.6 122.9 121.1 133.9 136.3 130.2 152.5 20.5 39.7 

161.8 106.4 177.5 122.8 121.0 133.7 136.2 130.3 152.5 20.5 40.4 

158.0 104.6 176.9 122.8 120.0 134.7 136.2 129.8 152.0 20.5 39.2 

158.8 105.9 177.8 122.9 121.1 134.3 136.4 130.3 152.5 20.7 40.5 

157.9 105.8 177.2 122.8 121.0 133.6 136.2 129.9 152.3 20.5 39.9 

162.9 104.5 178.4 124.0 124.7 135.0 136.5 123.7 152.8 20.9 35.7 

162.8 107.5 178.6 123.8 124.5 135.0 136.7 123.6 152.6 20.9 35.9 

158.3 106.2 177.9 124.0 124.9 135.0 136.8 124.4 152.4 20.8 35.9 

162.4 107.1 176.9 123.6 124.6 134.9 135.9 124.3 152.0 20.5 29.5 

161.0 107.3 176.6 123.4 124.4 134.8 135.7 124.5 151.8 20.4 29.3 

158.0 105.2 176.1 123.5 124.5 134.8 135.7 124.0 151.4 20.4 29.3 

58.7 

58.8 

58.7 

58.8 

116.6 

171.8 

171.6 

171.6 

171.6 

171.8 

172.0 

173.4 

173.9 

173.2 

173.4 

173.6 

17 I .O. 52.2 

I7 I .O. 52.3 

171.1.52.4 

168.9 

168.6 

168.8 

131.9 (C-1’). 126.2 (C-2’,6’), 
129.1 (C-3’,5’), I3 I .6 (C-4’) 
134.9 (C-2’). 130.1 (C-3’), 
128.5 (C-4’), 128.1(C-5’) 

126.5 (C-S’), 124.9 (C-4’) 
144.7 (C-2’). 120.5 (C-3’). 

131.8 (C-I,), 126.4 (C-2’.6’). 
129.2 (C-3’.5’), 131.7 (C-4’) 

127.4 (C-2’). 134.4 (C-3’). 

107.7 (C-4’). 142.8 (C-5’) 

133.1 (C- 1’). 1 1 1.3 (C-2’). 
160.1(C-3’)1 17.9 (‘2-4‘). 
I30.2(C-5’), 118.7(C-6’), 55.5 
130.0 (C-l’), 129.2 (C-2’,6’), 
128.1 (C-j’,S’), 136.7 (C-4‘) 
139.0 (C-2’), 130.6 (C-3’), 
128.7 (C-4’). 128.7 (C-5’) 
127.5 (C-2’). 134.0 (C-3’), 
125.9 (C-4’). 127.3 (C-5’) 

107.6 (C-4’). 143.4 (C-5’) 
144.8 (C-2’). 120.3 (C-3’), 

134.9 (C-2’). 130.5 (C-3’), 
128.7 (C-5’). 128.6 (C-4’) 
I3 1 .  I (C- l ’ ) ,  126.1 (C-2’,6?, 
129.1 (C-3’,5’), 131.7 (C-4’) 
132.7 (C-1’). 110.9 (C-2’). 
159.7 (C-3’). I 17.9 (C-4’), 

133.2 (C-1’). 104.0 (C-2’,6’). 

55.5 (2 x OMe) 
134.2 (C-2’). 131.8 (C-3’). 
129.3 (C-4’), 128.9 (C-5’) 

125.3 (C-4’), 127.7 (C-5’) 

130. I (C-5’). 1 l8.5(C-6’), 55.4 

160.9 (C-3’.5’), 104.0 (C-4’). 

128.3 (C-2’). 133.8 (C-3’). 

145.4 (C-2’). 120.1 (C-3’). 
107.8 (C-4’), 143.8 (C-5’) 
131.7 (C-1’1, 126.4(C-2’,6’), 
129. I (C-3’,5’), 13 1.5 (C-4’) 
133.0 (C-l’), I1 1.2 (C-2’1, 
159.7 (C-3’). 117.7 (C-4’). 
130.1 (C-5’)- l18.6(C-6’). 55.5 
133.7 (C-2’). I3 I .3 (C-3’), 
129.4 (C-5’). 128.8 (C-4‘) 

125.7 (C-4’). 128.2 (C-5’) 

107.8 (C-4’). 144.4 (C-5’) 
132.1 (C-I,), 126.2 (C-2’,6’). 

128.5 (C-2’). 133.8 (C-3’). 

145.0 (C-2’) 120.2 (C-3’). 

129.1 (C-3’,5’), I3 1.5 (C-4’) 
133.1 (C-1’). 111.5 (C-2’). 
160.1 (C-3’), 117.4 (C-4’), 
130.1 (C-S’), 118.6(C-6’). 55.5 
134.7 (C-2’), 130. I (C-3’), 
128.9 (C-5’). 128.5 (C-4’) 
13 1 .  I (C- I,), 126.5 (C-2’.6‘), 
129.3 (C-3’.5’), 132.0 (C-4‘) 
130.0 (C-1’). 129.2 (C-2’,6’). 
128.2 (C-3’,5’). 136.7 (C-4’) 
134.0 (C-?’), 132.0 (C-3’), 
129.7 (C-S’), 129.0 (C-4’) 
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8-Rromonzethy1-2-(3'-me~hoxyphenyl)-6-~i1ethyl-4H- 1 -henzo~1yrun-4-one 
(lob) 

Yield 55%. Mp 144-145 "C.- 1R 1645 cm-' (C=O), 1615 (C=C).- 'H 
NMR (CDC13) 6 = 2.46 (s, 3 H, 6-CH3). 3.90 (s, 3 H, 3'-OCH3), 4.77 (s, 2 
H, CHzBr), 6.81 (s, 1 H, 3-H),7.08 (dd, 1 H, S'-H), 7.45-7.52(m, 3 H), 7.56 
(s, 1 H, 7-H), 7.98 (s, 1 H. 5-H).- "C NMR (CDC13) see Table 3.-MS; d z  
(5%) = 360 (6) ["Br-M'], 358 (6) [79Br-M+], 279 (46) (M+-Br], 147 (100). 
Anal. (CixHisBrOi) C, H. 

R-Hromorne1hyl-2-(3',5'-dirnetl~r~xjphe~1yl)-~-methyl-4H-l -henzopyran- 
4-one ( 1 0 ~ )  

Yield 44%. Mp 190-191 "C.- IR 1630 cm-' (C=O), 1600 (C=C), 1575.- 
'H NMR (CDCII) 6 = 2.40 (s, 3 H. 6-CH3), 3.84 (s. 6 H, 3', 5'-OCH3), 4.70 
(s, 2 H, CHzBr), 6.58 (in, 1 H, 4'-H), 6.71 (s, 1 H, 3-H), 7.10 (m, 2 H, 2', 
6'-H), 7.44 (d, 1 H, 7-H), 7.92 (d, 1 H, S-H).- MS; mdz (%) = 390 (10) 
["Br-M'], 388 (9) [7'Br-M+], 309 (40) [M+-Br], 147 (100). 

8-Bromometkyl-2-(4'-chlorophenyl)-6-methy1-4H-I -henropyrun 
4-one (10d) 

Yield 83%. Mp 210-212 T- IR 1640 cm-' (C=O), 1590 (C=C).- 'H 
NMR (CDiSOCD3) 6 = 2.47 (s, 3 H, 6-CH3), 5.02 (s. 2 H. CH2Br), 7.02 (s, 
1 H,3-H),7.65and8.18(AB pattern,J= 12,4H),7.73 (d, 1 H,7-H),7.82 
(d, 1 H, 5-H).- "C NMR (CDC13) see Table 3.- MS; d z  (5%) 364 (9) [M'], 
362 ( 5 )  [7yBr'5CI-M+], 283 (37) [M+-Br], 147 (90), 43 (100). HRMS 
(C17H12~~C102) [M+-Br]: calcd, 283.0526: found, 283.051 I .  

Preparation of 2-A~1-8-carl1ox~meth~l-S-meth~l-4H-I -henzopjrun- 
4-ones 12 

(i)A suspension of 10 (75 mmol) in boiling ethanol (100 ml) was added in 
3 4  portions to a stirred solution of KCN (7.0 g, 0.1 mol) in water (100 ml) 
maintained at 70 "C. The mixture was heated under reflux for 12 h, the 
ethanol was removed by evaporation and the residual solution stored at 0 "C 
for 12 h. The precipitate so formed was filtered off, washed well with ice 
cold water, dried, and dissolved in hot acetone. Treatment with decolourising 
charcoal followed by filtration and evaporation gave 11 as colourless crystals 
which were recrystallised from methanol. The crude products were generally 
used directly for hydrolysis to 12. 

8-Cyatiomethyl-6-meth~l-2-(2-thien~l)-4H-l-b~nzopyruri-4-oiie (l le) 

Mp 194-196 T- IR 1650 cm-' (C=O) and 1590 (C=C).- 'H NMR 
(CD3SOCD3) 6 =2.47 (s, 3 H, 6-CH3), 4.02 (5, 2 H, CHzCN), 6.67 (s, 1 H, 

(d, 1 H, 3'-H), 7.97 (d, J = 3, 1 H, 5-H).- "C NMR (CDC13) see Table 3.- 
MS; d z  (5%) 281 (70) [M'], 280 (34), 256 (46) [M+-HCN], 242 (68). 147 
(88), 134 (100). 

(ii) Concentrated H2S04 (20 ml) was added slowly to a stirred suspension 
of 11 (50 mmol) in glacial acetic acid (20 ml) and water (20 ml) with cooling. 
After the addition the mixture was heated under reflux for 5 h then cooled 
and poured into ice cold water (50 ml). The resulting grey precipitate was 
filtered off, washed thoroughly with ice cold water, and then dissolved in 
10% aqueous NaHCOi by heating at 70-80 "C. The solution was filtered and 
acidified with conc. HCI to afford a white precipitate. This was filtered off, 
washed well with ice cold water, dried, and recrystallised from methanol to 
give 12 as colourless crystals. 

3-H), 7.18 (dd, 1 H, 4'-H), 7.55 (d, J = 3, 1 H, 7-H), 7.59 (d, 1 H, 5'-H), 7.72 

R-Curboxyme1l1jl-6-tneth~l-2-phe11~l-4H- l-benzopjrun-4-one (12a) 

Yield 70%. Mp 223-235 "C.- IR 3400 cm-' (0-H), 1715 (C=O), 1630 
(C=O). 1600 (C=C).- 'H NMR (CDISOCD~) 6=2.38 (s, 3 H, 6-CH3), 3.93 
(s, 2 H, CH2C02H), 6.93 (s, I H, 3-H), 7.47-7.59 (m, 4 H), 7.74 (d, 1 H, 
4'-H), 8.00 ( d, J = 3, 1 H,7-H), 8.03 (d, J = 3, 1 H, S-H).- I3C NMR 
(CD1SOCD3)seeTable3.-MS;m/z(%)=294(26) [M+],249(18), 148 (40), 
147 (42), 69 (100). Anal. (C18H1404.0.2H20) C, H. 

8-Crirhox~nielhyl-2-(3'-methoxyphen~l~-6-methyl-4H- 1 -benzopyrun- 
4-one (12b) 

Yield 48%. Mp 227-229 "C.- IR 3410 cm-' (0-H), 1720 (C=O), 1630 
(GO) ,  1590 (C=C).- 'H NMR (CD3SOCD.3) 6 = 2.38 (s, 3 H, 6-CH3), 3.86 

10. 1 H, 4'-H), 7.46 ( t , J =  10, 1 H, S'-H), 7.5-7.58 (m, 2 H, 2', 7-H), 7.59 (d, 
.I = 10, 1 H, 6'-H), 7.76 (d, J = 3, 1 H, 5-H).- I3C NMR (CD3SOCD3) see 
Table 3.- MS: m/z (%) = 324 (78) [M'], 296 (15) [M+-CO], 279 (27), 148 
(loo), 147 (87). HRMS (Ci9H160s): calcd, 324.0998; found, 324.0975. 

(s. 3 H, 3'-OCH'), 3.95 (s, 2 H, CHzC02H), 6.96 (s, 1 H, 3-H), 7.13 (d, J =  

8-Carboxymethyl-2-(3', S-dimethoxyphenyl)-6-methyl-4H-I -benzopyran 
4-one (12c) 

Yield 32%. Mp 231-233 T- IR 3420 cm-' (0-H), 1715 (C=O), 1625 
(C=O), 1600 (C=C).- 'H NMR (CD3SOCD3) 6 =2.44 (s, 3 H, 6-CH3), 3.87 
(s, 6 H, 2 x OCH3), 3.96 (s, 2 H, CH2C02H), 6.70 (s, 1 H, 4'-H), 7.03 (s, 1 
H, 3-H), 7.21 (s, 2 H, 2', G-H), 7.59 (d, J =  3, 1 H, 7-H), 7.78 (d, J =  3, 1 H, 
5-H).- 'k NMK (CD3SOCD3) see Table 3.-MS; m/z (%) = 354 (100) [M'], 
309 (IS),  162 (36). 147 (48). HRMS (C2oH1806): calcd, 354.1103; found, 
354.1 121. 

8-Carboxymethjl-6-methyl-2-(2-thienyl)-4H-l -benzopyran-4-one (12e) 

Yield 61%. Mp 238-240 "C.- IR 3420 cm-' (0-H), 1720 (C=O), 1630 
(C=O), 1585 (C=C).- 'H NMR (CDjSOCD3) 6 = 2.37 (s, 3 H, 6-CH3), 3.88 
(s, 2 H, CHZCO~H), 6.80 (s, 1 H, 3-H), 7.26 (dd, 1 H, 4'-H), 7.52 (d, 1 H, 
5'-H), 7.70 (d, IH, 3'-H), 7.93 (d, 1 H, 7-H), 7.96 (d, 1 H, 5-H).- I3C NMR 
(CDISOCD~) see Table 3.-MS; m/z (%) = 300 (100) [M'], 272 (8), 255 (32), 
148 (64), 147 (55) .  Anal. (C16H1204S) C, H. 

R-C~irboxymethyl-6-methyl-2-(3-thienyl)-4H-l -benzopyran-4-one (12f) 

Yield 63%. Mp 235-236 "C.- 1R 3440 cm-' (0-H), 1710 (C=O), 1625 
(C=O), 1595 (C=C).- 'H NMR (CD3SOCD3) 6 =  2.35 (s, 3 H, 6-CH3), 3.91 
(s, 2 H, CHZCO~H), 6.81 (s, I H, 3-H), 7.50 (d, J =  3, 1 H, 7-H), 7.77-7.79 
(m, 3 H), 8.36 (d, J = 3, 1 H, S-H).- I3C NMR (CD3SOCD3) see Table 3.- 
MS;dz(%)=300(35)  [M'],272(4), 256(8) ,  255 (IS), 148(100), 147(84). 
HRMS (Ci6H1204S): calcd, 300.0456: found, 300.0463. 

8-Carboxymethyl-2-(3,fu~l)-6-methyl-4H-l-benzopyran-4-one (12g) 

Yield 52%. Mp 236-238 "C.- IR 3440 cm-' (0-H), 1710 (C=O), 1640 
(C=O), 1600 (C=C).- 'H NMR (CD3SOCD3) 6 =2.37 (s, 3 H, 6-CH3), 3.86 

7.64 (d. 1 H, 5'-H), 7.85 (d, 1 H, 2'-H), 8.40 (d, 1 H, 5-H).- 13C NMR 
(CD3SOCD1) see Table 3.- MS; m/z (%) = 284 (38) [M+], 256 (6), 239 (29), 
21 1 (5).  148 (loo), 147 (90). Anal (Ci6H120s) C, H. 

(s, 2 H, CHZCOZH), 6.66 ( s ,  1 H, 3-H), 7.06 (d, 1 H, 4'-H), 7.45 (d, 1 H, 7-H), 

Preparation oj Sodium 2-Alyl-8-carboxylutomethyl-6-methyl- 
4H-I -benzopyran-4-ones 13 

The acid 12 (10 mmol) was added to 1.OM sodium hydroxide solution 
(10 ml) and heated at 70-80 "C until the solid had completely dissolved. The 
solution was evaporated and the dark brown solid so obtained was dissolved 
in ice cold water. Filtration and evaporation gave crude 13 as a yellow to 
brown coloured solid which was purified by reprecipitation from water by 
addition of acetone. 

Sodium 8-curbox)latomethyl-6-methyl-2-phenyl-4H-l -benzopyran 
4-one (13a) 

Yield 96%. Mp 265-267 "C (dec.).- IR 1635 cm-' (C=O), 1585 (C=C).- 
'H NMR (CD3SOCD3) 6 = 2.49 (s, 3 H, 6-CH3), 3.63 (s, 2 H, CH2C02Na), 
6.92 (s, I H, 3-H), 7.46 (d, 1 H, 7-H), 7.53-7.64 (m. 3 H), 7.64 (d, 1 H, 5-H), 
8.15 (m, 2 H).- 13C NMR (CD3SOCD3) see Table 3. 
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Sodium 8-curboxylatometh~,1-2-f3'-methoxy~~lienyl)-6-nzethyl-4H-I-h~1~;o- 
pyrun-4-one (13b) 

Yield 94%. Mp 265-266 "C (dec.).- IR 1728 cm-' (C=O), 1630 (C=O), 
1600 (C=C), 1575.- 'H NMR (CD~SOCDI) 6 = 2.40 (s, 3 H, 6-CH3). 3.31 
(s, 3 H, 3'-OCH3), 3.86 (s, 2 H, CHzCOzNa), 6.96 (s, I H, 3-H), 7.17 (dd, 1 
H, S'-H), 7.45 (m, 2 H, 4'. 6'-H), 7.64 (s, 1 H, 7-H), 7.68 (s, I H, 2'-H), 7.72 
(b, I H, S-H).- I3C NMR (CDISOCDI) see Table 3. 

Sodium 8-carboxylutomet~zyl-6-methy1-2-(2-thir1iyl~-4H-l-herizop~~rar,- 
4-one (13e) 

Yield 94%. Mp 251-253 "C (dec.).- 1R 1710 cm-' (C=O), 1630 (C=O), 
1585-1575 (C=C).- 'H NMR (CDISOCDI) 6 = 2.36 (s, 3 H, 6-CH3), 3.57 
(s, 2 H, CH2CO2Na), 6.73 (s, 1 H, 3-H). 7.26 (d, I H, 4'-H), 7.46 (d, 1 H, 
7-H), 7.63 (d, 1 H, S'-H), 7.89 (d, 1 H, 3'-H), 8.02 (d. I H, S-H).- 13C NMR 
(CDISOCD?) see Table 3. 

Sodium 8-ccrrhoxyluromerhyl-~-1ne/hyl-2-(3-/hir1iyl)-4H-~-be1i~~~pj~a1~- 
4-one (13f) 

Yield 92%. Mp 258-260 "C (dec.).- 1R 1635 crn-' (C=O) 1600 (C=C), 
1575.- 'H NMR (CDISOCD~) 6 = 2.35 (s, 3 H, 6-CH3), 3.53 (s, 2 H, 

(d, 1 H, 4'-H), 7.78 (d, 1 H, 5-H), 8.52 (d, 1 H, 2'-H).- "C NMR (CD3SOCD3) 
CHZCOZN~), 6.84 (s, I H, 3-H), 7.40 (d, 1 H, 7-H), 7.58 (d, 1 H, S'-H). 7.71 

see Table 3. 

Sodium 8-curhoxq.lutomethjl-2-(3filr?..2j-6-nietliy/-4H-I-henzo~~yrun-?-onr 

Yield 91%. Mp 273-275 "C (dec.).- IR 1728 cm-' (C=O), I635 (C=O), 
1575 (C=C).- 'H NMR (CDISOCD-I) 6 = 2.36 (a. 3 H, 6-CH3), 3.56 (s, 2 H, 
CH2CO2Na), 6.66 (s, 1 H. 3-H), 7.12 (d, 1 H, C-H). 7.41 (d, 1 H, 7-H), 7.62 
(d, 1 H, S'-H), 7.83 (d, I H, 5-H), 8.55 (d, 1 H, 2'-H).- "CNMR (CD3SOCD3) 
see Table 3. 

(13g) 

Prepurution cf 2-A ~1-8-(n1erho~ycurbonylnz~~tlz~l)-6~methjI-4H-I- t~~1i~o-  
l~ymn-4-ones 14 

A solution of 12 ( 5  mmol) in anhydrous methanol (20 ml) containing conc. 
H2SO4 (0. I mlj  was heated under reflux for 3 h. After cooling the volume 
was reduced to 5 ml by evaporation and the residue was poured in to ice cold 
water (50 ml). The resulting precipitate was filtered off and washed well with 
10% aqueous NaHCOi and ice cold water then recrystallised from methanol 
to give 14 as colourless crystal. 

8-(Methoxycarbonylmethjl)-6-methyl-2-phe~zjl-4H- I -benzopymn-4-ono 
( 1 4 ~  

Yield 91%. Mp 180-181 "C.- IR 1730 cm-' (C=O), 1640 (C=O). 1610 
(C=C).- 'H NMR (CDCI?) 6 =2.46 (s, 3 H, 6-CH3), 3.76 (s, 3 H. CO2CH3), 
3.96 (s, 2 H, CHZCO~CH~) ,  6.80 (s, I H, 3-Hi, 7.41(d, J = 3, IH, 7-H). 
7.46-7.54 (m, 3 H), 7.89 (m, 2 H), 7.98 (d, J = 3. I H, S-H).- "C NMR 
(CDCII) see Table 3.- MS: m/z (%) = 308 (48) [M']. 280 ( 3 ) ,  250 ( I  I ) ,  249 
(51) 147 (100). Anal. (CiyHih04.0.3 H20) C, H. 

I H, 4'-H), 7.40 (d, J = 3, 1 H, 7-H), 7.56 (dd, J = 8, 2, I H, S'-H), 7.70 (dd, 
J = 5 ,  2, 1 H. 3'-H). 7.93 (d, J = 3, 1 H, S-H).- "C NMR (CDCI?) see Table 
3.- MS; n i t  (5%) = 314 (84) [M'], 286 (8), 255 (60), 174 (43), 147 (100). 
Anal. (Ci7H1404S): calcd, C, 64.95; H, 4.49; found, C, 64.57; H, 3.94. HRMS 
( C I ~ H I ~ O ~ S ) :  calcd, 314.0613; found, 314.0628. 

Preparation of'2-A~l-8-curhoxurnid~nq.ltlii~~-~-n~ethyl-4H- I-henzopyrun 
4-one IiycIrohmmide.\ 15 

A solution of 10 (10 mmol) in  absolute ethanol (40 ml) was stirred while 
a solution of thiourea (15 mmol) in absolute ethanol (20 ml) was added 
dropwise. The mixture was heated under reflux for 5 h, cooled, and evapo- 
rated. Trituration of the resulting semi-solid with dry ether gave a light yellow 
precipitate which was filtered off, washed well with ether, and recrystallized 
from methanol-water (1  :3)  to give 15 as colourless crystals. 

8- iC~rr l io ,~nmir l in~~ l t~~~~)me t l1~ l -~ -1~ze fhy l -2 -phen~ l -4H- l  -he~izo~~?ruri-4-one 
hjdrobroniide (15a) 

Yield 89%. Mp 254-255 "C.- 1R 3400-3260 crn-' (NH), 1650 (C=O), 
1620, 1585.- 'H NMR (CD3SOCD3) 6 =2.43 (5, 3 H. &CHI), 4.88 ( s ,  2 H, 
CH2S). 7.02 (s. 1 H, 3-H), 7.54-7.68 (m, 3 H), 7.76 (d, J = 3, 1 H, 7-H), 7.92 
(d, J = 3, I H, 5-H). 8.1 1-8.16 (m, 2 H). 9.20-9.30 (hr s, 4 H, NH).- I3C 
NMR (CD~SOCDI) see Table 3.- MS; in/: (%) = 324 (18) [M+-HBr], 282 
(13), 249 (45). 147 (100). Anal. (CisHi7BrN202S) C. H, N. 

8-(Curhoxci1~iidin~ltlii~i)1~ierlijl-2-(4'-chloro/~heriyl)-6-riirrliyl-4H- I -henzo 
pyrun-4-one hydmhiwmidr (l5d) 

Yield 929. Mp 244-245 "C.- IR 3300 cm-' (NH), 1630, 1590.- 'H NMR 
(CDCI?) 6 = 2.44 (a ,  3 H, 6-CH3), 4.89 (s. 2 H, C H S ) ,  7.08 ( 5 ,  1 H, 3-H), 
7.68 and 8.16 (AB pattern, J = 12, 4 H), 7.75 (d, J = 3, I H, 7-H), 7.85 (d, J 
= 3, 1 H, 5-H), 9.18 (br s, 4 H, NH).- "C NMR (CDClI) see Table 3.- MS; 
m/z (76) 358 (7) ["CI-M+-HBr], 283 (48), 2 I9 (3). 179 (7), 147 (100). Anal. 
(C1xHlhBrClN202S) C. H, N. 

K-fC~rhoxa1nidinylthio)nietli!.l-6-meth~l-2-(2-thi~nylj-4H- I-benropyr.aii- 
4-011(, hjdrobroniidr (15e) 

Yield 93%. Mp 235-237 "C.- 1R 3410 cn-' (NH), 1655 (C=O), 1620, 
1590.- 'H  NMR (CDCh) 6 =2.42 (s, 3 H, 6-CH3), 4.83 (a, 2 H, CH2S), 6.88 
(~,1H.3-H),7.34(dd,J=8,5,1H,4'-H),7.76(d,J=3,1H,7-Hj,7.82(d, 
J =  3, 1 H, 5-H), 8.02 (dd, .I = 8 ,  2, I H, 3'-H), 8.10 (dd, .I = 5 ,  2 ,  1 H, S'-H), 
9.20 (br s, 4 H, NH).- I3C NMR (CDCl3) see Table 3.- MS; m k  (70) 330 ( I )  
[M+-HBr], 313 ( 3 ) ,  288 (17), 255 (58). 179 (6). 147 (100). Anal. 
(CihHisBrN202Sz.I.S H20) C, H, N .  

In Vitro Chemosensitivity 
A panel of human and inurine tumour cell lines were employed as de- 

scribed in the Results and Discussion section. All cell lines with the exception 
of WEHI-3B and K562 were routinely maintained as monolayer cultures in 
RPMI 1640 medium supplemented with 10% foetal calf serum, sodium 
pyruvate ( I  rnM), penicillin/streptomycin (50  IU rn1-'/50 pg ml-') and 
buffered with HEPES (25 mM). WEHI-3B and K562 cell lines were main- 
tained as suspension cultures in RPMI 1640 as above. Primary bone marrow 
cultures were set up as follows; Bone marrow cells were obtained from the 
fcmurs of non turnour bearing NMRI mice and collccted in RPMI 1640 at 

8-(Metlzoxycurhonylmethyli-2-(3'-n1etho~yphenj/)-6-m~thyl-4H- I -1irri:o- 
pyrun-4-one (14b) 

Yield 87%. Mp 113-1 15 "C.- 1R 1730 cm-' (C=O), 1640( C=O), 1610 
(C=C), 1580.- 'H NMR (CDC13) 6 = 2.45 (5, 3 H. 6-CH3), 3.73 ( s ,  3 H. 
CO~CHI), 3.89 (s, 3 H, 3'-OCH3), 3.96 (s. 2 H, CHzCOzCH?). 6.82 (s. I H. 
3-H).7.06(dd,lH,S'-H),7.40-7.51 (m,4H),7.94(d.J=3,1H,5-H).-"C 
NMR(CDCI~)aeeTable3.-MS:1~~(%)338(100)  [M'], 310(5),279(67), 
147 (90). Anal. (C20HixOs.0.5 H20) C, H. 

4 "C. Cells were cultured in 96 well plates containing RPMI I640 supple- 
mented with 20% foetal callserum and 10% WEHI-3B conditioned medium 
immediately prior to chemosensitivity testing. 

Chemosensitivity was assessed using an MTT assayiz2' following the 
continuous (96 hours) exposure of cell lines to each compound as describe 
below. Between 0.5 and 1 x lo4 viablc cells (BM cells were plated out at 5 x 
lo5 cells per well) were plated into 96 well culture vessels containing 180 pI 
of RPMI 1640 medium. To each well 20 pl of drug solution was added to 
give a final concentration range up to 500 pg ml-' (8 wells per drug exposure 
were used). Following a 4 day incubation at 37 "C in an atmosphere 
containing 5% CO2, 15Opl ofoldmedium was replaced with 150p1 of fresh 
RPMI 1640 immediately prior to the addition (20 p1) of MTT solution 
( 5  rng r n 1 - I ) .  Following a further 4 hour incubation at 37 "C, 180 p1 of 

8-(Metho~xj~~arbonylme/h~l)-6-m~~tli~l-2-~2-rl1ier~~l)-4H-I -benzopyrun- 
4-one (14e) 

Yield 90%. Mp 165-166 "C.- IR  1720 cm-' (C=O), 1640 (C=O), 1610 
(C=C), 1580.- 'H NMR (CDCI3) 6 = 2.46 (s, 3 H, 6-CH3), 3.74 (s. 3 H, 
C02CH?), 3.93 (s, 2 H. CHKOKH?),  6.66 (s. I H, 3-H), 7.17 (dd, J =  8,s. 
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medium was removed and discarded from each well and thc formazan 
crystals dissolved in 150 1.11 of DMSO. Absorbance of the resulting solution 
was read at 550 nm using an E1,ISA spectrophotometer. All results were 
expressed in terms of % survival taking the control absorbance values to 
represent 100% survival. From the dose response curves constructed, JCso 
(the concentration required to reduce cell survival by 50%) values were 
estimated. 

Anti-Tumour Activity in Vivo 
Pure strain NMRI mice were used from the Bradford Clinical Oncology 

Unit inbred colony. NMRI mice were housed in cages in an air conditioned 
room where regular alternate 12 hr cycles of light and darkness were 
maintained. Animals were supplied with pellet diet (CRM Labsure, Croydon, 
UK) and water ad libitum. 

The development of several adenocarcinoma of the colon in NMRI mice 
from primary tumours induced by the prolonged administration of 1,2-di- 
methylhydrazine has been described elsewhere'231. Chemotherapy began 
when tumours had reached a size that could be accurately measured and had 
an established vasculature. Anti-tumour activity was assessed by tumour 
weights and all tumours were of comparable size. All drugs were adminis- 
tered intraperitoneally at comparable doses to FAA. Drug vehicles differed 
depending on the analogue used, brief details of which are outlined below; 
12a,e,f,g were administered in 20% Cremophodsaline; 12b,c were adminis- 
tered in 10% NaOH (0.1 M)/saline; 14a,b,e, 15a,d,e were administered in 
arachis oil, and finally 13a,b,e,f,g were administered in saline. FAA 1 was 
administered in 20% Cremophor/saline, saline + NaOH, and arachis oil as 
positive controls. 

Statistical anal sis was performed using one way analysis of variance on 
tumour weights' 'I. Where significant differences between mean tumour 
weights were obtained Tukeys test'"' was performed to determine whether 
or not treated tumour weights were significantly different from control 
tumour weights. 
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Synthesis and cytotoxicity of shikimate
analogues. Structure: activity studies based on
1 -crotonyloxymethyl-3R, 4R, 5R-
trihydroxycyclohex-2-enone

Omar Aghil,l Mike C. Bibby,2 Simon J. Carrington,l
John Double,2 Kenneth T. Douglas,l Roger M. Phillips2
& Tony K.M. Shing3
lDep-artment of Pharmacy, (Jniversity of Manchester, Manchester, M13 gPL, UK,
and2Clinical Oncology (Jnit, (Jniversity of Bradford, Bradford, BD7 lDP, UK,
and'Department of Chemistry, The Chinese University of Hong Kong, Shatin, NT,
Hong Kong

Summary: Syntheses are described for and structure:activity studies undertaken of
the anti-tumour activity of (2-crotonyloxymethyl-(4R,5R,6R)-4,5,6-trihydroxycyclo-
hex-2-enone) (1) and its analogues 1-crotonyloxymethyl-(3R,45,5R)-3,4,5-trihy-
droxycyclohex-1-ene (3), 1 -crotonyloxymethyl-(3R,4S,5S)-3,4,5-trihydroxycyclo-
hexene (a) and 2-crotonyloxymethyl-2-cyclohexenone (5), which differ from 1 in the
presence/absence of the cyclic keto group and/or the stereochemistry at one of the
-OH bearing carbon atoms. None of the above compounds, including 1, directly
inhibited glyoxalase I, isolated for the first time to homogeneity from rat Yoshida
sarcomas and for which a purification protocol was developed. The apparent inhibition
of glyoxalase I by I and 5 (but not detected for 4 or 3) could be explained by reaction
of I and 5 with the glutathione present in the assay buffer and the consequent de-
pletion of substrate. I and 5 were found to react readily with glutathione whereas 4 and
3 did not react . Invitro chemosensitivity studies against a panel of tumour cell lines of both
mouse and human origin showed that in parallel with their thiol reactivity, I and 5
exhibitedsignificantinvitrocytotoxicitywhereas4and3didnot. Concentrationsof drug
requiredto cause 50% cell kill (ID5evalues) were in the range0.5-19 prrl (0.1-2.8 pg/ml)
for 5, and 3-44 pvt (0.7-10 pg/ml) for 1. The structural features causingthe differences in
antitumour effects were localized on this basis to the ct,B-unsaturated ketone linkage as
opposed to the stereochemistry of the (trihydroxy) alcoholic sites.

Introduction

Glyoxalase I controls the first step in the detoxification of the indigenously formed
cytotoxin, methylglyoxal, by catalysing the rearrangement of the hemithiolacetal formed
from the ct-ketoaldehyde with glutathione to give S-lactoylglutathione, which is then
hydrolysed under the catalysis of glyoxalase II to give o-lactace and glutathione (GSH).

A number of proposals have appeared suggesting that glyoxalase I inhibitors might
have useful anti-cancer activity (these have been summarized by Douglas & Shinkai,
1985) and there are certainly indications that glyoxalase I may be a useful anti-cancer
target enzyme (Takeuchi et aI.,1975; Douglas & Shinkai, 1985). The most straightfor-
ward rationale for anti-cancer activity of glyoxalase inhibitors is that they would induce a
build-up of the a-ketoaldehyde substrate, a substance cytotoxic in its own right (Vince &

Correspondence: K. T. Douglas
Received l3 June 1991; accepted 3 October 1991
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GSH+CH3COCHO z CH3COCH(OH)SG
slvoxalase I I

J
cH3cH(oH)cosc

glyoxalase II 
I

J
cH3cH(oH)cor- + csH

Wadd, 1969). With this in mind, several groups have been searching for glyoxalase
inhibitors, using a variety of approaches.

ln 1975 a glyoxalase inhibitor from Streptomyces griseosporeus was found to be both
cytotoxic and cancerostatic (Taketchi et a1.,1975; Chimura et aI.,1975). As a result
there has been continued interest in this, 2-crotonyloxymethyl-(4R,5R,6R)-4,5,6-
trihydroxycyclohex-2-enone (1) (Sugimoto et a|.,7975; Takeuchi et al.,1975).

Early reports established that 1 reacts rapidly with thiols, including GSH, and this was
proposed as the origin of the anti-glyoxalase action (Chimura et a|.,7975;Takeuchi et al. ,
teTs).

Total syntheses of I have been reported by a number of laboratories (Morza et al.,
1985; Takayanra et a|.,1986; Shing & Tang, 1990) but without any biological study. Few
analogues of I have been studied. However, the alcohol 2 from which 1 is derived is
identical with KD16-U1 (Tatsuta et al., 1974) from S. filipinensis, but this is reported to
have no biological activity (Chimura et al., 1975). Recently a synthetic analogue, 1-
crotonyloxymethyl-(3R,45,5R)-3,4,5-trihydroxycyclohex-1-ene, (3) had been reported
to have no anti-bacterial or anti-neoplastic activities (Jung, 1987). Relative to 1, deriva-
tive 3 differs in two obvious structural features: the absence of the 1-keto function and
the reversed stereochemistry at C6.

To dissect out the minimal structural requirements for biological activity we syn-
thesized 1 (Shing & Tang, 1990), 3 and analogues (1-crotonyloxymethyl-(3R,4S,5S)-3,4,5-
trihydroxycyclohexone (a) and 2-crotonyloxymethyl-2-cyclohexenone (5).

In the present paper we define which parts of molecule I are necessary for its cytotoxic
activity and clarify the nature of the glyoxalase effects reported for 1 (Chimura et al.,
1975). We report on the reactivities towards thiols and glyoxalase I from tumour cells,
along with in vitro anti-tumour activities in a number of cell lines for this series of
compounds, 1 and 3-5. As the sensitivity of glyoxalase I to inhibitors is markedly
dependent on the biological source of the enzyme (Douglas et a|.,1985) we chose to
isolate glyoxalase I from a tumour source readily available to us, namely rat Yoshida
sarcoma. We used glyoxalase from a tumour source, as little work has yet appeared on
inhibition of glyoxalase purified from tumours; mostly, studies have used human erythro-
cyte or rat liver enzyme, and there are some variations in inhibitor strength according to
enzyme source (Douglas et al., 1985).

The National Cancer Institute now uses an in vitro screen based on human cancer cell
lines. We support the idea of using model systems that resemble the clinical situation in
that they should be refractory to standard agents (Bibby et al.,1988), and have therefore
selected a panel of human and mouse tumour lines that are resistant to standard agents as
tools to investigate the potential anti-cancer activity of these compounds. The inclusion
of the mouse cell lines (Phillips et al., 1990) could facilitate in vivo evaluation of
interesting structures and the inclusion of mouse bone marrow should identify those
compounds that are simply cytotoxic.

Materials and methods

Melting points were determined on a Kofler microscope (Reichert, Austria) or a Gal-
lenkamp melting point apparatus with digital thermometer. Optical rotations were

(1)
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measured using the sodium D-line on an AA-100 electron polarimeter (Optical Activity
Ltd). UV and IR spectra were recorded on either a Pye Unicam SP-200 spectrophoto-
meter or a Perkin-Elmer 1710 Infrared Fourier Transform spectrophotometer as thin
films. Absorptions are quoted as the points of maximum absorption in wavenumbers v
("--'). Sodium chloride plates were used for liquid films, solid films (KBr disc) and
Nujol mulls.

NMR spectra were recorded on either a Perkin-Elmer (60 MHz for 1H) spectrometer,
Bruker WP80 spectrometer (at 80MHz for 'H) or Varian SC300 instrument (300MHz
for iH). Chemical shifts (values in 6) were related to tetramethylsilane (TMS) as internal
standard. Mass spectra were recorded in the Department of Chemistry at the University
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of Manchester on a Kratos MS20 instrument coupled to a DS55 data system for mass
determination, or on a Kratos MS25 instrument coupled to a DS55 data system for
chemical ionization determinations (CI), using ammonia as the ionizing reagent. All
syntheses were monitored by TLC on glass plates precoated with fluorescent Kieselgel
Grso (E. Merck, Darmstadt, Germany). The compounds were visualized by exposure to
iodine vapour, by treatment with 5% w/v dodecamolybdophosphoric acid in ethanol and
subsequent heating or under UV light. Flash chromatography was carried out using
Merck Kieselgel 60, 230-400 mesh. Organic solvents were dried appropriately before
use.

All buffers were prepared using glass-distilled, deionized (Millipore Milli-Q system)
water and AnalaR, or equivalent quality, reagents.

Protein solutions were concentrated by means of an Amicon ultraflltration apparatus
using a PM10 membrane or, in the latter stages of the puriflcation, a Sartorius Vacuum
ultraflltration system using a collodion bag (nominal molecular weight cut-off 12400). All
column chromatography was performed using a Pharmacia FPLC system to control
gradients and monitor eluates. A Sorvall RCSB Superspeed centrifuge fltted with an
SS34 rotor was used for all centrifugations.

Glyoxalase I was purified to homogeneity from male rat Yoshida sarcomas (drug-
sensitive), essentially along the lines of Marmstal & Mannervik (1979), for isolation of
the eponymous enzyme from rat liver. All chromatographic media were from Pharmacia
LKB Biotechnology and were prepared prior to use according to the manufacturer's
instructions.

Glyoxalase I was assayed spectrophotometrically using methylglyoxal and GSH as
substrates, as previously described (Douglas et al . , 1985) . Methylglyoxal was purified and
assayed before use as described (Douglas et a|.,1985); GSH (from Sigma Chemical Co.)
was used as received and its thiol titre determined by Ellman titration (Riddles er a/.,
1983). Protein concentrations were measured using the Bio-Rad protein assay (Brad-
ford, 1976).

Purification of glyoxalase I
All steps were performed at 4'C. Buffer A was sodium phosphate (10mM, pH 6.1) and
buffer B Tris-HCl (50mu, pH 7.8).

Step 1: preparation of tumour homogenate. Yoshida sarcomas (drug-sensitive) were
dissected from male rats, trimmed to remove connective tissue and fat. and homogenized
in sucrose solution (0.25u containing 0.1mv phenylmethylsulphonyl fluoride) to give a
l0% (wlv) homogenate. This homogenate was centrifuged (80009, 40min) and the
supernatant retained. The pellets were resuspended in sucrose solution, stirred for
10min, recentrifuged (80009, 40min) and the supernatant retained. The combined
supernatants were adjusted to pH5.5 with acetic acid (0.2na), stirred for 5min and
centrifuged (80009, 40min).

Step 2: CM-Sephadex chromatography. The centrifugate from step 1, diluted with an
equal volume of buffer A, was loaded onto a CM-Sephadex C-25 column (5 x 20cm)
pre-equilibrated with buffer A. Under these conditions glyoxalase I was not absorbed
onto CM-Sephadex. Consequently, elution was effected isocratically using buffer A.

Step 3: DEAE-Sephadex chromatography. The pooled, active fractions from step 2
were concentrated (Amicon) before loading onto a Sephadex G-25 (medium) column
(5 x 28cm) equilibrated with buffer B, to achieve buffer exchange prior to anion ex-
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Figure 1 Gradient elution of rat Yoshida sarcoma glyoxalase .I from DEAE-
Sephadex A-25.The sample was applied to the DEAE-Sephadex A-25 column (2.6 x
15.0cm) and washed with buffer B (100m1). Elution was achieved with a linear
gradient of NaCl (0-0.2u, 350ml) in buffer B (see text for details). The NaCl gradient
is represented by a dashed line. Fractions (5.0m1) were collected and absorbance at
280 nm (r) and glyoxalase I activity (1) measured

change chromatography. After concentration (Amicon), the pooled active material from
the G-25 step was loaded onto a DEAE-Sephadex A-25 column (2.6 x 15cm) pre-
equilibrated with buffer B. The column was washed with buffer B (100 ml) before eluting
with a linear gradient of NaCl (0-0.2rr,r,350mI) in buffer B (Figure 1).

Step 4: Sephadex G-100 chrowtatography. The active fractions from the previous step
were combined, concentrated (Amicon) and loaded onto a Sephadex G-100 (superfine)
column {2.6 x 92cm) equilibrated with buffer B. The pooled, active fractions from
Sephadex G-100 chromatography (Figure 2) were concentrated (Sartorius collodion
bags) and stored in aliquots at -80"C at a concentration of -2mglml, in the presence of
I0"/. (vlv) methanol as a stabilizing agent (Sellin et aI.,1980).

A summary of the purification protocol is given in Table I.

In vitro chemosensitivity

The cytotoxic properties of shikimic acid analogues were evaluated against a panel of
established murine and human tumour cell lines. These included the following cell lines:
MAC 15A, derived from an ascitic murine adenocarcinoma of the colon (MAC); MAC
26, derived from a slow-growing, well-differentiated murine adenocarcinoma of the
colon; WEHI-3B, a myelomonocytic leukaemia derived from BALB/c mice which had
undergone repeated mineral oil (paraffln) injections (Warner et al.,1969); K562, which
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Figure 2 Elution of rat Yoshida sarcoma glyoxalase I from Sephadex G-100 (super-
fine). Sample was applied to the Sephadex G-100 column (2.6 x 92.0cm) and eluted
with buffer B (see text for details). Fractions (5.0ml) were collected and absorbance at
280nm (r) and glyoxalase I activity (o) measured

was derived from a human chronic myelogenous leukaemia (Lozzio & Lozzio, 1915);
HRT-18, derived from a human primary adenocarcinoma of the human rectum (Tomp-
kins er aI.,1974); and DLD-1, HT-29, HCT-18 and HCLO, all derived from primary
adenocarcinomas of the human colon (Fogh & Trempe, 1975;Dexter et a|.,1979). Al1
cultures were routinely maintained as monolayer cultures (with the exception of K562
and WEHI-3B, which do not adhere strongly to plastic culture vessels) in RPMI 1640
culture medium supplemented with 10% foetal calf serum (heat inactivated at 56"C for
20 min), Na pyruvate (1mtvl) and penicillin/streptomycin (50IU ml-1), and buffered using
HEPE,S.

Chemosensitivity in vitro was assessed using a microtetrazolium (MTT) assay (Twenty-
man & Luscombe, 1987).

Derivatives 3 and I were soluble in saline (0.9% wlv) whereas 4 and 5 were soluble in
57" ethanol/saline. To each well 20 pl of drug solution was added to give a final drug
concentration ranging from 0.1 to 100pg/ml at four log increments. Solvent controls
were used throughout, and the first row of each plate contained media plus drug in the
absence of any cells. Each point was repeated eight times (i.e. eight samples were taken
for each dose), and cytotoxic effects are expressed in terms of per cent survival, taking
the optical density of the control plates to represent 100% survival.

Synthetic

Derivative l was from a separate investigation (Shing & Tang, 1990). Derivatives 4 and 5
were synthesized as summarized in Schemes I and II respectively. Analogue 3 was
synthesized essentially as outlined by Jung (1987), but the crotonylation stepwas cata-
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Table I Purification data for glyoxalase I from rat Yoshida sarcoma

Fraction Volume Total Total
(*1) protein glyoxalase I

content activity
(-g) (pmol/min)

Specific Activity
activity yield
(pmol/ (%)

min.mg)

Purification
factor
(fold)

Tumour homogenate
CM-Sephadex C-25

(after concentration)
Sephadex G-25

(after concentration)
DEAE-Sephadex A-25

(after concentration)
Sephadex G-100

and final concentration

28

20

2.6

2.5

32.4

157.5

Specific activity is defined as pmol of hemithiolacetal substrate converted to thiolester per min per mg of
protein present (Douglas et al.,1985).

lysed by N,N-dimethylaminopyridine instead of pyrrolidinopyridine (in a manner analo-
gous to that described for 13 below), and the acetonide deprotection was carried out in
50ol" aqueous trifluoroacetic acid (room temperature, 2 h) instead of by means of Dowex
resin (H' form).

Synthesis of 1-crotonyloxymethyl-(3R,45,55)-3,4,5-trihydroxycyclohexene 4

The synthesis of the ester (4) was carried out in seven steps, starting from (-) shikimic
acid (6) according to Scheme I, with an overall yield of 17%. Thus, methyl(3R,4S,5R)-
3,4,s-trihydroxycyclohexene-1-carboxylate (7) (Fischer & Dangschat, 1934) was con-
verted to methyl (3R,45)-3,4-O,O-isopropylidene-5R-hydroxy-1-cyclohexene-1-car-
boxylate (8), which was converted to 9 by PCC and NaBHa as follows.

Methyl (3R,45)-3,4-O,O-isopropylidene-S5-hydroxycyclohexene-l-carboxylate (9). To
a solution of the acetonide 8 (850mg, 3.73mmol) in dry dichloromethane (50mI) was
added pyridinum chlorochromate (2.41g, 11.18 mmol) and 3 A molecular sieve powder
(I2.7g). The mixture was stirred for th at room temperature and the formation of the
ketone detected by means of iodine vapour on TLC. When conversion of the alcohol into
the ketone was complete, dry ether (50 ml) was added. The resulting mixture was filtered
through silica gel 60, the silica gel washed with ether to remove bound product and the
filtrate concentrated to an oil, which was taken up in methanol (10mI), and the solution
cooled to 0'C. Sodium borohydride (75.3mg,1.99mmo1) was added slowly with stirring
and the mixture stirred at 0"C for a further hour. Acetic acid (0.5 ml) was added to
destroy excess NaBHa, followed by extraction with dichloromethane (3 x 30ml). The
combined extracts were dried over magnesium sulphate and the suspension filtered.
Removal of solvent from the filtrate gave an oil, which was purified by flash chromato-
graphy on silica gel fethyl acetate:petroleum ether (l:lv/v)] to yield the alcohol 9
(292.2mg,72"L): ["]# : -31.0'(C 0.55 in CHCI3): ["]# : -0.33 (C 0.66 in CHCI3)
(Takahashi et al., 1989), Rr 0.33 [ethyl acetate:petroleum ether]; u-u* (CHCI3 film)
3443cm'(OH), 1718 cm-1 (C:O, ester);6H (300MHz, solvent CDCI3); 1.38 and 1.14
(together 2s, 6H, 2Me), 2.49 (1H, dddd, /s"- 16.7 Hz, H-'6), 2.65 (1H-1ddd, /g.-
76.7H2 H-6), 3.78 (3H, s, OCH3), 3.95 (1H, ddd, -fs,,6 5.0 Hz, Hs.68.lHz,H-5),4.42
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(1H, dd, Ja.55.8Hz,H-4),4.74 (1H, m, h,4 .lHz,J3,6l.8Hz,J2,6,l.sHz,H-2);mlz
(ct),246 (39.9%, MNHf), 229 (31%, MH*), 2t3 (25.2%, M*-Me).

l-Hydroxymethyl-(3R,45)-3,4-O,O-isopropylidene-55-hydroxy-l-cyclohexene (10). Di-
isobutyl aluminium hydride (DIBAL-H) in toluene (6.1mI of 1.5l,r,,9.zlmmol) was
added to a solution of 9 (400 mg, 1.75 mmol) in tetrahydrofuran (15 ml) and the mixture
maintained at 0'C under nitrogen. After t h, reaction was complete and was quenched
with saturated aqueous NH4CI, and the reaction mixture filtered through Celite. The
filtrate was extracted with ethyl acetate (3 x 10ml). The combined organic phase was
dried over magnesium sulphate and concentrated. The residue was purified by flash
chromatography on silica gel [chloroform:ethanol (9:1 v/v)] to give the diol l0 (249mg,
7l'h) as a colourless oil. R10.28 [chloroform:ethanol (9:1 v/v)]; 6H (300MH2, solvent
CDCI3); 1.39 and 1.41(6H,2s,2Me),2.1(lH, ddd, H-6'), 2.3 (l}{, ddd,,rg"- 16.8H2,
H-6), 3.90 (1H, dt, J5,65.2H2,15,6,9.0H2, H-5), 4.10 (2H, s, CH2),4.31(1H, dd,,f4.5
5.9H2, H-4), 4.67 (1H, m J3,4 4.5H2, 13.6 1.6H2, J3,6, 1.5H2, H-3),5.78 (lH, m. /2..r
2.8H2, J2.61.8H2, J2.6,7.4H2,H-2); mlz (CI), 218 (5.6%, MNHi).

1-Crotonyloxymethyl-(3R,45)-3,4-O,O-isopropylidene-5 S-hydroxy-1-cyclohexene (ll).
A solution of dicyclohexylcarbodiimide (DCC; 337.3mg, 1.6mmol) in dry dichloro-
methane (3ml) was added to a mixture containing 10 (218m1, 1.19mmol), crotonic
acid (1032mg, 1.14mmol) and 4-dimethylaminopyridine (20mg) in CH2C12 (5 ml). The
mixture was stirred at room temperature for 24h. TLC examination showed a single
product. The mixture was then filtered through Celite and purified byflash chromatography
on silica gel [petroleum ether:ethyl acetate (1:1 v/v)]. Removal of solvent gave the ester
(ll; 157 mg, 53'/") as a thick oil. R1 0.31 [ethyl acetate:petroleum ether (1:1 v/v)]; v-u*,
3433cm-1(OH), 1722cm-l(C:O, ester); 6H (300MH2, solvent CDCI.); l.41aid.l.44
(6H, 2s, 2Me), 1.97 (3H, dd, J 6.9 and 1.7 Hz, CH3), 2.20 (7H, qd, H-6), 2.40 (1H, ddd,
H-6'),3.97 (1H, dd,,15,6 5.5Hz,H-5),4.47 (1H, t, l1.s6.]}fz,H-4),4.64 (2H, s, CH2),
4.72 (lH, dd, J3,44.5H2, J3,61.6H2, h,6,1.5H2,H-3),5.64 (7H, br s, H-2), 6.02 (1IH,
dq,J15.6andl.7HzolefinH),7.14(1H, dq,"I15.6and6.9Hz,olefinH);mlz (CI),286
(10.9%, MNH4*), 253 (2.2%, M*-CHj).

1-Crotonyloxymethyl-(3R,45,55)-3,4,5-trihydroxycyclohex-1-ene,4. A solution of acet-
onide ester (ff) (100mg,0.37mmo1) in aqueous trifluoroacetic acid [5ml (1:1 v/v)]was
stirred for 2h at room temperature, solvent removed under reduced pressure and the
residue purified by flash chromatography on^silica gel [ethyl acetate:methanol (4:1 v/v)]
to yield the ester (7; 84.4mg, 100%); [cr]fl -a8.0 (C 1.0 in EtOH); Rs 0.50 [ethyl
acetate:methanol (4:1 v/v)]; u-u* 3474 cm-l (OH), 1677 cm-1 (C:O); 6s (300MH2,
solvent CD3OD); 1.97 (3H, dd, J 2 and6.0Hz, C}{),2.41 {2H, m,,fs.- 15.5 Hz, H-6 and
H-'6), 3.90 (1H, nt, Jq,s 3.2H2, 124,6, 9Hz, H-4), 4.04 (lH, m, Js,o 4.9H2, H-5), 4.06
(1H, br s, -/3,a 3.8 Hz, J 3.6 1.4H2, h5, 1.5 Hz, H-3) 4.56 (2H, s, CH2), 5.7 4 (lH, brd, J 2.3
3Hz,H-2),6.01 (1H, dq,J 74 and 1.8H2, olefin H),1.13 (1H, dq, I l4.5Hzand6.3Hz,
olefin H); mlz, (CI),246 (20.9% MNHf), 228 (217%, M+. Found C 57.9, H7.1%;
C1iH16Os requires C 57 .9, H, 7.0.

Synthesis of 1-crotonyloxymethyl-(3R,45,5R),3,4,5-trihydroxycyclohex-l-ene,3. The
synthesis of 3 was achieved in five steps from (-)-shikimic acid, according to Scheme 1
(overall yield23"/"), to give 1-crotonyloxymethyl-(3R,45,5R)-3,4,5-trihydroxycyclohex-
1-ene as white crysta_lS, ffi.p. 75-77"C (Jung (1987) gives m.p. 76-77'C); [ct]frs -tZO'C(C 0.15 HzO),{["]# -122"C (0.1 in HrO) (Jung, 1987)] Rr0.55 [ethyl acetate:metha-
nol (4:1 v/v)]; u*u",3365cm-l (OH), 1713cm 1(C:O); SH (300MH2, solventDzO);
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Scheme I Synthesis of COmT (4) and COMD (3)
Reagents (yield of step given in parentheses): (i) MeOH, HCl, reflux (69%); (il)
acetone, p-toluenesulphonic acid, RT, (88); (iii) pyridinium chlorochromate, molecu-
lar sieve powder, CI{zCl2 R, (5a%); (iv) MeOH, NaBHa, Q2%); (v) DIBAL-H,
THF,0'C, (71%), (vi) CH2C12, DCC, DMAP, crotonic acid, RT, (53%); (vii) 50%
aqueous TRA, RT, 2h (100%); (viii) DIBAL-H, THF, 0"C (88%); (ix) crotonic acid,
DCC, DMAP CH2C12 @3%); (x) 50% aqueous TFA, RT (100%)
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1.88 (3H, dd, J 2 and 6Hz, C}{), 2.40 (2H, ABq, "IA,B 15 Hz, H6 and H6') 3. 90 (1H, m,
15,6, 5Hz, Js.43.LH2, H-5), 4.30 (1H, t, Ja,53.lHz,H-4),4.45 (2H, s, CH2), 5.05 (1H,
dd, J3,43.7 Hz, H-3), 5.70 (1H, br s, 1233.lHz,H-2),5.89 (1H, dq, J 74.5 and2.3Hz,H-
olefin), 7.10 (1H, dq, J 14.5 and 6.3H2, H-olefin); mlz, (CI),247 (32.0% MNHi).
Found C 57 .9"h, H 7 .l; CrlHj6Os requires C 57 .9, H 7.0.

Synthesis of 2-crotonyloxymethyl-cyclohex-2-enone (5)

The enone 5 was obtained from 1-bromo-2-cyclohexenone (Shih et a1.,1980) with an
overall yield of 40% (Scheme II).
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Scheme II Synthesis of COMC
Reagents: (i, ii) Br2, CCia, pyridine,0'C, (69%); (iii) ethylene glycol, H*, benzene,
(22%); (iv) n-Buli, THF, DMF, -78'C, Qa%); (v) CdC13, NaBHa, MeOH, -78'C,(78%); (vi) oxalic acid, H2O, CH2CL2, (90%); (vii) crotonic anhydride, pyridine,
DMAP, CH2C12, e2%)

2-Formaldehyde-cyclohex-2-enone ethylene ketal (16). A solution of n-butyllithium in
hexane (5.2ml of 0.6u, B.34mmol) in tetrahydrofuran (5ml) was stirred for 10min at
-78'C. 1-Bromo-2-cyclohexenone ethylene ketal (Shihet aL, 1980) (15) (0.7 g,3.27 mmol)
in THF (5 ml) was added to the stirred solution and stirring continued for 20 min at
-78"C. Dimethylformamide (0.5 ml) was added, the reaction mixture allowed to come to
room temperature, saturated aqueous NH4CI (10 ml) added and the mixture diluted with
diethyl ether (20m1). This mixture was washed with water (3 x 10ml) and brine (2 x
10 ml), and then dried over MgSOa. Solvent was removed and the residue was purified by
flash chromatography on silica gel [petroleum ether:ether (1:1, v/v)] to the aldehyde 16
as an oil (0.4g, 74%). Rr 0.55 [ethyl acetate:petroleum (1:1 v/v)]; SH (300MH2, solvent

5

Io (i,ii) <Yt (iii)
---------) \-/ ------)
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CDCI3); 1.8 (4H, br m,2 x CH2), 2.35 (2H, m, CH2), 4.74-4.30 (4H, m, 2 x CHr),6.99
(1H, t, J 4.2H2), 9.46 (1H, s); mlz (CI), 169 (81.7"/", M*H).

2-Hydroxymethyl-cyclohex-2-enone ethylene ketal (17). The aldehyde 16 (100mg,
0.59mmol) and cerium (III) chloride (221mg,0.59mmol) were dissolved in methanol
(10mI) and the solution cooled to -78'C. Sodium borohydride (24.5mg,0.65mmol) in
ethanol (5 ml) was added in small portions over a period of 2 hr. When the addition was
complete, the mixture was stirred for another 15min, by which time TLC showed that
reaction was complete. The mixture was diluted with CH2C12 (20m1), washed with
aqueous NaHCO3 (2 x 20ml) and brine (2 x 20ml), and the organic layer dried over
MgSOa. Removal of solvent and purification by flash chromatography on silica gel
[petroleum ether:ether (1:1, v/v)] gave the alcohol 17 (15mg,78"/") as a clear syrup. R1
0.23 [petroleum:ether (1: v/v)]; v-u*,3403cm-r (OH); SH (300MH2, solvent CDCI3);
7.60-2.2 (6H, m), 2.30 (br s, OH) 3.8 (4H, m),4.2 (2H, s, CH2), 6.05 (1H, t, J 3.8H2);
mlz (EI),171(0.9%, M*H), 753 (6.4%, M+-OH).

2-Hydroxymethyl-cyclohex-2-enone (18). The alcohol 17 (75mg,0.44mmol) and oxalic
acrd (124 mg, 1.32mmol) were dissolved in a mixture of CH2CI2-H2O (1:1, v/v) (10ml)
and left to stir at room temperature for 18h. The reaction mixture was diluted with
CH2CI2 (10ml), washed with brine (2 x 10ml) and the organic layer dried over MgSOa.
The solvent was removed and the residue purified by column chromatography on silica
gel [petroleum ether:ether (1:3, v/v)]to yield the alcohol (18) (50mg,90%) as an oil;R6
0.21 [petroleum ether:ether (1:3, v/v)];u-u* (CHCI3, liquid film) cm 1,3450 (OH), 1715
(C:O) ester. 611 (300MH2, solvent CDCI3); 1.90-2.07 (2H,m),2.4-2.55 (4H,m),4.20
(2H, s), 6.85 (1H, t, J 3.7H2).

2-Crotonyloxymethyl-cyclohex-2-enone (5). The alcohol 18 (50mg, 0.39mmol), croto-
nic anhydride (122mg,0.19 mmol) and ^Ay',N-dimethylaminopyridine (DMAP) (10mg)
were dissolved in CH2CI2 (10m1). Pyridine (0.5mI) was added, the mixture stirred at
room temperature for 2h and then diluted with CH2CI2 (10m1). The reaction was
quenched with saturated aqueous NH4CI (10 ml) and extracted with CH2CI2 (2 x 10 ml).
Drying the organic layer and removal of the solvent gave a residue which was purified by
column chromatography on silica gel 60 [petroleum ether:ethyl acetate (1:1.5, v/v)] to
produce 5 (70mg, 92%) as a clear syrup. R10.6 [petroleum ether:ethyl acetate (1:1.5 (v/
v)]; y-n* 2946cm-1 (CHr), 172lcm 1 (C:O) conjugate; 6H (300MHz, solvent CDCI3);
1.85 (3H, dd, J 2.3 Hz and 6.1.H2, CH3),2.0 (2H, m, CH2),2.45-2.55 (4H,2 x CH),
4.15 (2H, s, CH2OH), 5.85 (1H, dq, ,I5 Hz and 2.5H2, olefin H), 6.9-7.05 (2H, m, H-3
and olefln H); mlz (EI), 195 (100"/", MH), (CI), 212 (67.0%, MNHf), 195 (100%,
M*H). Found C 67 .6, H 7 .l%. C11H14O3 requires C 68.0, H 7 .2.

Results

Rat Yoshida tumour glyoxalase I
Glyoxalase I from rat Yoshida sarcoma had a specific activity (at pH 6.60,25'C) of 866
pmol of substrate converted per min per mg of protein comparable to that reported for
normal rat liver (Marmstal & Mannervik,7979) (950 pmol/min.mg). The enzyme was
homogeneous, as judged by sodium dodecylsulphate-polyacrylamide (10-18% gradient)
electrophoresis. The molecular weight of the purified enzyme (using Sephadex G-75
Superflne) was 46700 for the active dimer. Under denaturing conditions (SDS) the
molecular weight of the monomer was found to be 25000 daltons, from a plot of relative
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mobility versus log16 (molecular weight) for a series of protein standards spanning this
value. The dimer molecular weight for glyoxalase I from normal rat liver is 46000 daltons
(van der Jagt, 1989) and 50000 daltons for enzyme from rat erythrocytes, brain and
kidney (Ardnsson & Mannervik, 1977). Glyoxalase I from mouse PC 6 tumour (L.
feywbrih & K.T. Douglas, unpublished results) has a molecular weight (dimeric form)
of 4+ SOO daltons-close to the value for the enzyme for normal liver of mouse (Kester &
Norton, 1975; Oray & Norton, 1917). Thete is a report of a higher molecular weight
(60000 daltons) glyoxalase I isolated from the livers of mice bearing lymphosarcomas
(Strzinek er ql.. 1972).

Reactivity of derivatives towards the glyoxalase I system

Detailed studies of I with rat Yoshida sarcoma glyoxalase I showed an apparent IC56 of
8.8 x 10 awl in pH 7.40 phosphate buffer containing 0.13u methylglyoxal and 0.04u
GSH equilibrated to form the hemithiolacetal. 5 had an IC56 of 3.i x 10.tt't under
similar ionditions. Both I and 5 were shown to react with GSH under these conditions. 1

has been reported to react with thiols (Chimura et a|.,1975; Takeuchi et aI.,1975). We
have confirmed this spectrophotometrically; the UV spectrum of I (in the absence of
methylglyoxal) changed on addition of GSH with a concomitant loss of Ellman's titratable
SH gioups. This was also so for 5, followed in the 220-320nm region over-20min. The
absorbance decreases with time at wavelengths (\iro.6."1i", where \isosbestic : 239 nm and is
the isosbestic wavelength observed for this reaction under these conditions. The reaction
was also followed by TLC (two solvent systems: A, petroleum ether:ethyl acetate 1:1.5, v/v;
B, butanol:aceticacid:water 4:7'.1,,v/v) using0.025 mmol of 5with 1 mol equivalentof GSH
in atotalvolumeof 5.0 mlinpH T.4phosphatebuffer (0.05 v)whichwas 10% v/vin ethanol.
Reaction was complete within 45 min, a new produci appeared, wittr Rf : 0.18 and R! :
0.35, and >99% of free -SH was lost (Ellman's titration).

Under similar conditions 4 and 3 (0.09 mmol) and GSH in pH 7.4 phosphate buffer
(0.05 v) in the presence of 20o/" vlv of ethanol (to ensure solubility) showed no reaction-
by TLC (solvents A and B) over 3 days, during which period there was only 157o loss of
Eilman-titratable thiol. It is unlikely that the presence of 20'/" EIOH (as opposed to 10"h
for 1 and 5) would signiflcantly alter reactivities in this essentially very polar medium.

The glyoxalase I-catalysed reaction of methylglyoxal detoxification is shown in equa-
tion (1), in which a non-enzymatic equilibrium exists between free GSH and methylglyoxal
on the'one hand and the enzymatic iubstrate, the hemithiolacetal, on the other (Douglas
& Shinkai, 1985). All of the inhibition of glyoxalase I shown by I and 5 could be
explained by depletion of the GSH level in the assay leading to a decrease in the
concentration of the hemithiolacetal substrate in equilibrium with it. Pre-incubation of 5
with GSH pre-formed the glutathione conjugate, but the conjugate showed no inhibition
of either rit Yoshida or yeast glyoxalase I. Incubation of 5 (12.5 mM) with rat Yoshida
glyoxalase I at pH 7.4 gave no evidence of irreversible attack of I or 5 on the enzyme,
6ren on incubatlon oveinight followed by assay of aliquots of the mixture by the stardard
glyoxalase I assay. Many other compounds can deplete GSH 1919! but, as many of these
ir-" .rot significantly cytotoxic, the reaction of 1 and 5 with GSH is unlikely to explain
their cytoioxicity. In any case, I and 5 are cytotoxic at pM or lower levels for ID56, at
which level cellular GSH would be little affected.

Neither 3 nor 4 (at 1.5mrra) showed significant inhibition of yeast glyoxalase I in the
methylglyoxal:glutathione assay system. Interestingly, 1 was found to react with
methylglyoxal in pH 7.4 buffer, followed spectrophotometrically at 240nm, a feature
which causes inteiference with the standard glyoxalase I assay, unless high dilution can
be used, necessitating high levels of enzyme in incubation mixtures.
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Table tI In vitro chemosensitivity data for 1 and 5

Cell line IC56 (ptu) Ratio of IC56
values

l:5

Mouse colon
MAC15A
MAC26

Mouse leukaemia
WEHII.3b

Mouse bone marrow
Human leukaemia

K562
Human colon

HCLO
HRT-18
HCT-18
HT-29
DI,D-1

t2 + 4.69
43.9 + 9.03

43.0 + 25.8
7t + 3.87

17.5 + 6.02

15.8 + 5.16
11.8 + 1.51
17.4 + 1.29
27.0 + 6.45
3.1 + 2.58

15.3 + 3.27
1.1 + 0.69

14.2 + 3.23
2.2 ! 1.33

19.\ + 2.0

1.6 + 0.56
0.55 + 0.43

'1..6 + 0.77
7.7 + 2.62
2.7 + 7.03

0.78
40

3.0
5.0

0.92

21.5
7.1
2.7
1.1

The cell lines referred to are as described in Materials and methods. Values of IC5o are the
concentrations of drug required to reduce the growth rate by 50% of the untreated control system
(mean+1SD,z:8)

In vitro chemosensitivity studies

The activities of 1, 5, 3 and 4 against MAC15A cells and the remaining panel of tumour
cell lines are presented in Table II. Against all cell lines of the present panel both 3 and 4
were inactive at concentrations <100pg/ml. Both I and 5 are equitoxic (on a p,rra basis)
to MAC15A, K562 and DLD-1 cell lines, but for the remaining cell lines 5 proved
cytotoxically more potent than I at equivalent drug exposures (Table II).

Discussion

From the results in Table II, we see that I shows activity in cell culture against a range of
cell lines with IC5s values in the range 3-44 p,xt (0.7-10 pg/ml). 5 also shows activity, this
time with IC5o values ranging between 0.5 and 19pu (0.1 and 3.5pg/ml). It has been
reported (Sugimoto et aI.,1982) that the IC5e value for 1 against a parental cell line of
mouse lymphoblastoma L5178 is 19 ptr.r (4.4 p"glml), decreasing to 14 pu (3.3 pg/ml) for
adriamycin resistant cells of the same line, 5p.u (1.15pg/ml) for aclarubicin-resistant
cells and 6.8prra (1.55pg/ml) for bleomycin-resistant cells. These values are clearly
comparable with the data in Table II. From Table II, for any given cell line, 5 is usually
more powerful than 1 but this is strongly cell line dependent. For example, these
molecules are equipotent against MAC15A cells, but 5 is 40 times more powerful than 1
against MAC26 cells. Similarly, a range of relative cytotoxicities for 5 and I is found for
human colon-derived cell lines. Considering only human colon cells lines, 5 shows a
limited degree of differential cytotoxicity, with HT-29 cells being 14 times more sensitive
than HRT-18 cells. The differential cytotoxicity for the human colon lines is less marked
for 1. A brief allusion to the anti-neoplastic activity of 5 has appeared in an abstract of a
Japanese patent application (Izawa et al.,1987).
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It is difficult to assess the IC56 values for mouse bone marrow against the other cell
lines of Table II. The IC5s values of the broad range of cell types studied encompass that
for bone marrow but some human cell lines are clearly less sensitive to 5 than mouse
bone marrow, and HRT-18 is marginally more sensitive than bone marrow.

The cytotoxic activity of t has been suggested to arise from its reaction with cellular
thiols and enzymes, including glutathione (Chimura et aI.,1975 Takeuchi et a\.,1975)
and DNA polymerase cr (Sugimoto et al., 1982). The inhibition of DNA polymerase cr is
weak (50% inhibition requires mg/ml quantities depending on the enzyme concentra-
tion) but seems to be relatively specific as the B and l polymerases are not inhibited. The
cytotoxicity of I with respect to thiol reactivity can be probed further from our results. At
a most simple level, 1 and 5 show cytotoxicity (Table II) whereas 3 and 4 do not. This
exactly parallels our data for reactivity towards thiols: I and 5 reacted readily in aqueous
solution with GSH, but 4 and 3 were unreactive when judged by UV spectrophotometry
or TLC. We cannot explain the report (Jung, 1987) in which GSH was found to react
with 3, but conditions of the reaction are not given in that report.

Whilst 1 is clearly cytotoxic (Chimura et aI.,1975; Takeuchi et aI.,1975), Jung (1987)
reported that 3 had no antileukaemic activity. We have confirmed this for the WEHI-36
aiafseZ cell lines and extended it to all th-e cell lines of Table I. However, comparing
structures I and 3 there are two major changes-the presence/absence of the keto groui
at position 6 and the inversion of stereochemistry at position 5. Comparing 4 with 1, the
only difference now is the absence of the 6-keto group. However, 4 shows no anti-
tumour activity. 5, in which there are no hydroxyl groups at positions 3,4 or 5, is strongly
cytotoxic-more so than 1, in fact. Clearly, the cls-trihydroxy arrangement is not a
prerequisite for cytotoxicity.

As far as reactivity towards thiol groups is concerned, it has been suggested that I
reacts according to equation (2), based on a range of chemical evidence including X-ray
diffraction analysis of a product usingp-bromothiophenol (Chimura et a|.,1975). Further
confirmation of this came from the lack of reactivity of 2 towards thiols (Chimura et al.,
1975). In our studies the thiol reactivity of l was confirmed. 5 also reacted and, surpris-
ingly, 3 and 4, with no 6-keto group present, were unreactive.

The nucleophilic displacement mechanism would be greatly assisted by the unsatu-
rated ketone substituent on the site of thiolate ion attack, much in the way that phenacyl
halides are highly activated electrophiles relative to comparable alkyl halides by virtue of
the delocalization which is possible in the transition state for phenacyl substitution. The
product established for the p-bromothiophenolate ion nucleophile is that of substitution
at the exocyclic CH2 site, with crotonate as the leaving group in line with such an ex-
planation. This pattern of reactivity is also in keeping with Michael attack of the thiol on
the cr.B-unsaturated ketone, a well-established reaction (Douglas, 1988), which could
occur in competition to equation (2).n^GSH CH2OCOCH:CH.CH: --+GSCH2 * CH3CH:CH.CO; (Z)lt
Michael attack also agrees with the reversibility of the inhibition of -SH enzymes by 1 in
the presence of excess B-mercaptoethanol. Michael additions are known to be reversible
(March, 1985), whereas an alkylation of an enzymatic thiol, along the lines of equation
(2), would be expected to be irreversible.

The bromothiophenolate ion is a much softer nucleophile than GS and so the
possibility of GS reacting according to equation (2) remains for GSH with I and 5. We
have also considered that the product of thiolysis of I (by pBrC6HaS-) could arise by

RR
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Michael-type attack (equation 2) followed by a sigmatropic rearrangement (equation 3),
or by attack of a second GS anion. The sigmatropic route is unlikely as such rearrange-
ments usually take place at elevated temperature and in non-polar solvents. There is no
precedent for a double Michael reaction to our knowledge and it would be difficult to
assign a driving force to such a route.

aocoR *.\
I RSII I

RSH+ 1--f. n))\n2o /-<"
(, + (,-+(,

(3)

The ctB-unsaturated function linked to the ester site is clearly the basis of cytotoxicity. It
has been suggested by a referee that the reactivity with GSH might tempt speculation
that cellular sensitivity is linked in some way to GSH levels in the cell panels used. We do
not know the in vivo fate of I or 5 with respect to GSH conjugation; in chemical studies
both react rapidly. It is possible that the GSH status of the cell lines used does control the
relative abilities of the cells to detoxicity I and 5.

Conclusion

The anti-tumour of activity of I has been confirmed in a range of cell lines and the
cytotoxic activity pinpointed to the cyclic aB-unsaturated ketone part of the structure.
The analogue 5, with no hydroxy groups at all, was generally an order of magnitude more
active than 1 in the cell lines used. The occurrence of cytotoxicity of this group of cyclic
crotonate esters reflects their reactivities towards thiols.

Even a cursory inspection of the active structures, I and 5, shows that they are likely to
suffer differing metabolic fates in vivo, one of them being a polyhydroxy compound, and
we are currently interested in the effects of this on activities.
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Pre-cinical evaluation of a novel chloroethylating agent, Clomesone

A.M. Matthew, R.M. Phillips, P.M. Loadman & M.C. Bibby
Clinical Oncology Unit, University of Bradford, West Yorkshire, BD7 JDP, UK.

Summary The in vitro activity of the novel chloroethylating agent, Clomesone, was investigated in a panel of
established murine and human tumour cell lines. In vivo anti-tumour activity was examined against three
transplantable adenocarcinomas of the mouse colon and in vivo bone marrow toxicity was assessed using a
spleen colony forming unit assay. The pharmacokinetic behaviour of the drug in vivo and drug stability in vitro
was analysed by gas chromatography with electron capture detection. Clomesone exhibited no activity in vitro
against the majority of cell lines derived from solid human colorectal carcinomas. Anti-tumour activity against
the murine tumours in vivo was not impressive and was accompanied by myelosuppression. Pharmacokinetic
data suggested that the lack of in vivo activity was due to the failure to achieve effective anti-neoplastic drug
concentrations at the tumour site. It was concluded that this study found no evidence to suggest that
Clomesone was toxicologically more selective than the chloroethylnitrosoureas.

Clinical responses to cytotoxic agents have been largely
restricted to the haematological malignancies while the
majority of human solid tumours have remained refractory
to chemotherapy (Marsoni et al., 1987). Thus the search for
more effective compounds has continued. Chloroethylnit-
rosoureas are highly active anti-neoplastic agents with a
broad spectrum of anti-tumour activity in experimental
systems. However, their clinical usefulness has been limited
by non-selective host toxicity, particularly myelosuppres-
sion.
The chloroethylnitrosoureas decompose spontaneously in

aqueous solution to generate reactive intermediates that are
capable of alkylating and carbamoylating nucleophilic targets
(Cheng et al., 1972). Alkylation reactions consist of
chloroethylations and hydroxyethylations of DNA (Tong et
al., 1982). Chloroethylation of 06-guanine with subsequent
cross-link formation is considered to be the most important
cytotoxic reaction (Lown et al., 1978) while hydroxyethyla-
tion reactions are thought to be responsible for their
mutagenic and carcinogenic effects (Pelfrene et al., 1976;
Swenson et al., 1979). Carbamoylating activity is not
required for cytotoxicity but does contribute to the overall
effect, probably by inhibiting DNA repair (Erickson et al.,
1980) and it has been suggested that the carbamoylating
activity of some chloroethylnitrosoureas could interfere with
the ability of normal cells to recover from the action of these
drugs (Sariban et al., 1984).

In the search for other types of compound that would
chloroethylate DNA, a series of 2-haloethylsulphonates was
synthesised (Shealy et al., 1983). 2-Chloroethyl(methyl-
sulphonyl)methanesulphonate (Clomesone), the most active
analogue tested, was shown to be highly effective against
P388 leukaemia in vivo (Shealy et al., 1984). The chemical
structure of Clomesone is shown in Figure 1. Clomesone was
further evaluated against a spectrum of animal tumour
models and was found to be generally as effective as the
chloroethylnitrosoureas (Dykes et al., 1989).
The results of an investigation of the action of Clomesone

in vitro indicated that it affected cellular DNA in a manner
similar to the chloroethylnitrosoureas with cross-link forma-
tion via chloroethylation of 06-guanine residues (Gibson et
al., 1985). However, it was found to be more specific in its
reaction with DNA in that it produced less variety of prod-
ucts than the chloroethylnitrosoureas with no apparent
generation of hydroxyethyl adducts (Gibson et al., 1986). In
addition, the chemical nature of Clomesone precludes the

formation of isocyanate breakdown products (Shealy et al.,
1984). It was suggested that this lack of carbamoylating
potential of Clomesone, together with the lack of hydroxy-
ethylating activity, might result in fewer unwanted side reac-
tions and that Clomesone would be a more toxicologically
selective agent. On this basis Clomesone was selected for
clinical development and is presently undergoing Phase 1
clinical trials in the UK.

Recently, the NCI has introduced a new disease-orientated
screening programme based on the assessment of the in vitro
cytotoxicity of a panel of cell lines representing the common
clinical forms of human cancers using a colorimetric assay
(Boyd, 1989). While in vitro colorimetric assays have the
advantage that they can rapidly evaluate novel anti-tumour
agents against a large number of cell lines, a recent review of
the literature has revealed that marked differences in the
response of cells in vitro and tumours in vivo exist (Phillips et
al., 1990). One reason for this discrepancy is that the in vitro
tests ignore the potential role played by the pharmacokinetic
behaviour and bioavailability of a drug in determining
tumour responses in vivo. This has led some workers to
advocate that appropriate transplantable mouse tumour
models, similar in sensitivity to solid cancers in man where
therapeutic indices are low, also have a role in the pre-clinical
evaluation of novel compounds which should include toxi-
cological and pharmacokinetic studies (Corbett et al., 1987;
Double & Bibby, 1989).
A series of transplantable murine adenocarcinomas of the

colon (MAC tumours) has been shown to exhibit a similar
spectrum of histology and chemosensitivity to human large
bowel cancer with responses to standard agents only nor-
mally seen close to the maximum tolerated dose (Double &
Ball, 1975). It has been used extensively as part of the
pre-clinical evaluation of new anti-cancer agents within the
Screening and Pharmacology Group of the EORTC (Bibby
et al., 1988b).
The feasibility of performing minimal toxicity studies in

conjunction with anti-tumour studies has been described
(Bibby et al., 1988b). Measurement of bone marrow damage,
the major dose-limiting toxicity of the chloroethylnitro-
soureas, will aid the identification of alternative chloro-
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2-chloroethyl(methylsulphonyl)methanesulphonate
Figure 1 Structure of Clomesone.
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ethylating agents with improved therapeutic indices. The
assessment of stem cell survival has been recommended to
study irreversible cytotoxic bone marrow injury (Schofield,
1986) and this can be performed readily in mice using a
spleen colony forming unit assay.
The purpose of this present study was to further evaluate

the novel chloroethylating agent, Clomesone. In vitro activity
was assessed against a panel of established murine and
human tumour cell lines while in vivo anti-tumour responses
were evaluated against an ascitic tumour, MAC 15A, and
two solid subcutaneous (sc) tumours, MAC 13 and MAC 26.
MAC 13 is relatively nitrosourea-sensitive due to a low level
of the repair enzyme 06-alkylguanine-DNA alkyltransferase
while MAC 26 is relatively nitrosourea-resistant due to a
high repair enzyme level (Lunn et al., 1989). In vivo bone
marrow toxicity and pharmacokinetic studies and in vitro
drug stability studies were performed in conjunction with the
anti-tumour studies. A novel, clinically active nitrosourea,
1-(2-chloroethyl)-3-[2-(dimethylaminosulphonyl)ethyl]- I -nitro-
sourea (TCNU) and a non-carbamoylating nitrosourea,
Chlorozotocin, were included in the study as reference com-
pounds.

Materials and methods

Test compounds
Clinically formulated Clomesone was obtained from Dr S.M.
Crawford through his involvement in the ongoing Phase I
clinical trial. Chlorozotocin was received from the NCI while
TCNU was a gift from Pharmacia Leo Therapeutics, Hels-
ingborg, Sweden. Clomesone was dissolved in sterile water
while TCNU was dissolved in 0.9% sterile saline.
Chlorozotocin was dissolved in 10% dimethylsulphoxide
(DMSO)/arachis oil. Drug solutions were prepared at an
appropriate concentration for the desired in vivo dose to be
administered in 0.1 ml per 10 g body weight by intra-
peritoneal (ip) or intravenous (iv) injection and for the
desired final concentration in vitro to be achieved upon a 1 in
10 dilution.

In vitro studies
Cell culture The in vitro activity of Clomesone was assessed
against a panel of established tumour cell lines (Phillips et al.,
1992) which consisted of three murine colon adenocar-
cinomas (MAC 1 SA, MAC 16, MAC 26), a murine
myelomonocytic leukaemia (WEHI-3B), a human chronic
myelogenous leukaemia (K562), a human rectal carcinoma
(HRT-18) and four human colon adenocarcinomas (DLD-1,
HT-29, HCT-18, HCLO). They were routinely maintained as
monolayer cultures, except K562, WEHI-3B and MAC 16
which do not adhere strongly to plastic cultures vessels, in
RPMI 1640 tissue culture medium containing sodium
pyruvate (1 mM), penicillin/streptomycin (50 IUml I/
50 pgml-') and supplemented with 10% foetal calf serum.

Chemosensitivity testing In vitro chemosensitivity was assessed
using a modified micro-tetrazolium (MTT) assay (Twenty-
man & Luscombe, 1987). Cell suspensions were obtained
from monolayer cultures in the exponential growth phase
and 0.5-1.0 x 104 tumour cells in culture medium were
plated into 96-well dishes. Drug solutions were added to give
final concentrations ranging from 0.1-100 figml-' at four log
increments and the dishes incubated for 4 days at 37° C in an
atmosphere of 5% CO2. Prior to the addition of 20 IL MTT
(5 mgml-'), 150 IlI old medium was removed and replaced
with fresh medium. The dishes were then incubated for a
further 4h and the purple formazan crystals produced were
dissolved in DMSO. Optical densities of the resulting solu-
tions were read with an ELISA spectrophotometer at a
wavelength of 550 nm. Each drug concentration was assayed
against each cell line eight times and in four independent
experiments. Cytotoxic effects were expressed as percentage

survival of treated plates compared to control plates and the
initial drug concentration required to inhibit cell survival by
50% (IC50) was obtained from semi-logarithmic plots of cell
survival versus concentration.

In vivo studies
Animals Pure strain NMRI mice, aged 6-8 weeks, from our
inbred colony were used throughout this study. They were
fed with a pellet diet (CRM, Labsure, Croydon, England)
and water ad libitum.

Tumour system The development of several transplantable
adenocarcinomas of the colon in mice from primary tumours
induced by prolonged administration of 1,2-dimethyl-
hydrazine has been described elsewhere (Double et al., 1975).
MAC 13 tumours were transplanted into female mice and
MAC 26 tumours into male mice by sc implantation of
tumour fragments (-1 x 2mm) in the flank. MAC 15A
ascites tumour cells were transplanted into male mice by ip
inoculation of I05- 106 tumour cells in 0.2 ml 0.9% saline.

Chemotherapy The differing morphology and growth char-
acteristics of the tumour lines necessitated the use of different
chemotherapy protocols. Animals bearing the more rapidly
growing MAC 13 and MAC 15A tumours were allocated
into groups of 5 and chemotherapy commenced 2 days after
implantation. Anti-tumour responses against MAC 13 were
assessed 17 days later by comparing the tumour weights of
treated and control groups and expressed as percentage
tumour weight inhibition while responses against MAC 15A
were determined by comparison of median survival times
(MST) of treated and control groups as described by Geran
et al. (1972). MAC 26 tumour bearers were allocated into
groups of 10. The administration of cytotoxic drugs did not
commence until these slower growing tumours could be
reliably measured (>4 x 4 mm), approximately 17 days after
transplantation. Anti-tumour effects against MAC 26 were
assessed by twice weekly caliper measurements. Tumour
volumes were calculated from the formula a2 x b/2, where a
is the smaller diameter and b is the larger (Geran et al., 1972)
normalised with respect to the starting volume and semi-
logarithmic graphs of relative tumour volume against time
were plotted. Therapeutic effects were expressed as the re-
growth delay which was obtained by comparing the times
taken by treated and control tumours to reach a tumour
volume ten times that of the starting volume.

Bone marrow toxicity Acute bone marrow toxicity was
assessed using a modified version of the spleen colony form-
ing unit assay of Till and McCulloch (1961). The drugs were
administered by a single ip injection to pairs of male mice
and bone marrow toxicity was assayed 24h later. Marrow
cells were obtained from both femora of each pair of treated
mice and pairs of untreated control mice and suspended in
RPMI 1640 tissue culture medium. Cell suspensions were
diluted so that a 0.2 ml aliquot contained an appropriate
number of cells for each experimental group. Cell inocula of
5.0 x 104-7.5 x 105 were initially obtained from the marrows
of control mice to investigate the relationship between the
number of spleen colonies formed and the number of marrow
cells inoculated. Subsequently, a cell inoculum of 1.0 x
105-2.5 x 105 was prepared from both treated and control
marrows. The marrow cells were then injected iv via the tail
vein into mice which had previously been exposed to irradia-
tion from a Newton Victor Superficial Therapy Unit
(GX x 10) at a dose of 11.7 Gy. Groups of six mice were
used for each experimental point. After 8 days the mice were
killed, the spleens removed and fixed in Bouin's fluid and the
nodules on the spleen surface were counted. The survival
fraction was determined by comparing the number of col-
onies observed with the number of colonies expected for a
given cell inoculum of untreated marrow cells.
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Pharmacokinetic studies
Sample collection Clomesone was administered to female
non-tumour bearing mice by a single ip injection at a dose of
50 mg kg-'. Blood samples were obtained at time intervals
ranging from 2 min to 2 h by cardiac puncture under
diethylether anaesthesia. The samples were placed in
heparinised tubes, centrifuged at 4° C (1000 g for 5 min) and
the plasma stored at - 20° C until analysed. Each time point
was represented by two mice and three independent
experiments were performed.

Sample extraction Siliconised glassware was used through-
out the extraction procedure to minimise drug binding to
vessel walls and all samples and reagents were kept on ice
whenever possible. A 200 gIl aliquot of mouse plasma was
mixed with 50 pl. 2-chloroethyl-p-toluenesulphonate (Sigma
Chemical Company Limited, Poole, UK) as an internal stan-
dard, diluted with 0.9% saline and extracted with 6 ml
diethylether. Following centrifugation (1000 g for 5 min at
4° C), the organic layer was decanted and 1 g anhydrous
sodium sulphate was added to remove any excess water.
After a further centrifugation step to remove the sodium
sulphate, the diethylether layer was evaporated in a stream of
nitrogen in a water bath at 25° C and the dried sample was
reconstituted in 100Il ethyl acetate.

Sample analysis Plasma Clomesone levels were analysed by
gas chromatography. The chromatographic system consisted
of a Shimadzu GC-14A chromatograph fitted with a 63Ni
electron capture detector (Dyson Instruments Limited, Tyne
& Wear, UK) and linked to a Varian 4290 integrator (Varian
Instrument Group, California, USA). The analytical column
was a quartz capillary column (25 m x 0.25 mm id) coated
with 0.2 lim SE-30 (Philips Analytical, Cambridge, UK).
Operating temperatures for injector, column and detector
were 225, 195 and 295° C respectively. High purity CP grade
nitrogen (BOC Limited, London, UK) was used as the car-
rier gas at a flow rate of 1.0 ml min-' and as the detector
make up gas at a flow rate of 30 mlmin-'. A sample injec-
tion volume of 1 gll was used and the split ratio was set at
1: 40. Plasma drug concentrations were determined using an
internal standard method based on peak areas and plotted as
a function of time. Linear regression analysis of the terminal
log-linear phase of the curve was used to determine the 1st
order elimination rate constant (kl) and the terminal half-life
(t1/2) was calculated from the equation:

t1/2= In2/ke,

The area under the plasma concentration versus time curve
(AUC) was calculated from t = 0 to the last measured time
point (tz) using the trapezoidal rule. The remaining area from
tz to t8.o was calculated using the equation Cz/ke, where Cz is
the concentration at tz.

In vitro stability studies
The stability of Clomesone was assayed in complete RPMI
1640 tissue culture medium at 37° C at an initial drug concen-
tration of igml '. Sample aliquots were removed at time
intervals up to 7 h and extracted and analysed by gas
chromatography as described for mouse plasma samples. The
1st order rate constant (k) was obtained from a semi-
logarithmic plot of concentration versus time and used to
calculate the drug half-life. In addition this rate constant was
used to construct the drug decay curves for the time course
of the MTT assay of the initial concentrations required to
achieve a 50% cell kill (IC50 values) for each tumour cell line
using the equation:

Ct = Coekt
Concentration-time products (c x t), a measure of the total
drug exposure of the tumour cells in vitro, were then deter-
mined by calculating the areas under the decay curves using
the trapezoidal rule.

Results

Table I shows the in vitro chemosensitivity of the panel of
tumour cell lines to Clomesone. In general, the murine cell
lines were more sensitive than the human cell lines. MAC
15A was the most sensitive with an IC50 value of
10.1 tigml-'. The human leukaemia K562 and a colon cell
line HCLO showed some sensitivity to Clomesone, but it was
relatively inactive against the majority of human cell lines
derived from solid tumours with IC50 values in excess of
100 pggml-'.
The in vivo activity of Clomesone against the MAC

tumour lines was compared with that of TCNU and
Chlorozotocin (Tables II-IV). Full dose range data to the
point of toxicity were obtained to assure that maximum
tolerated doses were achieved for each compound and are
presented in Table IV. Activity of Clomesone against each
tumour line was reproduced in a separate experiment as was
the activity of TCNU and Chlorozotocin against MAC 26.
The values obtained for TCNU and Chlorozotocin against
MAC 13 and MAC 15A were similar to those in previously
reported studies (Bibby et al., 1988a; McElhinney et al.,
1989).
Table II shows that Clomesone was active against the

ascitic MAC 1 5A tumour at doses of 50 mg kg-' and

Table I In vitro chemosensitivity to Clomesone

IC50 igm9l-' cxt
Cell line (mean ± SD; n = 4) (fig h ml-')
MAC 15A 10.1± 1.5 54
MAC 16 33.6± 12.5 177
MAC 26 35a 185
WEHI-3B 28.4 ± 4.8 150
K562 39.2 ± 14.6 207
HCT-18 > 100 > 528
HRT-18 > 100 > 528
HCLO 27.6 ± 12.0 146
DLD-1 > 100 > 528
HT-29 > 100 > 528
'One experiment only.

Table II Anti-tumour activity against MAC 15A

Dose
Compound (mg kg- ') Route T/C%
Clomesone looa ip 133, 163b

50 ip 163
50 iv 125
25 ip 138
25 iv 100

12.5 ip 88
12.5 iv 100

TCNU 30a ip 200
Chlorozotocin 60a ip 288
aMaximum tolerated dose. bTwo independent experiments.

Table III Anti-tumour activity against MAC 13

% Tumour
Dose weight

Compound (mg kg-') Route inhibition
Clomesone looa ip 48.3, 45.0b

50 ip 33.8, 35. lb
50 iv 47.3
25 ip 13.5
25 iv 21.6

12.5 ip 21.6
12.5 iv 45.9

TCNU 30a ip 91.3
Chlorozotocin 60a ip 59.2
'Maximum tolerated dose. bTwo independent experiments.
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Table IV Anti-tumour activity against MAC
administration

26 following ip

Tumour
Dose growth

Compound (mg kg-') Survivors delay (days)
Clomesone 200 0/10 Toxic

150 0/10 Toxic
Iooa 10/10 0.8, 0.8b
50 10/10 0.8
25 10/10 0

TCNU 50 0/5 Toxic
30a 10/10 11.6, 12.4b

Chlorozotocin 80 3/9 Toxic
60a 9/9 0, ob

aMaximum tolerated dose. bTwo independent experiments.

100 mgkg `ip. The increases in median survival times were
significant at the 1% level when compared to the control
group using the Mann-Whitney U test. However, at the
maximum tolerated doses the activity of Clomesone was
inferior to that of TCNU and Chlorozotocin. Anti-tumour
activity against the relatively nitrosourea-sensitive solid sc
MAC 13 tumour is presented in Table III. Although the
tumour weight inhibitions achieved by Clomesone at
100 mgkg-'ip and 50 mgkg-'ip or iv were significant
(P = 0.05; student's t-test), they were less than that achieved
by TCNU. Clomesone was inactive against the relatively
nitrosourea-resistant solid sc MAC 26 tumour as described in
Table IV. The relative tumour volumes of the group treated
with the maximum tolerated dose of 100 mgkg-'ip were not
significantly different (P> 0.1) from those of the control
group when analysed using the student's t-test.
The spleen colony forming unit assay calibration curve is

shown in Figure 2. Linear regression analysis showed a
strong positive correlation (r = 0.997) between the number of
surface spleen colonies and the number of marrow cells
inoculated. Linearity was observed over the range
1.2 x 104-7.4 x I05 cells injected. A cell inoculum below
1.2 x 104 produced no visible surface colonies while a cell
inoculum of 3.4 x 106 resulted in the total repopulation of
the spleen with no discrete colony formation.
Acute bone marrow toxicity following ip drug administra-

tion is described in Table V. The results at the maximum
tolerated dose for each drug represent the survival fractions
obtained in two independent experiments. Clomesone was
less myelosuppressive than TCNU and Chlorozotocin but
still produced a 5-fold reduction in colony forming units at
the maximum tolerated dose of 100 mgkg -'.
The solvent extraction procedure used in the pharmaco-

kinetic studies gave recoveries for six replicate plasma sam-
ples, at a concentration of 1 pgml-', of 98.8% for
Clomesone and 88.9% for the internal standard, 2-chloro-
ethyl-p-toluenesulphonate with an overall intersample varia-
tion for the assay of 9.4%. Adequate separation of Clome-
sone and the internal standard from plasma interferents was
achieved under the assay operating conditions and a typical
chromatogram is presented in Figure 3(a). No underlying
plasma interferent peaks co-eluted with Clomesone as shown
in Figure 3(b). The limit of detection for Clomesone in
plasma was 0.05Otgml- . A drug calibration curve was con-
structed using least squares linear regression analysis and
linearity was observed in the concentration range
0.05- 10 fig ml-' (r = 0.987).
The plasma concentration of Clomesone following ip

administration of 50 mgkg-' as a function of time is shown
in Figure 4. Each point is the mean of duplicate samples and
each curve represents an independent experiment. Peak
plasma levels were reached within 2 min of drug administra-
tion and ranged from 18.1-35.9 jigml-' with a mean value of
28.0 ggmlh' while the mean terminal half-life was 8.1 min
(range 4.8-10.8 min). The areas under the plasma concentra-

(D° X
60 - i

CL

~ 0
0)
0.

o4 20000 -0,0 0,0 0,0

0)
CD
.0

E
z

20

0
0 200,000 400,000 600,000 800,000

Number of marrow cells inoculated
Figure 2 Spleen colony forming unit assay calibration curve
(points are mean ± SD;n = 6).

Table V Bone marrow toxicity following ip administration

No. colonies
Dose observed Survival

Compound (mg kg-') (mean ± SD; n =6) fraction
Clomesone Iooa 4.8 ± 0.75 0.20

iooa 6.5 ± 2.0 0.16
50 11.8±1.17 0.59
25 17.8 ± 0.84 0.80

TCNU 30a 0 0
30a 0 0
10 6.0 ± 0.9 0.20
5 14.0 1.2 0.61

Chlorozotocin 60a 0.33 ± 0.52 0.01
60a 2.25 ± 0.50 0.05
30 21.4± 1.14 0.80
15 24.3 0.96 0.86

aMaximum tolerated dose, two independent experiments.

tion versus time curves ranged from 5.70-8.04 lagh ml-' with
a mean value of 6.77 .ghmlh'. Clomesone degradation in
tissue culture medium exhibited 1st order kinetics with a rate
constant (k) of 0.205 and a t1/2 of 3.38 h. The c x t products,
shown in Table I, corresponding to the initial drug concen-
trations required to achieve a 50% cell kill in vitro ranged
from 54->528 ighml-'.

Discussion

Examination of the in vitro activity of Clomesone in a panel
of established murine and human tumour cell lines revealed
that, in general, the human cell lines were insensitive. The
colon adenocarcinoma HCLO and the leukaemia K562 were
the only human cell lines that were sensitive at similar IC50
values. Similarly, in the murine cell lines the concentration
required for a 50% cell kill of the line derived from the
relatively nitrosourea-resistant MAC 26 tumour was of the
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Figure 3 a, Chromatogram of mouse plasma extract containing
Clomesone and internal standard (1 = Clomesone; 2 = internal
standard). b, Chromatogram of mouse plasma extract containing
internal standard only (1 = position of Clomesone peak;
2 = internal standard).

same order of magnitude as that required by the leukaemia
WEHI-3B. These findings suggested that Clomesone had no
preferential specificity for cell lines derived from solid
tumours.
The lack of selectivity was confirmed by the results of the

in vivo anti-tumour activity and toxicity studies. The activity
of Clomesone in the MAC tumour system in vivo was not
impressive. Moderate activity was exhibited against the

0 10 20 30 40 50 60 70
Time (min)

Figure 4 Plasma concentration of Clomesone following adminis-
tration of 50 mgkg lip (points are mean values; n = 2; three
independent experiments).

ascitic MAC 1 5A. The solid sc MAC 13 did respond to
Clomesone over a broad dose range but the maximum anti-
tumour activity exhibited was not great in this relatively
nitrosourea-sensitive tumour. No significant activity was
demonstrated against the relatively nitrosourea-resistant solid
sc MAC 26 tumour. Thus, the anti-tumour activity of
Clomesone was similar, if slightly inferior, to that of the
non-carbamoylating nitrosourea, Chlorozotocin, and it was
much less effective than the carbamoylating nitrosourea,
TCNU, which remains the most active nitrosourea analogue
in the MAC tumour system to date. Although Clomesone
exhibited less bone marrow toxicity compared to both
TCNU and Chlorozotocin, the reduction in colony forming
units produced at the maximum tolerated dose was still
marked. In addition, the dose of TCNU which produced a
similar level of bone marrow toxicity has been reported to
give a better response than Clomesone against the nitro-
sourea-sensitive MAC 13 tumour (Bibby et al., 1988a).
The development of the selective and sensitive method for

the quantitative determination of Clomesone in mouse
plasma allowed the pharmacokinetic behaviour of the drug
to be characterised with a view to relating the activity-
toxicity pattern to bioavailability. The AUC values for
Clomesone following a single ip injection of 50 mgkg- ,
when considered in conjunction with the in vitro c x t prod-
uct for MAC 26, suggested that the inactivity in vivo was due
to ineffective anti-neoplastic drug concentrations at the
tumour site. A higher drug exposure of the tumour cells
could be achieved in vitro as the drug half-life in tissue
culture medium of 3.38h reported in this study was much
longer than the previously reported t1/2 of Clomesone in
mouse plasma of 0.85h (Chan & Barrientos, 1988). The dose
of 50mgkg-' was chosen as the optimal dose as the higher
maximum tolerated dose of 100mgkg-' resulted in no im-
provement in anti-tumour activity at the expense of increased

--V.Z I

1
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bone marrow toxicity.
Clomesone was selected for clinical trial on the basis that

although it was only as effective as the chloroethylnit-
rosoureas in some murine tumour models, its chemistry sug-
gested that it would be more toxicologically selective. The
broader pre-clinical evaluation performed in this study could
find no evidence to support this theory. On the contrary, the
findings suggested that the effectiveness of Clomesone, in
common with the chloroethylnitrosoureas, would be limited
by myelosuppression. Whether the results of this study will

be reflected in the clinical setting remains to be seen and the
results of the recently completed Phase I clinical trial are
awaited with great interest.

This work was supported by the Association for International
Cancer Research, Pharmacia Leo Therapeutics, Helsingborg,
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Bradford's War on Cancer, Bradford, West Yorkshire, UK. The
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References

BIBBY, M.C., DOUBLE, J.A. & MORRIS, C.M. (1988a). Anti-tumour
activity of TCNU in a panel of transplantable murine colon
tumours. Eur. J. Cancer Clin. Oncol., 24, 1361-1364.

BIBBY, M.C., DOUBLE, J.A., WAHED, I.A., HIRBAWI(ABU-KHALAF),
N. & BAKER, T.G. (1988b). The logistics of broader pre-clinical
evaluation of potential anti-cancer agents with reference to anti-
tumour activity and toxicity of mitozolomide. Br. J. Cancer, 58,
139-143.

BOYD, M.R. (1989). Status of the NCI preclinical antitumor drug
discovery screen. In Cancer: Principles and Practice of Oncology
Updates, De Vita, V.T. Jr, Hellman, S. & Rosenberg, S.A. (eds),
Lippincott: Philadelphia, 3, 1-12.

CHAN, K.K. & BARRIENTOS, A. (1988). Analysis of Clomesone in
plasma by gas chromatography-electrolytic conductivity detec-
tion. J. Chromatography, 428, 331-339.

CHENG, C.J., FUJIMURA, S., GRUNBERGER, D. & WEINSTEIN, I.B.
(1972). Interaction of 1-(2-chloroethyl)-3-cyclohexyl-1-nitrosourea
(NSC 79037) with nucleic acids and proteins in vivo and in vitro.
Cancer Res., 32, 22-27.

CORBETT, T.H., VALERIOTE, F.A. & BAKER, L.H. (1987). Is the P388
murine tumor no longer adequate as a drug discovery model?
Invest. New Drugs, 5, 3-20.

DOUBLE, J.A. & BALL, C.R. (1975). Chemotherapy of transplantable
adenocarcinomas of the colon in mice. Cancer Chemother. Rep.,
59, 1083-1089.

DOUBLE, J.A. BALL, C.R. & COWEN, P.N. (1975). Transplantation of
adenocarcincomas of the colon in mice. J. Natl Cancer Inst., 54,
271 -275.

DOUBLE, J.A. & BIBBY, M.C. (1989). Therapeutic index: a vital com-
ponent in selection of anticancer agents for clinical trial. J. Natl
Cancer Inst., 81, 988-994.

DYKES, D.J., WAUD, W.R., HARRISON, S.D. Jr, LASTER, W.R. Jr,
GRISWOLD, D.P. Jr, SHEALY, Y.F. & MONTGOMERY, J.A. (1989).
Anti-tumor activity of 2-chloroethyl(methylsulfonyl)methanesul-
fonate (Clomesone, NSC 338947) against selected tumor systems
in mice. Cancer Res., 49, 1182-1186.

ERICKSON, L.C., BRADLEY, M.O., DUCORE, J.M., EWIG, R.A.G. &
KOHN, K.W. (1980). DNA crosslinking and cytotoxicity in nor-
mal and transformed human cells treated with antitumor nit-
rosoureas. Proc. Natl Acad. Sci. USA, 77, 467-471.

GERAN, R.I., GREENBERG, N.H., MACDONALD, M.M., SCHU-
MACHER, A.M. & ABBOTT, B.J. (1972). Protocols for screening
chemical agents and natural products against animal tumors and
other biological systems (third edition). Cancer Chemother. Rep.,
3, 1-103.

GIBSON, N.W., ERICKSON, L.C. & KOHN, K.W. (1985). DNA damage
and differential cytotoxicity produced in human cells by 2-
chloroethyl(methylsulfonyl)methanesulfonate (NSC338947), a new
DNA-chloroethylating agent. Cancer Res., 45, 1674-1679.

GIBSON, N.W., HARTLEY, J.A., STRONG, J.M. & KOHN, K.W. (1986).
2-Chloroethyl(methylsulfonyl)methanesulfonate (NSC-338947), a
more selective DNA alkylating agent than the chloroethylnit-
rosoureas. Cancer Res., 46, 553-557.

LOWN, J.W., MCLAUGHLIN, L.W. & CHANG, Y.-M. (1978).
Mechanisms of action of 2-haloethylnitrosoureas on DNA and its
relation to their antileukemic properties. Bioorg. Chem., 7,
97-110.

LUNN, J.M., CARMICHAEL, J., BIBBY, M.C., DOUBLE, J.A. & HAR-
RIS, A.L. (1989). 06-alkylguanine-DNA alkyltransferase expres-
sion and glutathione transferase action in MAC tumours cor-
relate with intrinsic resistance to nitrosoureas and chlorambucil in
vivo. Br. J. Cancer, 60, 498.

MARSONI, S., HOTH, D., SIMON, R., LEYLAND-JONES, B., DE ROSA,
M. & WITTES, R.E. (1987). Clinical drug development: an analysis
of Phase II trials, 1970-1985. Cancer Treat. Rep., 71, 71-80.

MCELHINNEY, R.S., MCCORMICK, J.E., BIBBY, M.C., DOUBLE, J.A.,
ATASSI, G., DUMONT, P., PRATESI, G. & RADACIC, M. (1989).
Nucleoside analogues: 8. Some isomers of B.3839, the original
5-fluorouracil/nitrosourea molecular combination, and their
effects on colon, breast and lung tumours in mice, Anti-Cancer
Drug Design, 4, 1-20.

PELFRENE, A., MIRVISH, S.S. & GOLD, B. (1976). Brief communica-
tion: induction of malignant bone tumors in rats by 1-(2-
hydroxyethyl)-I-nitrosourea. J. Natl Cancer Inst., 56, 445-446.

PHILLIPS, R.M., BIBBY, M.C. & DOUBLE, J.A. (1990). A critical app-
raisal of the predictive value of in vitro chemosensitivity assays. J.
Natl Cancer Inst., 82, 1457-1468.

PHILLIPS, R.M., HULBERT, P.B., BIBBY, M.C., SLEIGH, N.R. & DOU-
BLE, J.A. (1992). In vitro activity of the novel indoloquinone
EO-9 and the influence of pH on cytotoxicity. Br. J. Cancer, 65,
359-364.

SARIBAN, E., ERICKSON, L.C. & KOHN, K.W. (1984). Effects of
carbamoylation on cell survival and DNA repair in normal
human embryo cells (IMR-90) treated with various 1-(2-
chloroethyl)- 1 -nitrosoureas. Cancer Res., 44, 1352-1357.

SCHOFIELD, R. (1986). Assessment of cytotoxic injury to bone mar-
row. Br. J. Cancer, 53, Suppl. VII, 115-125.

SHEALY, Y.F., KRAUTH, C.A. & LASTER, W.R. Jr (1984). 2-
Chloroethyl(methylsulfonyl)methanesulfonate and related (methyl-
sulfonyl)methanesulfonates. Antineoplastic activity in vivo. J.
Med. Chem., 27, 664-670.

SHEALY, Y.F., KRAUTH, C.A., STRUCK, R.F. & MONTGOMERY, J.A.
(1983). 2-Haloethylating agents for cancer chemotherapy. 2-
Haloethyl sulfonates. J. Med. Chem., 26, 1168-1173.

SWENSON, D.H., FREI, J.V. & LAWLEY, P.D. (1979). Synthesis of
1 -(2-hydroxyethyl)- 1 -nitrosourea and comparison of its car-
cinogenicity with that of 1-ethyl-l-nitrosourea. J. Natl Cancer
Inst., 63, 1469-1473.

TILL, J.E. & MCCULLOCH, E.A. (1961). A direct measurement of the
radiation sensitivity of normal mouse bone marrow cells. Rad.
Res., 14, 213-222.

TONG, W.P., KOHN, K.W. & LUDLUM, D.B. (1982). Modifications of
DNA by different haloethylnitrosoureas. Cancer Res., 42,
4460-4464.

TWENTYMAN, P.R. & LUSCOMBE, M. (1987). A study of some
variables in a tetrazolium dye (MTT) based assay for cell growth
and chemosensitivity. Br. J. Cancer, 56, 279-285.



! 109!

$
Publication$number$71$

$
$
Nicholson!K,!Phillips!RM,!Shnyder!S,!Bibby!M!(2002)!In!vitro!and!in!vivo!activity!of!LS!4477!

and!LS!4559,!novel!analogues!of!the!tubulin!binder!estramustine.!Eur!J!Cancer!38!(1):194\

204!

$
$

My$contribution$to$this$manuscript:$

!

I!was!involved!with!the!supervision!of!K!Nicholson!(PhD!student)!and!as!such!played!a!

significant!role!in!the!design!and!analysis!of!the!experimental!work.!As!corresponding!

author,!I!also!wrote!the!majority!of!this!manuscript.!

$

$

$

Journal$and$citation$metrics$

!

Impact!factor:!! 5.417!

SJR!Ranking:! ! 21/221!(Q1,!Cancer!Research)!

Citations:! ! 17$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$



In vitro and in vivo activity of LS 4477 and LS 4559,
novel analogues of the tubulin binder estramustine

K.M. Nicholsona, R.M. Phillipsb, S.D. Shnyderb, M.C. Bibbyb,*
aDivision of Cancer Studies, University of Manchester, Manchester M13 9TT, UK

bCancer Research Unit, University of Bradford, Bradford BD7 1DP, UK

Received 25 April 2001; received in revised form 31 July 2001; accepted 25 September 2001

Abstract

LS 4477 and LS 4559, two of a series of N-acyl-aminoalkyl phenyl ethers, are rationally designed compounds based on the
tubulin binder estramustine. This study investigated their mechanism of action and compared their effectiveness in relation to
estramustine in vitro against a panel of human and murine cell lines and in vivo against two murine colon tumour models (MAC).
At biologically relevant concentrations, LS 4477 and LS 4559 caused a 59.9 and 56% reduction in tubulin assembly, respectively,
compared with a 28.4% reduction in tubulin assembly by estramustine. The analogues were approximately 100 times more potent
in chemosensitivity tests in vitro than the parent compound. Both analogues were orally active against the MAC 15A murine
tumour model, to a greater extent than estramustine, producing significant growth delays (P<0.01). Significant activity was also
shown against the slower growing MAC 26 tumour for LS 4577 (the soluble pro-drug of LS 4559). The results presented in this
study suggest these compounds warrant further development with a view to assessing their clinical activity. # 2002 Elsevier Science
Ltd. All rights reserved.

Keywords: Estramustine analogues; In vitro; In vivo

1. Introduction

Tubulin and microtubules are structures ubiquitous to
most eukaryotic cells and are the main components of
spindles in the mitotic apparatus. In addition, micro-
tubules are involved in other interphase functions such
as cell motility, determination of cell shape, organisa-
tion and positioning of organelles and signalling
between cell surface receptors and the nucleus [1]. The
major role of microtubules during cell division makes
them potentially useful targets for anti-cancer agents
and amongst the most studied chemotherapy agents are
the vinca alkaloids, such as vincristine and vinblastine,
which are known to bind tubulin. A resurgence in
interest centred on tubulin binders as effective anti-can-
cer agents occurred following the discovery of paclitaxel

and the elucidation of its novel mechanism of action [2].
In contrast to other tubulin binders such as the vinca
alkaloids that cause the depolymerisation of micro-
tubules, paclitaxel causes the polymerisation and stabi-
lisation of tubulin.
Estramustine (Estracyt) is another of the class of

compounds termed antimicrotubule agents and its
structure consists of an oestrogen linked to nor-nitrogen
mustard via a carbamate ester linkage (Fig. 1). It was
envisaged that estramustine would target hormone
receptors before cytotoxicity was induced by release of
the nitrogen mustard group following cleavage of the
carbamate ester link. However, the true mechanism of
action of estramustine was different to that expected
since the carbamate ester link was excessively stable to
enzymatic cleavage. Results from in vivo experiments
with estramustine confirmed that it had different prop-
erties to those expected of alkylating agents or hormones.
Although estramustine is metabolised to oestrogens both
in vitro, and in vivo, it is also active in tissues and cell lines
which lack oestrogen receptors [3]. It was also apparent
that estramustine did not possess alkylating activity [4].
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However, on exposure to estramustine it was noted that
cells were arrested in metaphase and the mitotic spindle
was absent [5]. These results suggested that estramustine
was acting via an interaction with microtubules to pro-
mote microtubule disassembly and it has since been
confirmed that estramustine acts via a direct interaction
with microtubule-associated proteins [6] and with tubu-
lin [7,8]. A phosphate group was added at the 17-b
position of the steroid D ring to increase the water
solubility of the compound (Fig. 1). Estramustine
phosphate sodium is immediately dephosphorylated to
estramustine after administration and is then partially
oxidised to estromustine, an agent with the same effects
as estramustine before finally being broken down into
oestrone and oestradiol [9].
As for its anticancer activity, estramustine has been

shown to have moderate activity against hormone-
refractory and metastatic prostate cancers. One reason
for this is the presence of estramustine binding protein
(EMBP) in the prostate which facilitates uptake of
estramustine into these tissues [10,11]. Expression of
EMBP has been shown to correlate with the levels of
estramustine measured in prostate tumours suggesting
EMBP is responsible for the retention of estramustine in
these tumours [12]. Estramustine has also shown pro-
mising activity in combination chemotherapy regimens
where it has been shown to improve the efficacy of other
anticancer agents such as etoposide, paclitaxel and vin-
blastine in patients with hormone-refractory prostate
cancer [13–17].
LS 4477 and LS 4559, two members of a series of N-

acyl-aminoalkyl phenyl ethers were rationally designed
compounds based on estramustine which were synthe-
sised to maintain the tubulin binding properties of
estramustine whilst removing the steroid moiety from
the structures. LS 4477 and LS 4559 differ only in the
addition of a fluorine atom to position 3 on LS 4559
(Fig. 2). In preliminary studies, LS 4477 and LS 4559
were found to be more effective than estramustine
against the human prostatic DU 145, the rodent pro-
static AT-1 and human ovarian SCOV-3 cell lines in
vitro [18]. The phosphate esters of the compounds, syn-
thesised to increase solubility and provide potentially
orally active analogues, were shown to be active against
the Dunning hormone-resistant AT tumour and the
Walker 256 carcinoma tumours in vivo [18].
This study was designed to extend these preliminary

studies into a different cancer type by investigating the
activity of estramustine and the potential activity of two
novel analogues of estramustine, LS 4477 and LS 4559
in models of colon cancer. The ability of the analogues
and parent compound to interact with tubulin was
evaluated and the potential activity of the analogues in
relation to estramustine was determined in vitro and in
vivo against two well-established models of colon cancer
[19,20].

2. Materials and methods

2.1. Tubulin assembly assay

Porcine brain microtubules were isolated from fresh
tissue immediately following slaughter of the animal
and were purified by repeated cycles of assembly and
disassembly [21] (kindly provided by Dr A.T. McGown,
Paterson Institute for Cancer Research, Manchester,
UK). Estramustine (Pharmacia), LS 4477 (Pharmacia)
or LS 4559 (Pharmacia), dissolved in dimethyl sulph-
oxide (DMSO) (50 ml) to give a range of final con-
centrations from 0 to 40 mM, were added to Mes Buffer
(750 ml) [0.1 M Mes 1 mM ethylene diamine tetra acetic
acid (EDTA), 1 mM EGTA, 1 mM magnesium chloride
and 1 mM 2-mercaptoethanol pH6.4], 10 mM guanidine
triphosphate (GTP) (100 ml) and tubulin (100 ml) on ice.
Control samples were prepared as above but with 50 ml
of drug-free DMSO. Assembly was initiated by increas-
ing the temperature to 35 !C and reading the absor-
bance of each sample at 350 nm over 30 min against
sample blanks and control samples.

Fig. 1. Structure of estramustine (X=H) and its phosphate ester pro-
drug estramustine phosphate sodium (X=PO3Na2H2O).

Fig. 2. (a) Structure of LS 4477 (X=H) and its phosphate ester pro-
drug LS 4578 (X=PO3Na2) and (b) Structure of LS 4559 (X=H) and
its phosphate ester prodrug LS 4577 (X=PO3Na2).
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2.2. Competitive binding assay

The ability of estramustine, LS 4477 and LS 4559 to
compete with colchicine binding to tubulin was assessed
using a spun column method [22]. Tubulin was incu-
bated with colchicine (100 ml of 10 mM colchicine spiked
with 20 nCi/ml [3H]-colchicine, provided by Dr
McGown) and test compound in Mes buffer to give a
range of tubulin/test compound ratios. Samples were
incubated for 90 min at room temperature in the dark
then placed on ice for 5 min to terminate the reaction.
Samples were added to G50 Sephadex columns and the
eluent collected after centrifugation (900g for 2 min).
The eluent (100 ml) was added to 5 ml of Ecoscint A and
was analysed by liquid scintillation counting. All
experiments were performed in triplicate.

2.3. Cell culture

A panel of human and murine cells was used in this
study (see Table 1 for cell line characteristics). All cells
were grown in Roswell Park Memorial Institute (RPMI)
1640 medium with 25 mM HEPES buffer (Gibco), sup-
plemented with 10% heat-inactivated fetal calf serum
(FCS), 2 mM l-glutamine, 1 mM sodium pyruvate and
penicillin-streptomycin (50 IU/ml/50 mg/ml). Cells were
grown as monolayer cultures, with the exception of
K562 which grew as a suspension culture, at 37 !C in a
humidified atmosphere of 95% air/5% CO2. All cell
lines were routinely tested for mycoplasma contamina-
tion and were found to be free of infection.

2.4. In vitro chemosensitivity testing

Estramustine was dissolved in DMSO and diluted in
RPMI medium such that DMSO did not exceed a con-
centration of 1% (v/v). LS 4477 and LS 4559 were dis-
solved in DMSO and diluted in RPMI medium to give
a final DMSO concentration of 0.3% (v/v). DMSO
was not found to be cytotoxic to cells at these con-

centrations. Chemosensitivity was assessed following a
continuous 96-h exposure to a range of drug con-
centrations by use of a standard dimethylthiazolyl-2,5-
diphenyltetrazolium bromide (MTT) assay [23,24].
Cytotoxicity was expressed as an IC50 value which is the
concentration of drug required to reduce cell survival by
50%.

2.5. Confocal microscopy of tubulin morphology

DLD-1 cells were seeded at 1"104 cells/ml in RPMI
1640 medium supplemented with 10% FBS onto eight-
chamber slides (Iwaki) and left to attach and spread for
24 h (all incubations at 37 !C, 5% CO2). The compound
under test was then added to the appropriate well and
the cells incubated for 90 min. After a wash with HBSS,
fresh RPMI 1640 was added and the cells incubated for
a further hour. Medium was then removed and the cells
fixed in pre-cooled methanol at #20 !C for 30 min.
After two washes in PBS (all incubations at room tem-
perature from this stage), cells were incubated in the
primary monoclonal antibody, mouse anti-a-tubulin
(Sigma) at a dilution of 1:500 for 30 min. After three
further washes in PBS, the secondary antibody, tetra-
methylrhodamine isocyanate-conjugated rabbit anti-
mouse IgG (Dako) was added at a dilution of 1:50 for 30
min. After three final washes, the cultures were mounted
in fluorescent mounting medium (Dako) and stored at
4 !C until they were analysed with a Biorad Micro-
radiance Confocal Imaging System attached to a Nikon
CM-800 microscope using LaserSharp 2000 software.

2.6. Animals

Pure strain, male NMRI mice (B and K, Hull) aged
6–8 weeks used in this study were exposed to regular
cycles of light and dark and were given unlimited access
to food and water. Experiments were performed under a
project licence approved by the Home Office and UK
official guidelines were observed [25].

Table 1
In vitro chemosensitivity results following exposure of cells to estramustine, LS 4477 or LS 4559 for 96 h as assessed by an MTT assaya

Cell line Cell line characteristics IC50$S.D. (mM)

Estramustine LS 4477 LS 4559

MAC 15A Ascitic murine adenocarcinoma of the colon [27] 2.40$0.36 0.01$0.001 0.02$0.003
MAC 26 Well differentiated murine adenocarcinoma of the colon [27] 2.10$0.22 0.01$0.002 0.01$0.001
DLD-1 Human adenocarcinoma of the colon [28] 3.07$0.42 0.02$0.003 0.03$0.001
HCT 18 Human adenocarcinoma of the colon 2.27$0.17 0.07$0.001 0.03$0.002
HRT 18 Human primary rectal adenocarcinoma [29] 1.57$0.21 0.03$0.002 0.03$0.001
K562 Human chronic myelogenous leukaemia [30] 0.80$0.10 0.03$0.001 0.03$0.002
HCLO Human adenocarcinoma of the colon 2.53$0.32 0.04$0.007 0.12$0.026

MTT, dimethylthiazolyl-2,5-diphenyltetrazolium bromide; IC50, concentration required for 50% reduction in survival.
a Results are expressed as an IC50 value (mM)$standard deviation of three independent experiments.
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2.7. Tumour models

MAC 15A subcutaneous (s.c.) tumours were estab-
lished by implantation of ascitic MAC 15A cells grown
in the peritoneal cavity of donor NMRI mice into the
flank of male NMRI mice. Treatment commenced on
day 3 post-cell inoculation when tumours had reached a
measurable size. MAC 26 tumours were routinely
maintained as solid tumours grown subcutaneously in
NMRI mice. Tumours were removed from donor mice
and placed in 0.9% sterile saline before tumour frag-
ments (1–2 mm) were implanted subcutaneously into
the flank of male NMRI mice. Treatment commenced
approximately 17 days post-implantation when tumours
reached a measurable size.

2.8. Chemotherapy

Estramustine phosphate sodium (EMPS), the water
soluble pro-drug of estramustine (Pharmacia) was pre-
pared in 0.9% sterile saline. For intravenous (i.v.)
administration EMPS was prepared in 0.9% sterile sal-
ine with 12% bovine serum albumin (BSA). LS 4578
(Pharmacia) and LS 4577 (Pharmacia), the soluble pro-
drugs of LS 4477 and LS 4559, respectively, (Fig. 2)
were dissolved in 0.9% sterile saline. EMPS was admi-
nistered to mice as 0.1ml/10g body weight via i.v.,
intraperitoneal (i.p.) or oral routes. All test compounds
were administered at the specified dose daily for 5 days.
The new analogues were administered orally. The effect
of each drug on tumour volume was assessed by serial
two-dimensional caliper measurements. Tumour volume
was calculated using the formula a2!b/2 where a is the
smaller and b the larger value [26]. Relative tumour
volume (RTV) was calculated taking day 0 values to
represent a tumour volume of 1.0. The significance of
tumour growth delay was assessed using a Mann–
Whitney U test on the time taken by each tumour in
control and treated groups to reach a RTV of 2.0.

3. Results

3.1. Tubulin assembly assay

The ability of estramustine, LS 4477 and LS 4559 to
disrupt microtubule assembly was assessed by following
the assembly of purified porcine brain tubulin in the
presence and absence of each drug. The effect of each
concentration was compared with assembly of control
(DMSO) samples, assuming the change in absorbance
of these samples to represent 100% (see Fig. 3 and
Table 2). The results show that estramustine was only
slightly effective at inhibiting tubulin assembly at all the
concentrations tested, although a concentration depen-
dent effect was apparent. Maximum inhibition of
assembly occurred upon the addition of 40 mM estra-
mustine which corresponded to a 28.4% inhibition of
tubulin assembly. Estramustine had little effect on the
dynamics of tubulin assembly since the initial rapid
phase of assembly and the time for equilibrium to be
achieved were similar in control and estramustine-trea-
ted samples (Fig. 3). LS 4477 inhibited tubulin assembly
with maximum effects relating to 59.9% inhibition
occurring with a concentration of 40 mM. Addition of
less than 5 mM had little effect on tubulin assembly
(data not shown). Concentrations exceeding 5 mM
caused a reduction in the time for tubulin assembly to
reach a plateau. The concentration of LS 4477 required
to reduce tubulin assembly by 50% was calculated as
5.2 mM which was similar to that observed with vin-
blastine (data not shown). LS 4559 was also effective at
inhibiting tubulin polymerisation. However, the effect
was not dependent on concentration since similar levels
of inhibition occurred over the range of concentrations
tested. The concentration of LS 4559 required to inhibit
tubulin polymerisation by 50% was calculated as 3.5
mM, a value less than that calculated for LS 4477 or
vinblastine.

3.2. Competitive binding assay

Control samples (drug/tubulin, 0/1) had a mean count
of 11343.7"1024.2 dpm. Samples containing [3H]-col-
chicine with neither test compound or tubulin (ratio 0/0)
had a mean count of 97.8"62.9 dpm which related to
0.9"0.5% of the control counts. This negligible value
suggested that [3H]-colchicine does not bind to Sepha-
dex columns in the absence of tubulin, therefore all
radioactivity can be assumed to result from [3H]-colchi-
cine remaining bound to tubulin. As such, results were
expressed as a percentage of control counts and
accordingly the percentage of bound [3H]-colchicine.
Estramustine, at all drug/tubulin ratios, was com-

paratively ineffective at competing with colchicine for
binding to tubulin (Fig. 4 and Table 3) with a minimum
of 65.9"3.2% of colchicine remaining bound to tubulin

Table 2
Effect of estramustine, LS 4477 and LS 4559 on the ability of purified
tubulin to assemblea

% Change in absorbance

Concentration (mM) Estramustine LS 4477 LS 4559

Control 100 100 100
10.0 89.5 45.9 47.6
20.0 79.1 43.2 44.0
40.0 71.6 40.1 44.0

a Tubulin assembly in the presence and absence of each drug was
followed spectrophotometrically (350 nm) at 35 #C over 30 min.
Results are expressed as % change in absorbance assuming change in
absorbance for control (drug-free) samples to be 100%.
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at the highest drug/tubulin ratio. LS 4477 showed a
concentration-dependent inhibition of colchicine bind-
ing with maximum mean displacement of 90.8% col-
chicine (9.2!3.4% colchicine remaining bound) with a
drug/tubulin ratio of 100/1 (Table 3 and Fig. 4). LS
4559 caused an almost complete displacement of [3H]-
colchicine at all drug/tubulin ratios of more than 1:1.
Maximum inhibition occurred with a ratio of 100/1 and
accounted for the mean displacement of 93.3% colchi-
cine (6.7!0.9% remaining bound). At all drug/tubulin
ratios tested, LS 4559 was more effective than the rela-
ted compound, LS 4477, at binding competitively with
colchicine to tubulin.

3.3. In vitro chemosensitivity studies

The effect of estramustine on a panel of cell lines
mainly derived from the colon is shown in Table 1. All
cell lines with the exception of K562, the only leukaemia
cell line in the panel, exhibited similar levels of sensitiv-
ity to estramustine. K562 cells were the most sensitive

and DLD-1 the most resistant. Cells were also exposed
to LS 4477 and LS 4559 for 96 h (Table 1). MAC 15A
and MAC 26 were the most sensitive to the effects of LS
4477 and HCT 18 the most resistant. LS 4559 was also
most effective against MAC 26 and MAC 15A cells, but
least effective against HCLO cells. DLD-1 cells were
also exposed to the prodrugs LS 4578 and LS 4577. For
96 h exposures, IC50 values were 0.94 and 0.90 mM,
respectively. Much higher concentrations were required
to kill DLD-1 cells in a shorter 90-min exposure (IC50

640 and 585 mM, respectively).
The comparative IC50 values produced for each agent

have shown that the pattern of cell sensitivity and resis-
tance is not consistent for each agent tested. A trend
appeared such that the cell lines derived from murine
adenocarcinoma of the colon, MAC 26 and MAC 15A,
were most sensitive to the analogues and the human-
derived cell lines were more resistant. The results
showed that the cell panel was approximately 100 times
more sensitive to the analogues, LS 4477 and LS 4559,
than estramustine.

Fig. 3. Effect of (a) Estramustine, (b) LS 4477 and (c) LS 4559 on the ability of purified tubulin to assemble. Tubulin assembly in the absence of
drug (*) or in the presence of 10 mM (&), 20 mM (!) and 40 mM (!) drug was followed spectrophotometrically (350 nm) at 35 "C for 30 min. Each
graph represents change in absorbance against time (min).
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3.4. Confocal microscopy of tubulin morphology

The appearance of the tubulin cytoskeleton following
exposure of DLD-1 cells to EMPS, LS 4577 or LS 4578
are shown in Fig. 5. Images show the effects of exposure
to the compound at one tenth the IC50 or IC50 con-
centration for 90 min. The control image (Fig. 5a)
demonstrates a well-defined cytoplasmic tubulin net-
work and a single dividing cell with a normal spindle.
At one tenth of the 90 min IC50 concentrations all three
compounds caused cells to round up and the tubulin
took on an amorphous appearance. In the case of
EMPS some normal spindle formation was apparent
(Fig. 5b) whereas both analogues caused more severe
damage. Although LS 4578 resulted in the appearance

of aberrant spindles (Fig. 5c) the damage was clearer in
the LS 4577 exposed cells (Fig. 5d). After exposure to
the IC50 concentration of the two analogues, DLD-1
cells were devoid of properly formed microtubules and
a tubulin fluorescence was limited to the centrosome
(Fig. 5e and f).

3.5. In vivo chemotherapy

The antitumour effects of EMPS, the soluble prodrug
of estramustine; and the novel analogues of estramus-
tine were assessed against two members of the mouse
adenocarcinoma of the colon (MAC) series of tumours.
Data are summarised in Table 4. MAC 15A tumours
showed a mean doubling time in the range 0.4–0.9 days.
Estramustine phosphate sodium was administered to
mice bearing s.c. MAC 15A tumours by i.p. injection or
orally, each day for 5 days. Doses in the range of 20–50
mg/kg i.p. daily for 5 days failed to significantly increase
the time for MAC 15A tumours to reach a relative
tumour volume of 2.0 in comparison with untreated
tumours. In addition, EMPS administered at a max-
imum tolerated dose of 100 mg/kg orally, daily !5 did
not result in a significant growth delay. However, when
EMPS was given as an i.p. injection at this higher dose a
small growth delay (P<0.05) was apparent.
LS 4577, the water-soluble phosphate ester prodrug of

LS 4559 was administered orally to MAC 15A-bearing
mice at doses ranging between 10 and 40 mg/kg, daily
for 5 days as with the parent compound. Modest effects
(P<0.05) were observed with doses of 20 and 30 mg/kg
(Fig. 6a) with growth delays of 1.0 and 1.6 days,
respectively. Oral administration of 40 mg/kg resulted in
a significant growth delay (P<0.01) of 2.0 days (Fig. 6b)
with no apparent toxic effects in the form of body
weight loss. Higher doses were not tolerated.
Oral treatment with 40, 60 or 80 mg/kg LS 4578 (the

water-soluble phosphate ester prodrug of LS 4477),
daily for 5 days failed to significantly alter growth rates
of s.c. MAC 15A. Increasing the dose given orally to
100 mg/kg daily for 5 days (Fig. 6c) caused a significant
effect on the time to RTV 2.0 in relation to control
tumours (P<0.05). Increasing the dose to 120 mg/kg
(Fig. 6d) resulted in a significant growth delay
(P<0.01), while no body weight loss was observed. Due
to the lack of potency of this analogue higher doses
were not examined.
MAC 26 is a second member of the series of s.c. MAC

tumour models. It is a well-differentiated slower grow-
ing tumour than MAC 15A. Significant antitumour
effects were apparent with EMPS doses of 100 mg/kg
administered i.v. (growth delay of 3.8 days, P<0.01).
LS 4577 was administered orally to mice bearing s.c.
MAC 26 tumours at 40 mg/kg daily for 5 days, a dose
that showed activity against the MAC 15A s.c. tumour.
A growth delay of 2.5 days (P<0.05) was observed

Fig. 4. Effect of estramustine (*), LS 4477 (&) and LS 4559 (~) on
the binding of [3H]-colchicine to purified tubulin over a range of pro-
tein/drug ratios using a spun column method. Results are expressed as
a percentage of control dpm"standard deviation (n=3) as assessed by
liquid scintillation counting.

Table 3
Effect of estramustine, LS 4477 and LS 4559 on the binding of [3H]-
colchicine to tubulina

% of control dpm

Drug:tubulin ratio Estramustine LS 4477 LS 4559

0:1 100 100 100
0.5:1 80.8"1.9 41.9"13.4 20.1"3.8
1:1 72.2"3.2 17.2"1.8 9.1"4.7
10:1 72.1"3.2 16.3"3.6 7.9"0.8
100:1 65.9"3.2 9.2"3.4 6.7"0.9

dpm, disintegrations per minute.
a Results are expressed as a % of control dpm (i.e. percentage of

residual colchicine remaining bound to tubulin) from triplicate
experiments"standard deviation. Background levels were 0.9"0.5%
of the control counts.
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against the MAC 26 tumour model with no associated
body weight loss at this dose level.

4. Discussion

This study has investigated the mechanism of action
and the activity, both in vitro and in vivo of two novel
analogues of estramustine, LS 4477 and LS 4559 as
anticancer agents. It has been shown that in accordance
with the rational design of these compounds they are
effective at causing tubulin depolymerisation. More
importantly, this study has demonstrated that both
analogues have potent cytotoxic activity against a panel
of cell lines and have significant antitumour activity
when administered orally against well-characterised
tumour models in vivo.
In the mechanism-based studies, LS 4559 was more

effective than LS 4477 in causing tubulin to depolymerise,
especially at lower concentrations. Since these two com-
pounds differ only in a single substitution of a fluorine
atom at position 3 in LS 4559, it may be that this fluorine
atom in some way affects the interaction and binding
between tubulin and LS 4559 to increase its potency. These
findings are in agreement with similar studies that have also
identified LS 4477 and LS 4559 as effective agents at caus-
ing a dose-dependent inhibition of tubulin assembly [18].
Estramustine was relatively ineffective at causing

tubulin to disassemble in the assay system used. Estra-
mustine is known to bind to microtubule-associated

proteins, such as MAP 2 and the tau proteins which
cover the microtubule structure, and to tubulin [6–8].
Microtubule-associated proteins are essential for tubu-
lin assembly; thus, it is believed that disruption of their
function will have a deleterious effect on tubulin assem-
bly and other microtubule-dependent processes. How-
ever, the results of this assay suggest that estramustine
may be limited in producing these effects.
From the competitive binding assay employed in this

study, it was apparent that estramustine was ineffective
at inhibiting the colchicine binding property of tubulin.
It has been previously reported that estramustine at
concentrations up to 100 mM was unable to displace
colchicine from tubulin [8]. The results from this study
demonstrated that the two analogues of estramustine
were able to substantially compete with colchicine for
binding to tubulin, indicating that the binding site on
tubulin for the two analogues is close to or at the bind-
ing site for colchicine and distinct from that of estra-
mustine. Consistent with the assembly assay data, LS
4559 was the more effective of the two analogues over
all tubulin: test compound ratios and it appears that the
binding to tubulin at the colchicine site on the beta
subunit of tubulin is influenced by the addition of the
fluorine atom in LS 4559. The ineffectiveness of estra-
mustine to displace colchicine from its binding site may
be a consequence of a poor binding affinity of estra-
mustine or the presence of a distinct binding site on
tubulin for estramustine. Laing and colleagues [8] dis-
covered that two classes of binding sites for estramus-

Table 4
In vivo activity of estramustine (as the water-soluble phosphate sodium), LS 4577 and LS 4578 against murine adenocarcinoma of the colon

Tumour Treatment Dose (mg/kg) Route Statistical significance of
antitumour effectsa

MAC 15A EMPS 20!5 i.p. NS
30!5 i.p. NS
40!5 i.p. NS
50!5 i.p. NS

100!5 i.p. P<0.05
100!5 Oral NS
250b i.p. Toxic

MAC 15A LS 4577 10!5 Oral NS
20!5 Oral P<0.05
30!5 Oral P<0.05
40!5 Oral P<0.01

MAC 15A LS 4578 40!5 Oral NS
60!5 Oral NS
80!5 Oral NS

100!5 Oral P<0.05
120!5 Oral P<0.01

MAC 26 EMPS 100!5 i.p. P<0.05
50!5 i.v. NS

100!5 i.v. P<0.01
LS 4577 40!5 Oral P<0.05

NS, non significant; i.p., intraperitoneal; i.v., intravenous; EMPS, estramustine phosphate sodium.
a Determined by Mann–Whitney analysis of tumour growth delay.
b Single dose only.
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Fig. 5. Confocal microscope images of tubulin structure in DLD-1 cells exposed to test compounds for 90 min: (a) control cells, (b) estramustine
(0.1 times IC50); (c) LS 4578 (0.1 times IC50); (d) LS 4577 (0.1 times IC50); (e) LS 4578 at IC50; and (f) LS 4577 at IC50.
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tine were present on tubulin: one with high affinity for
estramustine and one with low affinity which on further
evaluation were shown to be distinct from the colchicine
binding site. The results from direct photolabelling of
tubulin isotypes with estramustine suggested that estra-
mustine bound covalently to both the alpha and beta
subunits of tubulin. In contrast, the binding sites for
colchicine [31], GTP [32] and paclitaxel [33] were found
to be on the beta subunit of tubulin although vinblas-
tine was also shown to bind to both alpha and beta
subunits [34]. However, it has been shown that estra-
mustine does not bind to each of these sites [8].
LS 4477 and LS 4559 were approximately 100 times

more potent than the parent compound, estramustine,
in the in vitro chemosensitivity studies, a response which
correlates with the mechanism-based studies. Although

these IC50 values are down in the nM range whereas
inhibition of tubulin is in the mM range this can be
easily explained if concentration versus time of exposure
values are considered. Confocal microscopy revealed
significant effects on tubulin structure in DLD-1 cells
after 90-min exposure to the prodrugs at IC50 and one-
tenth of IC50 concentrations, suggesting tubulin to be a
major target for these agents in cells.
The demonstration that LS 4477 and LS 4559 were

exerting their effects via an interaction with tubulin and
that they exhibited substantial in vitro activity, lead to
the inclusion of these compounds in in vivo tests. This
study investigated antitumour activity against the MAC
tumour models grown in syngeneic mice. These tumours
have been used for preclinical evaluation of potential
new agents for a number of years [19,20]. MAC 15A is a

Fig. 6. Growth curves (mean!standard deviation (S.D.)) of MAC 15A tumours after daily "5 oral treatments with: (a) 30 mg/kg LS 4577; (b) 40
mg/kg LS 4577; (c) 100 mg/kg LS 4578; (d) 120 mg/kg LS 4578 (*, control, *, treated).
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rapid growing solid tumour established from ascitic cells
implanted subcutaneously in NMRI mice. Estramus-
tine, administered i.p. as the prodrug EMPS at a dose of
100 mg/kg daily for 5 days caused a significant growth
delay and was well tolerated by the animals. At the
same dose EMPS was ineffective when administered
orally. In contrast, LS 4577, the soluble in vivo equiva-
lent of LS 4559, was highly active when administered
orally at doses of 40 mg/kg daily for 5 days. In order to
obtain the same response with LS 4578, the in vivo
equivalent of LS 4477, a dose 3 times greater (120 mg/
kg orally daily !5) had to be administered. Thus the
minor difference in the in vitro activity of the two com-
pounds relating to the single substitution of a fluorine
atom on LS 4559 has translated into a large difference in
doses required for the same effect in vivo. Both analo-
gues were well tolerated by the animals. LS 4577 was
also tested against the slower growing MAC 26 tumour
and a significant growth delay was produced. Estra-
mustine produced a significant growth delay against this
tumour model only when administered intravenously.
Both analogues were found to be active against the

Dunning hormone-insensitive AT-1 rat prostatic tumour.
Whilst this tumour model was resistant to doxorubicin,
vinblastine and estramustine, the new analogues LS
4577 and LS 4578 caused a dose-dependent inhibition of
tumour growth when administered either orally or
intravenously (data not shown). Of the two analogues,
LS 4577 was the most effective causing a 50% inhibition
of AT-1 tumours and a 63% inhibition of Walker 256
mammary carcinoma, a trend consistent with the results
presented for the MAC tumours.
In conclusion, LS 4559 consistently showed greater

activity than LS 4477 in all assays. The only difference
between the analogues is in a single fluorine atom added
to position 3 in LS 4559, but this addition has had ben-
eficial effects on in vitro, and to a greater extent, in vivo
activity. However, the apparent increase in activity of
the analogues in relation to the parent compound cou-
pled with the fact that they are active in vivo when
administered orally with no obvious toxicity, suggests
that they warrant further development.
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Intrinsic chemotherapy resistance to the tubulin-binding antimitotic agents in renal
cell carcinoma
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Renal cancer is one of the most chemoresistant tumor types. Using
a panel of 10 established renal cancer cell lines that have not been
subjected to prior drug selection, the range of functional resistance
phenotypes to the tubulin-binding agents paclitaxel, vinblastine,
vincristine and patupilone (epothilone B, EPO906) was deter-
mined, together with expression of P-glycoprotein (PgP), multi-
drug resistance associated protein-2 (MRP2) and major vault
protein (MVP) proteins. The IC50 values for vincristine correlated
positively with PgP expression (r ! 0.73; p ! 0.031), with values
for paclitaxel and vinblastine just failing to reach significance. A
significant positive correlation was observed for sensitivity to pac-
litaxel and MRP2 expression only (r ! 0.8; p ! 0.013). MVP
expression did not correlate with sensitivity to any of the drugs
examined. All cell lines exhibited much greater sensitivity to patu-
pilone, demonstrating for the first time the potential use of patu-
pilone in this cancer. In tissue samples from chemotherapy-naive
renal cell carcinoma (RCC) patients, marked downregulation or
absence of PgP in many tumor cells with expression levels more
similar to sensitive cell lines rather than the resistant lines was
seen. Similarly, MRP2 was absent or only weakly present in tumor
cells, whereas MVP was very strongly upregulated in most tumor
samples. This study illustrating discrepancies between results ex-
clusively based on studies in cell lines and findings in vivo suggests
that the role of PgP and MRP2 in intrinsic resistance in RCC in
vivo may be less than expected from the in vitro findings and
supports a potential role for MVP on the basis of in vivo expression
studies.
© 2005 Wiley-Liss, Inc.

Key words: renal cancer; P-glycoprotein; major vault protein; multi-
drug resistance protein; epothilone, tubulin

Renal cancer accounts for 2–3% of malignancies,1 and the
majority of renal cell carcinoma (RCC) are of conventional (clear
cell) type. These are thought to arise from the renal proximal
tubular epithelium. Surgical resection is the most effective treat-
ment for organ-confined disease, with RCC being one of the most
intrinsically chemoresistant of tumors.2

A number of mechanisms have been implicated in drug resis-
tance generally and can be broadly classified into “pharmaco-
logic,” which is largely related to pharmacokinetic aspects; “mul-
ticellular,” which includes factors affecting drug permeation and
chemosensitivity within the tumor such as hypoxia, pH gradients
and tumor vascularization; and “intracellular” mechanisms, includ-
ing subcellular distribution, alterations in the drug target and
regulation of apoptosis.3 One of the most widely studied aspects of
resistance is that of reduced intracellular drug accumulation, ef-
fected by a number of ATP-binding cassette (ABC) transporter
efflux pumps, of which the first identified and most widely studied
is P-glycoprotein (PgP, MDR-1, ABCB1). PgP has been impli-
cated in both intrinsic and acquired resistance in a number of
cancers, including RCC, where PgP transcripts or protein have
been identified in normal renal proximal tubules4 and in the ma-
jority of RCC samples,5–9 often at higher levels than other tumor
types. Experimental data also supporting a role for PgP in RCC
resistance include high PgP mRNA levels in several renal tumor
cell lines examined as part of the National Cancer Institute (NCI)
in vitro anticancer drug screen (http://dtp.nci.nih.gov),10,11 and
increased PgP mRNA levels associated with in vitro resistance of

cell lines or primary cultures to paclitaxel12 and doxorubicin.13

Evidence that chemoresistance in RCC is not exclusively deter-
mined by PgP is provided by the observations that some primary
cell lines or cultures are resistant in the absence of detectable PgP
expression and the resistance is not reversed by inhibitors of
PgP.6,12,14,15 Clinical studies to date have failed to provide con-
vincing evidence for PgP-mediated resistance in RCC, with trials
of PgP antagonists having limited success,2 although this may be
attributed to lack of potency and specificity of the early-generation
antagonists.16

Other members of the ABC transporter family such as the
multidrug resistance-associated proteins (MRPs) have also been
implicated in drug resistance. Two in particular, MRP1 (ABCC1)
and the human canicular multispecific organic anion transporter
(cMOAT, MRP2, ABCC2), have been shown to be overexpressed
in cell lines that exhibit non-PgP-mediated resistance.17 MRP1 is
expressed in most human tissues, whereas MRP2 has limited tissue
expression but is expressed on the luminal membrane of proximal
tubules in normal kidney.18,19 MRP2 has been shown to modulate
resistance to several chemotherapeutic agents in vitro, including
vincristine,20,21 and is expressed in RCC tissue.18,19 However, the
role of pan-MRP in RCC resistance has only been studied as part
of the NCI anticancer screen and the contribution of individual
members of this large family has not been examined.22

In addition to ABC transporters, major vault protein (MVP; also
referred to as lung resistance protein, LRP), which is a major
component of cytoplasmic vaults and may play a role in drug
sequestration into exocytotic vesicles, has been implicated in drug
resistance, being a superior predictor for in vitro resistance in 61
cancer cell lines overall compared with PgP.22,23 MVP is ex-
pressed in normal renal proximal and distal tubules and Bowman’s
capsule and increased expression is seen in renal tumors.24,25 MVP
mRNA levels have been associated with the multidrug resistance
phenotype in a panel of intrinsically resistant tumor cell lines,
including an RCC line,26 providing limited evidence for a potential
role in chemotherapy resistance in RCC.

It is difficult to determine the relative contributions of these
different molecules to chemotherapy resistance in RCC as studies
reported in the literature variably analyze either mRNA or protein,
use tissue or cell lines and often examine only one gene or protein
in isolation. We therefore performed a comprehensive study em-
ploying a large panel of established RCC cell lines to determine
functional resistance phenotypes to the tubulin-binding agents
paclitaxel, vinblastine, vincristine and patupilone (epothilone B,
EPO906) and possible correlations with expression of PgP, MRP2
and MVP, proteins known to be expressed by normal renal prox-
imal tubule cells. These agents were chosen since drugs targeting
tubulin represent some of the most successful antitumor therapies,
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yet RCC remains chemoresistant with response rates of 0% for
trials of single-agent paclitaxel and 0–16% for single agent vin-
blastine.27 A recent phase 2 study showed promising responses in
RCC using the epothilone patupilone. Patupilone is a member of a
new class of tubulin-binding agents with early observations sug-
gesting antitumor activity in vitro and in vivo in models that were
paclitaxel-resistant.28,29 These cell lines were not subjected to drug
selection and thus are more likely to be representative of the
intrinsic drug resistance that is observed in RCC. We also inves-
tigated the expression of PgP, MRP2 and MVP in patient-matched
tumor and normal tissue from chemotherapy-naive RCC patients
using a combination of techniques, including Western blotting and
immunohistochemistry, to corroborate the in vitro findings and
assess their potential clinical significance.

Material and methods
Reagents

Milli-Q H2O was used for all solutions. Paclitaxel, vincristine
sulfate, the R-isomer of verapamil-HCl and MTT [3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] were purchased
form Sigma-Aldrich (Poole, U.K.). Velbe vinblastine sulfate (10
mg/vial) was purchased from Lilly (Indianapolis, IN) and patupi-
lone (epothilone B, EPO906) was kindly provided by Novartis
Pharma (Basel, Switzerland). Paclitaxel, vincristine sulfate and
patupilone were reconstituted in DMSO at a concentration of 50 or
0.5 mM (patupilone). Vinblastine sulfate was reconstituted to 50
mM in sterile PBS. All drugs were aliquoted and stored at !80°C.
MTT was reconstituted at 5 mg/ml in PBS and sterile-filtered to
remove undissolved material and stored at 4°C. Antibodies for
Western blotting and immunohistochemistry were as follows: anti-
PgP (mAb clone F4) and anti-MVP (mAb clone 1014) are from
Kamiya Biomedical (Thousand Oaks, CA); anti-MRP2 (mAb
clone M2 III-6) from Chemicon (Temecula, CA).

Cell lines
The cell lines used in this study were obtained from ATCC

(Rockville, MD) or the cell repository NCI-Frederick Cancer Re-
search and Development Center (Frederick, MD). Cell lines were
routinely cultured in RPMI-1640 medium supplemented with 1%
v/v L-glutamine and 10% v/v FCS at 37°C in 5% CO2/95% air.
The breast cancer cell line MCF-7 was used as a chemosensitive
positive control line exhibiting a lower MDR rank compared to
RCC cell lines,10 together with the following RCC cell lines:
HTB47, SN12C, TK-10, UO-31, A704, SN12K, A498, HTB46,
HTB49 and CRL1933.

Chemosensitivity assays
In vitro chemosensitivity of the cell lines to the various drugs

was determined using a modified MTT assay.30 The assay was
optimized for each cell line where 5 days of cell growth after drug
treatment were observed to be necessary to allow sufficient time
for cell death and loss of metabolic activity to occur. Growth
curves were obtained for each of the cell lines to determine
appropriate seeding densities for each cell line into 96-well plates
to ensure that the cells remained in exponential growth throughout
the entire assay. Cells were seeded into 96-well flat-bottom poly-
styrene plates (Corning, Acton, MA) at a density of 250–1,000
cells/well as appropriate and grown for 24 hr. Cells were then
exposed to each drug at 10 serially diluted concentration levels
between 0.2 and 100 "M for 1 hr (maximum final DMSO con-
centration of 0.1% v/v), washed twice with HBSS and with fresh
medium added. Cells were then grown for 5 days after drug
treatment, after which time the medium was replaced with RPMI/
0.5 mg/ml MTT solution and cells were incubated for 4 hr at 37°C.
Medium was carefully aspirated from the wells and the formazan
crystals were solubilized using 150 "l DMSO. Cell viability was
assessed by formation of the colored formazan product that was
quantified using a Titer Multiskan MCC plate reader at 540 nm and
the viability of cells treated with drug was assessed relative to

control cells treated with vehicle alone. The IC50 is defined as the
drug concentration that resulted in a 50% reduction in absorbance
at 540 nm in drug-treated wells relative to control wells with the
untreated controls being assigned a value of 100%. A linear
relationship up to an optical density (OD) of 1.4 was observed and
each experiment was performed on a minimum of 3 separate
occasions.

Sample collection and protein extraction
All samples were obtained following informed patient consent

and approval by the local research ethics committee. RCC and
patient-matched distant normal cortical kidney tissue were ob-
tained immediately upon surgical resection and placed in ice-cold
RPMI medium containing Complete mini protease inhibitor cock-
tail (Roche, Mannheim, Germany) for transport to the laboratory.
Blocks of tissue (# 100 mm3) were rinsed in ice-cold PBS fol-
lowed by isotonic sucrose, snap-frozen in liquid N2 and stored in
nitrogen or alternatively embedded in OCT compound and stored
in nitrogen. Samples were obtained from 2 males and 5 females
with conventional clear cell RCC of grades 2 (n $ 1), 3 (n $ 2)
and 4 (n $ 4), ranging from stages I to IV disease.

For Western blot analysis, tissue lysates were prepared by
cutting 8 "m sections from OCT-embedded tissue directly into
Laemmli buffer (62.5 mM Tris-HCl, pH 6.8, 10% v/v glycerol, 2%
w/v SDS, 5% v/v %-mercaptoethanol and trace bromophenol blue)
and incubated on ice for 10 min with intermittent vortexing. DNA
was sheared using a 0.5 mm gauge needle; the lysate was mi-
crofuged at 15,000g for 10 min, aliquotted and stored at !80°C.
For cell lines, monolayer cultures (approximately 95% confluent)
were washed 3 times with ice-cold PBS (pH 7.3) followed by one
wash with cold isotonic sucrose (0.25 M) and 1 ml of Laemmli
buffer added to each T75 flask. After leaving for 2 min on ice, cell
lysates were then scraped from the culture flask and incubated on
ice for a further 10 min before being processed as above. Protein
concentrations of samples were determined using the Bio-Rad
protein assay (Bio-Rad, Richmond, CA) based on a modified
Bradford assay.

Western blotting
Proteins (5 "g/lane) were separated on 7.5% T resolving gels

with 4% T stacking gels using minigels as previously described.25

Protein was transferred to Hybond-C nitrocellulose paper (Amer-
sham Biosciences, Little Chalfont, UK) using Towbin’s buffer (25
mM Tris-HCl, 192 mM glycine, 10% methanol, pH 8.3) and the
Bio-Rad Trans-Blot System (100 V; 1 hr). Blots were blocked in
10% w/v nonfat dried milk in TBS-T (20 mM Tris-HCl, 140 mM
NaCl, pH 7.6, 0.1% v/v Tween-20) for 2 hr and incubated with
primary antibody diluted in TBS-T/1% w/v milk for 1 hr. Primary
antibodies anti-PgP (Clone F4), anti-MVP (clone 1014) and anti-
MRP2 (clone M2 III6) were optimized and used at concentrations
of 2, 0.5 and 0.5 "g/ml, respectively, with mouse IgG used as a
negative control. Blots were subsequently washed with TBS-T
(4 & 5 min) and incubated with HRP-conjugated mouse EnVision
reagent (DakoCytomation, Ely, UK) diluted 1 in 200 in TBS-T/5%
w/v milk for 1 hr.25 Blots were developed using West Dura
Extended Duration Substrate (PerBio, Tattenhall, UK) and ex-
posed to Kodak Biomax MS film. Blots were scanned using a
Personal SI laser densitometer (Amersham Biosciences) and ana-
lyzed using ImageQuant software (Amersham Biosciences). Mul-
tiple exposures were obtained to ensure response was in the linear
range of the film. For normalization of protein loading, parallel
gels were fixed in 40% v/v methanol, 7% v/v acetic acid and
stained with 0.1% w/v colloidal Coomassie Brilliant Blue G250,
16% w/v ammonium sulfate, 0.29 M H3PO4, 20% v/v methanol for
1 hr. After destaining for 1 min in 25% v/v methanol/10% v/v
acetic acid followed by 25% v/v methanol/H2O, gels were scanned
and analyzed as above. Western blotting experiments were re-
peated on 3 separate occasions. Both %-actin and %-tubulin were
observed to be inadequate as loading controls due to the variability
in their expression between cell lines and tissue samples (data not
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shown) and hence parallel gels stained with Colloidal Coomassie
G250 and analyzed by densitometry were used to confirm similar
protein loads.

Immunohistochemistry
Immunohistochemical analysis was carried out on 5 !m frozen

OCT-embedded sections from patient-matched tumor and normal
kidney tissue. Briefly, sections were fixed in acetone for 2 min,
with endogenous peroxidase blocked, washed with TBS and incu-
bated with primary antibody diluted in TBS for 30 min. Primary
antibodies anti-PgP (Clone F4), anti-MVP (clone 1014) and anti-
MRP2 (clone M2 III6) were used at concentrations of 2, 0.5 and
0.5 !g/ml, respectively, with mouse IgG used as a negative con-
trol. After washing in TBS, labeling was detected using the HRP-
labeled mouse EnVision kit (DakoCytation) as per the manufac-
turer’s instructions. Sections were then washed in water,
counterstained in hematoxylin, dehydrated and mounted.

Statistical analysis
Statistical analysis was performed using the Institute of Phonetic

Sciences (IFA) software (Amsterdam, The Netherlands).

Results
Resistance pattern of RCC cell line panel

The cytotoxic activity of the 4 antitubulin agents against the
RCC cell line panel in comparison with the chemosensitive breast
cell line MCF-7 is shown in Figure 1. The resistance pattern of the
panel was drug-dependent and, with the exception of patupilone,
the A704 and UO-31 cell lines demonstrated strikingly high levels
of resistance, with IC50 values " 50 !M to paclitaxel, and exhib-
ited cross-resistance to vinblastine and vincristine (Table I). Both
the A704 and the UO-31 cell lines were extremely atypical mem-
bers of the cell line panel, since in the case of paclitaxel, they were
as much as 128-fold more resistant than the other cell lines. In fact,

the solubility limit of the drugs precluded a more accurate IC50
estimation as it was not possible to investigate higher concentra-
tions. However, excluding these 2 cell lines, a broad spectrum
(# 15-fold range) of chemosensitivity to paclitaxel was observed
for the remaining members of the panel, the majority of which
were more resistant than the MCF-7 cell line. In the case of
vinblastine, the cell lines had more similar IC50 values to MCF-7,
exhibiting only # 3.6-fold range, whereas for vincristine, a broad
spectrum of chemosensitivity comparable to that obtained for
paclitaxel was observed (# 14-fold), although the cell lines ex-
hibited a differing pattern of relative sensitivity compared with
paclitaxel. In the case of patupilone, the range of IC50 was narrow;
all the cell lines were between 100- and 10,000-fold more sensitive
to this agent compared to paclitaxel, demonstrating its potency,
even against A704 and UO-31 lines that are highly resistant to the
other 3 agents.

PgP, MRP2 and MVP expression and intrinsic drug resistance
in RCC cell lines

Examination of the levels of expression of PgP, MRP2 and
MVP proteins in the RCC cell lines by Western blotting and their
possible association with intrinsic chemoresistance to the antitu-
bulin agents revealed detectable although variable levels of all 3
proteins in all cell lines except for the absence of PgP in the breast
cell line MCF-7 (Fig. 2). Two bands were apparent with the
anti-PgP antibody, one of the expected molecular mass of 170 kDa
and one of a very high molecular weight protein, interpreted as
most likely representing PgP aggregates since it was more prom-
inent in Western blots, where samples were extracted into a urea/
thiourea/CHAPS-based lysis buffer (data not shown). For the
purpose of analysis, the band at 170 kDa only was quantified,
although a comparable analysis including both bands produced
similar correlations. The expression of PgP was highest in A704
and UO-31, supporting a possible role of PgP in the very high

FIGURE 1 – Chemosensitivity profile of the panel of RCC cell lines to the antimitotic tubulin-binding agents paclitaxel, vinblastine, vincristine
and patupilone (epothilone B, EPO906). Cytotoxicity was determined by the MTT assay 5 days after a 1-hr exposure to drug. Mean IC50
values $ SD (n ! 3) are shown with IC50 defined as the concentration of drug required to inhibit growth by 50% relative to untreated controls.
Note units for IC50 values for EPO906 are nM.
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levels of resistance to paclitaxel, vinblastine and vincristine seen
particularly in these 2 lines, with much lower levels being present
in the other lines. To confirm this on a functional level, UO-31 was
treated with paclitaxel in the presence of the PgP antagonist
verapamil (Fig. 3). Treatment in the presence of R-isomer-vera-
pamil-HCl caused a dramatic shift in IC50 from ! 50 to 0.2–0.3
"M, which is close to that observed for the most sensitive cell lines
MCF-7 and HTB47. This provides further strong evidence that the
very high level of resistance to paclitaxel at least is due predom-
inantly to PgP, in contrast to patupilone, where treatment with the
antagonist revealed no such reduction in IC50, consistent with the
notion that it is a poor substrate for PgP and that the cells are not
protected from patupilone, even by very high levels of PgP ex-
pression.

Visual examination of the cytotoxicity profile of the cell lines
(Fig. 1) superimposed on the Western blot results (Fig. 2) for PgP
expression revealed a marked similarity in pattern of relative
sensitivities observed with vincristine. Formal analysis of the
densitometric Western blotting data compared with the IC50 data
for each drug and panel of cell lines (omitting the A704 and UO-31
cell lines due to difficulty in obtaining accurate IC50 data as a
result of the very high levels of resistance together with the
observation that they were highly atypical members of the cell line

panel) confirmed this association between PgP expression and
vincristine sensitivity as significant (Table II). The IC50 values for
vincristine correlated positively with PgP expression (r # 0.73;
p # 0.031), while no significant correlation (p $ 0.05) existed
between the IC50 values for the paclitaxel, vinblastine, or patupi-
lone and PgP expression levels, although the data for paclitaxel
and vinblastine only just failed to achieve significance (Table II).

Much less variation in levels of expression was seen for MRP2
and for MVP between different cell lines (Fig. 2). However, a
significant positive correlation was observed for sensitivity to
paclitaxel and MRP2 expression only (r # 0.8; p # 0.013),
whereas MVP expression did not correlate with sensitivity to any
of the drugs examined in this study, being very similar across all
cell lines (Table II). In all cases, no bands were seen with the
irrelevant mouse IgG as primary antibody.

PgP, MRP2 and MVP expression in RCC and normal kidney
tissues

Examination of the levels of PgP, MRP2 and MVP by Western
blotting in matched normal and conventional RCC tumor tissue
showed a marked decrease in PgP expression in the tumor com-
pared with the normal tissue in 6/7 cases (Fig. 4), being undetect-
able in several, particularly 3 out of 4 of the stage 3–4 patients

FIGURE 2 – Expression of PgP, MRP2 and
MVP proteins in RCC cell lines. Cell lysates
are loaded in the same order as shown in
Figure 1, i.e., in increasing IC50 values to
paclitaxel from left to right. Western blots of
protein extracts (5 "g) probed with antibodies
to PgP (% 170 kDa), MRP2 (! 200 kDa) and
MVP (110 kDa) are shown. Colloidal Coo-
massie G250-stained gels and densitometry
were used to check equal protein loading for
reasons described in the text (results not
shown). Results presented are representative
of 3 separate experiments.

TABLE I – IC50 VALUES FOR THE MCF-7 BREAST CANCER LINE AND THE RENAL CELL LINES FOR EACH OF THE DRUGS TESTED

Cell line
Taxol Vinblastine Vincristine Patupilone

Mean ("m) SD Mean ("m) SD Mean ("m) SD Mean (nm) SD

MCF-7 0.39 0.16 0.78 0.31 0.5 0.01 2.7 2.0
HTB47 0.42 0.1 0.61 0.52 5.04 1.09 3.3 0.58
SN12K 0.90 0.01 1.5 1.2 1.45 0.2 11.0 1.4
SN12C 1 0.8 0.99 0.17 1.5 0.71 9.5 0.71
TK-10 1.53 0.46 0.57 0.19 1.3 3.28 1.9 0.14
A498 2.07 0.5 0.43 0.31 9 0.95 2.43 0.51
HTB49 2.53 1.11 1.38 0.96 10.7 0.07 3.77 0.64
HTB46 2.8 2.04 0.92 0.47 1.29 0.5 1.5 0.5
CRL 1933 6.5 3.51 1.58 0.74 15.0 4.0 7.0 0.3
A704 ! 50 ! 100 ! 100 8.0 1.0
UO-31 ! 50 ! 100 ! 100 7.0 1.41

Cytotoxicity was determined by the MTT assay 5 days after a 1-hr exposure to drug. Mean IC50 values & SD (n ! 3 separate experiments)
are shown with IC50 defined as the concentration of drug required to inhibit growth by 50% relative to untreated controls.
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(patients 4–7). No such PgP decrease was apparent in the tumor of
patient 3. MRP2 expression was also decreased in tumor versus
normal tissue, to the extent that in some cases it was undetectable
even after prolonged development (Fig. 4). Interestingly in both
patients 3 and 4, high levels of both PgP and MRP 2 were present
relative to the normal samples. In marked contrast, expression of
MVP was much greater in tumor samples compared with matched
normal kidney in all cases except patient 5.

To gain some insight into how the reduced levels of PgP seen in
tumor tissue compare with those detected in the panel of cell lines
of varying resistance, expression levels of PgP in RCC tissue were
directly compared using equal amounts of total protein, with
members of the cell line panel that were the most sensitive and
resistant to paclitaxel (Fig. 4b). The amounts of PgP protein in

tumor samples were far more comparable with the more sensitive
(i.e., HTB47) cell lines, with levels observed in the more resistant
A704 and UO-31 cell lines being clearly unrepresentative of those
seen in tumor tissue.

To confirm the above results and further investigate the expres-
sion of these proteins in terms of specific cellular localization and
heterogeneity of expression, immunohistochemical analysis of the
same samples used for Western blotting analysis was carried out
(Fig. 5). In terms of total expression, results paralleled the Western
blots. PgP was clearly expressed very strongly in the proximal
convoluted tubules of normal kidney, largely membranous but
with some cytoplasmic staining. Occasional staining of the epithe-
lial cells of Bowman’s capsule and distal convoluted tubules was
observed. In contrast, expression of PgP in the tumor sections
varied from extensive moderate to strong staining of tumor cells in
patients 1, 3 and 4 to weak and patchy labeling or only occasional
positive cells in the remaining patients (Fig. 5), with no clear
relationship with grade. MRP2 was expressed specifically in the
apical membranes of the proximal convoluted tubules in normal
kidney, varying in intensity from weak to strong staining. In tumor
samples, staining was absent or weakly present in occasional
tumor cells in most samples with the exception of tumor 4, which
was strongly positive. Both nonpolarized membrane and some
cytoplasmic staining were seen. Inflammatory cells were strongly
positive, which was particularly evident in tumors 3 and 7. The
striking differences in MVP expression seen by Western blotting
in the tumors was also reflected immunohistochemically with
positive cytoplasmic labeling (in some cases, staining was also
apparent at the apical membrane) of proximal tubule cells, and
occasional cells of Bowman’s capsule in the normal kidney and
extensive strong cytoplasmic staining of tumor cells with the
exception of patient 5, whose tumor was positive for MVP but at
much lower levels and in only about 70% of the cells. In some
cases, apparent localization of MVP to membranes was also ob-

FIGURE 3 – Modulation of PgP function in UO-31 cell lines. The UO-31 cell line was treated with paclitaxel or patupilone for 1 hr in the
presence of the PgP antagonist R-verapamil-HCl. Representative results shown are from 1 of at least 3 separate experiments; error bars are
omitted for clarity but were generally ! 5% of the mean value at each point. Cells were seeded in the presence of " 25 #M verapamil-HCl
24 hr prior to 1-hr drug treatment as indicated. Cell survival was assessed after 5 days by MTT assay.

TABLE II – CORRELATION BETWEEN DRUG RESISTANCE (IC50) AND
PROTEIN EXPRESSION ASSESSED BY WESTERN BLOTTING

R p-value

PgP
Paclitaxel 0.67 0.059
Vinblastine 0.63 0.076
Vincristine 0.731 0.0311

Patupilone 0.36 0.33
MRP2

Paclitaxel 0.81 0.0131

Vinblastine $0.217 0.58
Vincristine 0.45 0.21
Patupilone $0.48 0.198

MVP
Paclitaxel 0.33 0.39
Vinblastine 0.116 0.78
Vincristine 0.33 0.38
Patupilone 0.033 0.95

Spearman rank correlations are provided.–1Significance level with
numbers indicating significant correlations (p ! 0.05).
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served. Although stronger staining of tumor cells compared with
normal proximal tubule cells was apparent in most cases, the
apparent upregulation in tumors seen on the Western blotting was
also partly due to differences in tissue heterogeneity, as tumor
samples comprised sheets of positive tumor cells compared to the
relatively small number of proximal tubular cells in normal kidney.

Discussion

A major cause of treatment failure in cancer chemotherapy is
either intrinsic drug resistance or the acquisition of multidrug
resistance phenotype during treatment. Previous investigations
into the role of PgP in chemotherapy resistance in RCC have
focused either on tissue or on cell lines, with little investigation as
yet linking functional examination of drug resistance in vitro with
expression of specific proteins implicated in resistance both in
vitro and in vivo. Using 4 tubulin-binding agents representing the
tubulin-disrupting vinca alkaloids (vincristine and vinblastine), the
tubulin-stabilizing taxanes (paclitaxel) and patupilone (EPO906 or
epothlione B), a novel nontaxane tubulin-stabilizing agent, and by
combining functional chemoresistant assays in cell lines with cell
line and tissue expression of several proteins implicated in resis-
tance, we provide evidence that although PgP is implicated in
resistance, other mechanisms are also likely to be involved in
RCC. The cell lines used, although established and therefore
potentially subject to effects of in vitro culture, have not been
subject to drug selection, thus providing a more realistic model for
studying resistance and relating findings to the in vivo situation.

Although 3 of the agents examined are in routine clinical use
against a number of cancers, epothilones such as patupilone are

currently undergoing early clinical trials in a range of cancers.31

This class of agent is particularly interesting since several analogs
have demonstrable antitumor activity to paclitaxel-resistant mod-
els. Our data provide the first report of the relative sensitivity of
RCC lines to the natural epothilone patupilone, with the RCC cell
lines examined here clearly showing a far greater sensitivity to this
drug than the other agents examined. The similar sensitivity of the
2 cell lines UO-31 and A704 to this drug, despite very high levels
of PgP expression and the lack of change in sensitivity in the
presence of verapamil, provides direct evidence that patupilone is
a poor substrate for PgP, consistent with previous observations that
derivatives of patupilone demonstrated activity in models where
PgP-mediated resistance to other drugs was present.31,32 No cor-
relation was seen between any of the molecules examined and
relative sensitivities to patupilone, suggesting other factors may be
important in determining resistance to this drug. These results
showing the in vitro sensitivity of RCC to patupilone, although in
vivo selectivity has yet to be demonstrated, are extremely encour-
aging, supporting a potential use of patupilone in RCC.

The resistance profile was drug-dependent, with 2 cell lines in
particular (A704 and UO-31) demonstrating very high levels of
resistance to paclitaxel, vinblastine and vincristine compared to the
other members of the cell line panel. Differences in IC50 were not
a simple consequence of differences in cell population doubling
times, which were similar in the majority of lines (23–26 hr).
These cell lines were atypical in their response to these 3 agents as
in some cases they were greater than 100-fold more resistant than
the other cell lines of the panel. They also displayed much higher
PgP expression levels, implicating PgP in these extreme levels of
resistance to these drugs, which are known substrates for PgP. The

FIGURE 4 – PgP, MRP2 and MVP protein expression in RCC and normal kidney tissue as assessed by Western blotting. (a) Western blot
analysis (5 !g protein per lane) of PgP (" 170 kDa), MRP2 (" 200–220 kDa) and MVP (110 kDa) expression in matched normal (N1–N7)
and tumor tissue (T1–T7) from each of 7 patients with conventional clear cell RCC. Colloidal Coomassie G250-stained gels and densitometry
were used to check equal protein loading and the results presented are representative of 3 separate experiments. (b) Comparative Western blotting
of PgP expression between 3 RCC cell lines and 3 matched normal and RCC tissues. Equal amounts of total lysate (5 !g/lane) were loaded with
lanes 1, 2, 3 containing the HTB47, CRL1933 and UO-31 cell lines, respectively, and the remaining lanes containing matched tumor (T1–T3)
and normal tissue (N1–N3) from each of 3 separate patients with RCC.
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abolition of the resistance by verapamil clearly supported this, at
least for paclitaxel, with vincristine and vinblastine not being
examined, confirming previous results with UO-31 in terms of
high levels of PgP.10 However, the role of PgP in resistance to
these agents in the other less resistant cell lines is less clear. The
significant correlation between PgP expression levels and vincris-
tine sensitivity clearly supports an involvement of PgP as being a
dominant determinant in resistance to this agent. The correlation
between PgP expression and resistance to paclitaxel or vinblastine
just failed to reach statistical significance, which may reflect the
small sample size as they are both known substrates of PgP, but
may also indicate the involvement of additional resistance mech-
anisms in these lines. Examination of a large panel of 61 human
cell lines of various cancer types used by the NCI for large-scale
anticancer drug screening showed generally that those exhibiting
the highest multidrug resistance rank exhibited the highest PgP
levels. However, overall, the Spearman rank correlation was only
0.178 and disparity between PgP levels determined by mRNA and
immunohistochemistry was seen in some lines.10 Previous studies
differ in their findings with regard to correlations between PgP
expression and response to paclitaxel,12 and a study has reported
an inverse correlation between PgP mRNA and sensitivity to
vinblastine, although this was based on only 6 RCC cell lines.5 We
provide evidence for the first time that resistance to paclitaxel in
vitro is significantly correlated with MRP2 expression.

In this study, MVP expression was not correlated with resistance
to any of the drugs tested. A previous study examining MRP (the
specificity of the antibody for particular MRP family members was
not described) and MVP by immunohistochemistry in the NCI cell
line screening panel found either of the proteins to be expressed in
78–87% of cell lines, significantly more than expressed PgP.22

Indeed, MVP was more significantly correlated than PgP or MRP
with in vitro resistance to several drugs, including vincristine and
doxorubicin.22 However, the panel included 8 cancer cell types
rather than solely RCC as in our study. Interestingly, this earlier
study also found no correlation between vincristine sensitivity and

PgP expression, which was clearly significant in our RCC-focused
study. The lack of correlation of MVP expression with drug
resistance in our panel of RCC cell lines is also in contrast with
other earlier observations26 demonstrating MVP to be the best
individual predictor of drug sensitivity in cell line panels of dif-
fering resistance rank (although only one renal carcinoma line,
UO-31, was included in that panel).

Differences in observations between various studies may in part
result from the different techniques employed. We have chosen to
quantify the expression of the actual proteins rather than their
mRNA levels as it is well documented that there is often a poor
correlation between mRNA and protein abundance.33,34 Addition-
ally, resistance may not be a simple function of protein expression,
with altered glycosylation of PgP being described in RCC tissue.35

The activity of MRP may also be regulated at the posttranslational
level.36

The relevance of these in vitro functional correlates of protein
expression with drug resistance mechanisms in vivo in RCC is far
from clear. The constitutive expression of many transport mole-
cules by proximal tubules may confer an inherent drug resistance
without the need for upregulation of expression as part of the
malignant transformation process. However, the finding of de-
creased levels of both PgP and MRP2 in RCC tissue compared
with normal kidney, in some cases to undetectable levels, clearly
argues against a major role in vivo, in contrast to MVP, which
shows clear upregulation. Interestingly, both PgP and MRP2 levels
were lower in patients with higher-stage disease, although the
numbers included in this study are very small. A previous study
examining MRP2 in 19 cases of RCC found positive tissue stain-
ing in 18 cases varying from strongly to weakly positive, in most
cases with labeling being intracellular rather than membranous,
often only in a subpopulation of cells and with a suggestion of
reduced expression with increasing grade.18 However, this rela-
tionship was not confirmed in a later study.19 Several studies have
shown a decreased expression of PgP transcripts or protein in

FIGURE 5 – Examples of immunohistochemical analysis of PgP (patient 6), MRP2 (patient 3) and MVP (patient 4) expression in matched RCC
and normal kidney tissue.
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association with higher-grade tumors8,9,13,37,38 and metastatic
sites,38 although not found in all studies,6,39 and generally weaker
staining in renal tumors compared with normal tubular stain-
ing,8,13,35,40 possibly supporting a loss of expression with increas-
ing dedifferentiation. Interestingly, 2 separate studies have re-
ported a potential prognostic use of PgP expression,39,41 although
with conflicting results. The findings of these and our studies with
relatively few tumors showing upregulated PgP expression are
unexpected, given the hypoxia-inducible factor-1 (HIF-1)-depen-
dent upregulation of the PgP/MDR-1 gene,42 particularly with both
the known hypoxic environment of renal tumors and the loss of
VHL function and consequent upregulation of HIF-1! in the
majority of clear cell renal cancers.43 Intuitively, if PgP was of
survival benefit to the cancer cell, high levels of expression would
be expected to be maintained/selected for in RCC.

The issue remains as to whether the small levels of PgP that
remain in some of these tumors are sufficient to confer resistance.
Our comparison showing expression levels of PgP in the more
sensitive cell lines, rather than the highly drug-resistant cell lines,
to be more representative of those observed in RCC tissue would
argue against this. From the studies of RCC tissue presented here,
we would also support the view that MRP2 expression in chemo-
therapy-naive RCC is unlikely to account for the resistance seen in
vivo. Whether MVP is more relevant with its clear extensive
expression in RCC in this study and in others24,25 would need to be
tested in relevant in vivo xenograft models. Existing clinical stud-

ies in ovarian cancer, for example, have shown a correlation
between MVP expression and chemotherapy responsiveness and
indeed progression-free and overall survival.44 The possibility of
other mechanisms of drug resistance such as alterations in tubulin
structure, which have been implicated in resistance to both tubulin-
stabilizing as well as destabilizing agents in cell lines,45 also needs
to be explored, although our initial studies have revealed an
absence of tubulin mutations in renal cancer (data not shown).
Clearly, resistance is likely to be multifactorial and recent studies
have also begun to implicate other factors, such as alterations in
apoptotic proteins.46,47

In conclusion, our investigations into intrinsic RCC resistance to
tubulin-binding agents in vitro have demonstrated a novel sensi-
tivity of RCC to patupilone (EPO906, epothilone B) and a role
particularly for PgP and MRP2 in in vitro resistance to vincristine
and paclitaxel, respectively. The role of PgP and MRP2 in clinical
resistance remains unclear; however, as in many cases, levels of
expression in RCC tissue decline relative to the normal tissue and
are lower than the cell lines. It is unlikely that PgP alone is
important in determining resistance in RCC and that other proteins
such as MVP, although not appearing to correlate with resistance
in vitro but greatly upregulated in RCC tumors in vivo, should be
given equal consideration in the design of further chemotherapeu-
tic regimens in RCC. The finding of much greater sensitivity to
patupilone opens new possibilities for this class of drug in RCC
treatment.

References

1. Vogelzang NJ, Stadler WM. Kidney cancer. Lancet 1998;352:
1691–6.

2. Motzer RJ, Russo P. Systemic therapy for renal cell carcinoma. J Urol
2000;163:408–17.

3. Baird RD, Kaye SB. Drug resistance reversal: are we getting closer?
Eur J Cancer 2003;39:2450–61.

4. Thiebaut F, Tsuruo T, Hamada H, Gottesman MM, Pastan I, Willing-
ham MC. Cellular localization of the multidrug-resistance gene prod-
uct P-glycoprotein in normal human tissues. Proc Natl Acad Sci USA
1987;84:7735–8.

5. Kakehi Y, Kanamaru H, Yoshida O, Ohkubo H, Nakanishi S, Gottes-
man MM, Pastan I. Measurement of multidrug-resistance messenger
RNA in urogenital cancers; elevated expression in renal cell carci-
noma is associated with intrinsic drug resistance. J Urol 1988;139:
862–5.

6. Naito S, Sakamoto N, Kotoh S, Goto K, Matsumoto T, Kumazawa J.
Expression of P-glycoprotein and multidrug resistance in renal cell
carcinoma. Eur Urol 1993;24:156–60.

7. Fojo AT, Shen DW, Mickley LA, Pastan I, Gottesman MM. Intrinsic
drug resistance in human kidney cancer is associated with expression
of a human multidrug-resistance gene. J Clin Oncol 1987;5:1922–7.

8. Kim WJ, Kakehi Y, Kinoshita H, Arao S, Fukumoto M, Yoshida O.
Expression patterns of multidrug-resistance (MDR1), multidrug resis-
tance-associated protein (MRP),glutathione-S-transferase-pi (GST-pi)
and DNA topoisomerase II (Topo II) genes in renal cell carcinomas
and normal kidney. J Urol 1996;156:506–11.

9. Rochlitz CF, Lobeck H, Peter S, Reuter J, Mohr B, de Kant E, Huhn
D, Herrmann R. Multiple drug resistance gene expression in human
renal cell cancer is associated with the histologic subtype. Cancer
1992;69:2993–8.

10. Wu L, Smythe AM, Stinson SF, Mullendore LA, Monks A, Scudiero
DA, Paull KD, Koutsoukos AD, Rubinstein LV, Boyd MR. Multi-
drug-resistant phenotype of disease-oriented panels of human tumor
cell lines used for anticancer drug screening. Cancer Res 1992;52:
3029–34.

11. Alvarez M, Paull K, Monks A, Hose C, Lee JS, Weinstein J, Grever
M, Bates S, Fojo T. Generation of a drug resistance profile by
quantitation of mdr-1/P-glycoprotein in the cell lines of the National
Cancer Institute anticancer drug screen. J Clin Invest 1995;95:2205–
14.

12. Reinecke P, Schmitz M, Schneider EM, Gabbert HE, Gerharz CD.
Multidrug resistance phenotype and paclitaxel (Taxol) sensitivity in
human renal carcinoma cell lines of different histologic types. Cancer
Invest 2000;18:614–25.

13. Kanamaru H, Kakehi Y, Yoshida O, Nakanishi S, Pastan I, Gottesman
MM. MDR1 RNA levels in human renal cell carcinomas: correlation
with grade and prediction of reversal of doxorubicin resistance by
quinidine in tumor explants. J Natl Cancer Inst 1989;81:844–9.

14. Bak M Jr, Efferth T, Mickisch G, Mattern J, Volm M. Detection of
drug resistance and P-glycoprotein in human renal cell carcinomas.
Eur Urol 1990;17:72–5.

15. Mickisch GH, Roehrich K, Koessig J, Forster S, Tschada RK, Alken
PM. Mechanisms and modulation of multidrug resistance in primary
human renal cell carcinoma. J Urol 1990;144:755–9.

16. Fojo T, Bates S. Strategies for reversing drug resistance. Oncogene
2003;22:7512–23.

17. Borst P, Evers R, Kool M, Wijnholds J. A family of drug transporters:
the multidrug resistance-associated proteins. J Natl Cancer Inst 2000;
92:1295–302.

18. Schaub TP, Kartenbeck J, Konig J, Spring H, Dorsam J, Staehler G,
Storkel S, Thon WF, Keppler D. Expression of the MRP2 gene-
encoded conjugate export pump in human kidney proximal tubules
and in renal cell carcinoma. J Am Soc Nephrol 1999;10:1159–69.

19. Sandusky GE, Mintze KS, Pratt SE, Dantzig AH. Expression of
multidrug resistance-associated protein 2 (MRP2) in normal human
tissues and carcinomas using tissue microarrays. Histopathology
2002;41:65–74.

20. Kawabe T, Chen ZS, Wada M, Uchiumi T, Ono M, Akiyama S,
Kuwano M. Enhanced transport of anticancer agents and leukotriene
C4 by the human canalicular multispecific organic anion transporter
(cMOAT/MRP2). FEBS Lett 1999;456:327–31.

21. Konig J, Nies AT, Cui Y, Leier I, Keppler D. Conjugate export pumps
of the multidrug resistance protein (MRP) family: localization, sub-
strate specificity, and MRP2-mediated drug resistance. Biochim Bio-
phys Acta 1999;1461:377–94.

22. Izquierdo MA, Shoemaker RH, Flens MJ, Scheffer GL, Wu L, Prather
TR, Scheper RJ. Overlapping phenotypes of multidrug resistance
among panels of human cancer-cell lines. Int J Cancer 2004;65:
230–8.

23. Scheper RJ, Broxterman HJ, Scheffer GL, Kaaijk P, Dalton WS, van
Heijningen TH, van Kalken CK, Slovak ML, de Vries EG, van der
Valk P, Meijer CJLM, Pinedo HM. Overexpression of a M(r) 110,000
vesicular protein in non-P-glycoprotein-mediated multidrug resis-
tance. Cancer Res 1993;53:1475–9.

24. Izquierdo MA, Scheffer GL, Flens MJ, Giaccone G, Broxterman HJ,
Meijer CJLM, van der Valk P, Scheper RJ. Broad distribution of the
multidrug resistance-related vault lung resistance protein in normal
human tissues and tumors. Am J Pathol 1996;148:877–87.

25. Unwin RD, Harnden P, Pappin D, Rahman D, Whelan P, Craven RA,
Selby PJ, Banks RE. Serological and proteomic evaluation of anti-
body responses in the identification of tumour antigens in renal cell
carcinoma. Proteomics 2003;3:45–55.

26. Laurencot CM, Scheffer GL, Scheper RJ, Shoemaker RH. Increased
LRP mRNA expression is associated with the MDR phenotype in
intrinsically resistant human cancer cell lines. Int J Cancer 1997;72:
1021–6.

162 FERGUSON ET AL.



27. Amato RJ. Chemotherapy for renal cell carcinoma. Semin Oncol
2000;27:177–86.

28. Wartmann M, Altmann KH. The biology and medicinal chemistry of
epothilones. Curr Med Chem Anticancer Agents 2002;2:123–48.

29. Goodin S, Kane MP, Rubin EH. Epothilones: mechanism of action
and biologic activity. J Clin Oncol 2004;22:2015–20.

30. Carmichael J, DeGraff WG, Gazdar AF, Minna JD, Mitchell JB.
Evaluation of a tetrazolium-based semiautomated colorimetric assay:
assessment of radiosensitivity. Cancer Res 1987;47:943–6.

31. Rothermel J, Wartmann M, Chen T, Hohneker J. EPO906 (epothilone
B): a promising novel microtubule stabilizer. Semin Oncol 2003;30:
51–5.

32. Altmann KH, Wartmann M, O’Reilly T. Epothilones and related
structures: a new class of microtubule inhibitors with potent in vivo
antitumor activity. Biochim Biophys Acta 2000;1470:M79–91.

33. Anderson L, Seilhamer J. A comparison of selected mRNA and
protein abundances in human liver. Electrophoresis 1997;18:533–7.

34. Gygi SP, Rochon Y, Franza BR, Aebersold R. Correlation between
protein and mRNA abundance in yeast. Mol Cell Biol 1999;19:1720–
30.

35. Nishiyama K, Shirahama T, Yoshimura A, Sumizawa T, Furukawa T,
Ichikawa-Haraguchi M, Akiyama S, Ohi Y. Expression of the multi-
drug transporter, P-glycoprotein, in renal and transitional cell carci-
nomas. Cancer 1993;71:3611–9.

36. Eijdems EW, Zaman GJ, de Haas M, Versantvoort CH, Flens MJ,
Scheper RJ, Kamst E, Borst P, Baas F. Altered MRP is associated
with multidrug resistance and reduced drug accumulation in human
SW-1573 cells. Br J Cancer 1995;72:298–306.

37. Tobe SW, Noble-Topham SE, Andrulis IL, Hartwick RW, Skorecki
KL, Warner E. Expression of the multiple drug resistance gene in
human renal cell carcinoma depends on tumor histology, grade, and
stage. Clin Cancer Res 1995;1:1611–5.

38. Gamelin E, Mertins SD, Regis JT, Mickley L, Abati A, Worrell RA,
Linehan WM, Bates SE. Intrinsic drug resistance in primary and
metastatic renal cell carcinoma. J Urol 1999;162:217–24.

39. Duensing S, Dallmann I, Grosse J, Buer J, Lopez HE, Deckert M,
Storkel S, Kirchner H, Poliwoda H, Atzpodien J. Immunocytochem-
ical detection of P-glycoprotein: initial expression correlates with
survival in renal cell carcinoma patients. Oncology 1994;51:309–13.

40. van Kalken CK, van der Valk P, Hadisaputro MM, Pieters R, Brox-
terman HJ, Kuiper CM, Scheffer GL, Veerman AJ, Meyer CJ,
Scheper RJ. Differentiation dependent expression of P-glycoprotein in
the normal and neoplastic human kidney. Ann Oncol 1991;2:55–62.

41. Hofmockel G, Bassukas ID, Wittmann A, Dammrich J. Is the expres-
sion of multidrug resistance gene product a prognostic indicator for
the clinical outcome of patients with renal cancer? Br J Urol 1997;
80:11–7.

42. Comerford KM, Wallace TJ, Karhausen J, Louis NA, Montalto MC,
Colgan SP. Hypoxia-inducible factor-1-dependent regulation of the
multidrug resistance (MDR1) gene. Cancer Res 2002;62:3387–94.

43. Pugh CW, Ratcliffe PJ. The von Hippel-Lindau tumor suppressor,
hypoxia-inducible factor-1 (HIF-1) degradation, and cancer pathogen-
esis. Semin Cancer Biol 2003;13:83–9.

44. Izquierdo MA, van der Zee AG, Vermorken JB, van der Valk P,
Belien JA, Giaccone G, Scheffer GL, Flens MJ, Pinedo HM, Ken-
emans P. Drug resistance-associated marker LRP for prediction of
response to chemotherapy and prognoses in advanced ovarian carci-
noma. J Natl Cancer Inst 1995;87:1230–7.

45. Kavallaris M, Tait AS, Walsh BJ, He L, Horwitz SB, Norris MD,
Haber M. Multiple microtubule alterations are associated with Vinca
alkaloid resistance in human leukemia cells. Cancer Res 2001;61:
5803–9.

46. Scheltema JM, Romijn JC, van Steenbrugge GJ, Schroder FH,
Mickisch GH. Inhibition of apoptotic proteins causes multidrug re-
sistance in renal carcinoma cells. Anticancer Res 2001;21:3161–6.

47. Oudard S, Levalois C, Andrieu JM, Bougaran J, Validire P, Thiounn
N, Poupon MF, Fourme E, Chevillard S. Expression of genes involved
in chemoresistance, proliferation and apoptosis in clinical samples of
renal cell carcinoma and correlation with clinical outcome. Anticancer
Res 2002;22:121–8.

163INTRINSIC CHEMOTHERAPY RESISTANCE



! 111!

$
Publication$number$73$

$
$
Maurice!HB,!Phillips!RM,!Karodia!N!(2009)!Design,!synthesis!and!biological!evaluation!of!

novel!acridine\polyamine!conjugates!against!prostate!cancer.!African!J!Pharm!Pharmacol!

3:602\610!

$
$

My$contribution$to$this$manuscript:$

!

This!is!a!multidisciplinary!paper!focusing!on!chemistry!and!pharmacology.!My!role!in!this!

paper!was!to!co\ordinate!and!oversee!all!aspects!of!the!pharmacological!studies!conducted!

in!this!paper!

$

$

Journal$and$citation$metrics$

!

Impact!factor:!! 0.5!

SJR!Ranking:! ! ?!

Citations:! ! 4$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$



African Journal of Pharmacy and Pharmacology Vol. 3(12). pp. 602-610, December, 2009 
Available online http://www.academicjournals.org/ajpp 
ISSN 1996-0816 © 2009 Academic Journals 
 
 
 
Full Length Research Paper 
 

Design, Synthesis and biological evaluation of novel 
acridine-polyamine conjugates against prostate cancer 

 
Hildebert B. Maurice1*, Rodger Phillips2 and Nazira Karodia3 

 
1School of Pharmacy, St. John’s University of Tanzania, P.O. Box 47 Dodoma Tanzania. 

2Yorkshire Cancer Research, University of Bradford, West Yorkshire, BD7 1DP, UK. 
3School of Chemistry and Forensic Sciences, University of Bradford, West Yorkshire, BD7 1DP, UK. 

 
Accepted 4 May, 2009 

 
Prostate cancer is the most common cause of cancer death in men, aged 85 and over. Androgen 
receptor, a single polypeptide with three functional domains is very important during initiation and 
progression of the disease. In this study, a DNA intercalating agent, acridine is linked to the 
testosterone via a polyamine linker to obtain a compound with trifunctional characteristics, where the 
acridine intercalates the DNA, the polyamine linker binds the phosphoryl groups of the DNA backbone 
and the testosterone moiety binds into the AR ligand binding domain, with which its DNA binding 
domain is bound already to the DNA. This trifunctional compound and related derivatives have been 
synthesized and tested against androgen dependent- and androgen independent- prostate cancer cell 
lines and they have demonstrated to be cytotoxic at the micromolar concentrations. 
 
Key words: Polyamines, Testosterone, Prostate cancer, Acridine, Synthesis. 

 
 
INTRODUCTION 
 
Prostatic adenocarcinoma is the most common cause of 
cancer death in men, aged 85 and over (Crawford, 2009). 
The tumour is androgen dependent, due to the presence 
of androgen receptor (AR). AR is a single polypeptide 
with three functional domains; an amino terminal domain 
and a DNA binding domain linked by a hinge region to a 
ligand binding domain. Although these domains are 
different, they influence each other’s activity. Androgens, 
mainly testosterone, binds the AR through the ligand 
binding domain which consequently binds to the DNA to 
start the expression of the proteins important for biologi-
cal functions of the organism (Nahoum and Bourguet, 
2007). Polyamines are small amines containing aliphatic 
molecules, which are water-soluble. Polyamines are 
positively charged at physiological pH, with amino groups 
separated by 3 or 4 carbon atoms. They are found 
ubiquitously in all living cells and the most common 
naturally occurring are putrescine, spermidine and 
spermine (Figure 1). These polyamines are biosynthe-
sized mainly in most cell types where they are necessary 
for optimal growth and replication of  all  cells  by  influen- 
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cing transcriptional and translational stages of protein 
synthesis and by altering intracellular levels of free 
calcium, hence suggesting their roles as intracellular 
messengers and stabilizers of conformations of nucleic 
acids (Pegg, 1998). Cellular polyamines originate mainly 
from intracellular biosynthesis (endogenous) or by uptake 
via transporters from the extracellular environment 
(exogenous). Amongst the three naturally occurring 
polyamines, spermine has a higher cellular uptake in 
prostate cancer cell lines than in other types of 
malignancies (Srinath et al. 2002). Spermine blocks 
prostatic tumour proliferation in vitro and prevents 
subcutaneous tumour progression in vivo (Cheng et al., 
2001). These effects, mainly active transport, DNA 
binding and high cellular uptake of spermine in prostate 
cells, make it an important tool in drug design for prostate 
cancer chemotherapy. Acridine is a tricyclic planar 
compound and its derivatives intercalate DNA. This 
intercalation inhibits DNA replication and translation 
which eventually leads to cellular death which is 
enhanced by the presence of a side chain such as alkyl 
chains and polyamines at C-9. However, intercalation 
alone cannot account for the pronounced cytotoxicity 
shown by these amino acridine derivatives but rather the 
formation of DNA-protein cross-links and DNA breaks 
(Filipski  et al., 1977)  by  block  topoisomerase  I  and  II,  
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Figure 3. Acridine derivatives synthesized. 

 
 
enzymes responsible for DNA cleavage during helix 
formation. The target compounds comprised of three 
parts: acridine and its derivatives linked to a polyamine 
and the third fragment comprised of an androgen were 
synthesized. It was expected that the planar structure of 
the acridine would interact with DNA base pairs, while the 
polyamine was expected to bind to the negatively 
charged phosphate DNA backbone and also to bind DNA 
bases. It was anticipated that when the androgen moiety 
is attached to the acridine-spermine conjugate, binds to 
the AR receptors to form a complex, the whole molecule 
will then be pulled onto the DNA where it will bind 
strongly thus inhibiting further biological activities (Figure 
2). 
 
 
METHODOLOGY 
 
Synthesis  
 
Several acridine derivatives were synthesized using different 
approaches depending on the nature and position of various 
functional groups. Selected Acridine derivatives are shown in 
Figure 3. The synthesis started with a commercially-available 
unsubstituted acridone 1 that was converted to the chloride 2 at C-9  
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Scheme 1. a) SOCl2, DMF 120°C, 96%. b) f1 20°C, 5 h, 
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Scheme 3. a) CuO, DMF, 120ºC, 24 h, 56% b) NaOH, H2O, 
100ºC, 6 h, 86%, c) SOCl2, 120ºC, 2h 

 
 
by chlorination with thionyl chloride. Due to the unstability of the 
chloride it had to be converted into  a  phenoxy  derivative  3  which 
resulted in a stable compound that could be stored for a longer time 
(Scheme 1). 

The synthesis of a methoxy substituted acridone began with the 
reaction of anthranilic acid and bromoanisole in the presence of 
copper and copper oxide as catalysts. The reaction was heated at 
145°C and a relatively good yield was obtained when a black 
amorphous solid was purified using a large volume of methanol 
containing ammonia in the column chromatography. Cyclization of 
the resulting acid 4 was accomplished by heating the reactant with 
polyphosphoric acid for about an hour after which the reaction 
mixture was poured into hot water and cooled for 24 h to produce 
acridone 5 as a yellow precipitate that was pure and ready for 
further reaction. This methoxyacridone 5 was chlorinated using 
thionyl chloride (Scheme 2). The chloride 6 was reacted 
immediately with a protected polyamine. For the synthesis of 
methoxyacridine-9-carboxylic acid, (Scheme 3) isatin was reacted 
with bromoanisole in DMF with CuO as a catalyst to give product 7   
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Scheme 4. a) DIPEA, DMF, Cu(OAc)2, 12 h, 120 ºC, 75%. b) 
polyphosphoric acid, 120ºC, 3 h, 70%. c) i) SOCl2, 80ºC 1 h, 
95% ii) N, N-dimethylethylene diamine, CH2Cl2, 0ºC. 
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Scheme 5. a) 0ºC, dichloromethane, N, N-
dimethylethylene diamine, 64% overall. 

 
 
 
as a dark brown solid (Keshava et al., 2005). Cyclization to give the 
4-methoxyacridine-9-carboxylic acid 8 was successfully achieved 
by dissolving the product 7 in aqueous sodium hydroxide solution 
and then heating (Allais, 1982). The desired product 8 was isolated 
with an excellent yield. 4-Methoxyacridine-9-carboxylic acid 8 was 
reacted with thionyl chloride to obtain an acyl chloride 9, which 
wasreacted in further steps without isolation. 

The other set of acridine derivatives prepared was those with a 
carboxamide substituent at C-4 with or without another group at C-
5. The precursors for this reaction were chlorobenzoic acid and 
aminobenzoic acid or its methyl derivative. Anthranilic acid was 
reacted with 2-chlorobenzoic acid using cupric acetate and DIPEA 
as catalysts. The diacid 10 was obtained as a black powder that 
was purified by recrystallization. Cyclization was achieved by 
heating 10-11 in PPA. The resulting acridonic acids 12-13 were 
bright yellow in colour and isolated with the good yields of 60 and 
78% respectively in comparison with literature yields of 70 and 80% 
respectively (Atwell, 1987). The PPA was removed by pouring the 
hot reaction mixture into vigorously stirred boiling water and the 
product precipitated out upon cooling (Scheme 4). Heating the 
acids 12-13 with thionyl chloride resulted in chlorination at C-9 and 
formation of an acyl chloride. Once the products 14-15 were 
obtained, they were reacted directly with the N, N-dimethylethylene 
diamine in the next step to obtain 16-17 (Scheme 5). 

Unreacted amine and by-products were removed by washing the 
reaction mixture with water. The organic phase was recovered and 
evaporation of the solvent gave the product as an orange solid. 
This was used in subsequent reactions without further purification  
due to its instability. Boc protection  was  carried  out  using  a  one- 
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pot procedure, whereby one of the primary amino groups was first 
protected with the trifluoroacetyl group by reaction with ethyl 
trifluoroacetate (Geall et al., 2000). The reaction was started at -
78ºC to limit acylation to one primary amine. Ethyl trifloroacetate 
was added drop wise over a period of 30 min. to a solution of the 
acid. After this stage, the temperature was raised to 0ºC after which 
a solution of di-tert-butyldicarbonate was added drop wise over 30 
min. Aqueous ammonia was added to increase the pH to 11 to 
enable the cleavage  of  the  trifloroacetyl  group  and  generate  tri- 
protected spermine 18. Purification was done by column 
chromatography to give the pure product as colourless oil in 40% 
yield (Scheme 6). Di-Boc spermine 19 (Figure 4) was prepared by a 
modifying the method whereby the equivalents of ethyl 
triflouroacetate were doubled and the cleavage of the N-trifluoroacyl 
groups was facilitated by aqueous lithium hydroxide rather than 
ammonia. Linking a protected spermine to an acridine is relatively 
straight forward and very good yields were obtained. 9-
Chloroacridine 2 as well as 9-phenoxyacridine 3 was used in 
subsequent amination of C-9. 

The synthesis of the amine was carried out by heating a 
protected amine with an activated acridine derivative 2 or 3 in 
phenol at about 120°C overnight. Phenol was removed by washing 
a dichloromethane solution of the reaction mixture with an aqueous 
solution of sodium hydroxide. The organic phase was recovered, 
evaporated and the residue was subjected to column 
chromatography. These tri-Boc spermine-acridine conjugates were 
isolated as yellow viscous oils in high yields. Deprotected spermine-
acridine conjugates 24-27 were prepared by dissolving the N-
protected derivatives 20-23 in dichloromethane and adding excess 
TFA. Purification of these deprotected amines was carried out using 
column chromatography using DOWEX, a cation exchange resin, 
as a stationary phase and isopropanol and water as mobile phase 
for a gravity column. The deprotected residue was dissolved in 
50:50 water and isopropanol and then adsorbed onto the resin. 
Hydrochloric acid was passed through the column in the eluotropic  
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series of 1, 2, 2.5 and 4M. On evaporation of the solvents, the 
yellow hydrochloride salts 24-27 were obtained, and these products 
were polar (Scheme 7). The hydroxyl deprotection of the 
methoxyacridine conjugate 27 was executed successfully by 
reacting the conjugate with sodium ethanethiolate at a temperature 
of 100°C for 3 h in DMF (Scheme 8) and compound 31 was obtain 
in an excellent yield (Linderberg et al., 2004). 
 
 
Amide linked conjugates 
 
The route followed was the conversion of the acid functionality to 
the acyl chloride 33 by the reacting it with thionyl chloride. The 
resulting acyl chloride was reacted immediately with protected 
spermine 18 in the presence of catalytic quantities of DIPEA for 2 h, 
to avoid the deprotection of tri-Boc-spermine by hydrochloric acid 
generated (Scheme 10). Deprotection of the amide conjugates 34 
and 35 was accomplished using the standard conditions and 
purification was done on silica gel (Scheme 9). 

Di-Boc-spermine    19   and    androsterone 33   (Figure 5)   were  

reacted to in molar equivalents limited to a 1:1 ratio to ensure 
reaction exclusively at one primary amino group while sparing the 
other for further reaction with the acridine intermediates. 

Borane-Pyridine (BAP) was used as a reducing agent (Rastogi et 
al.,  2006) which worked very well to produce 34 in a yield of 60%. 

The free amine of the androsterone-di-Boc-spermine conjugate 
34 was reacted successfully with phenoxy acridine 3. The work up 
was done as in previous experiments of that nature to obtain the 
trifunctional 35 as yellow-coloured oil (Scheme 11). Deprotection of 
35 was done as usual with TFA and purification by recrystallization 
by warming the residue with acetonitrile and leaving the mixture 
undisturbed overnight gave product 36 as a yellow solid which was 
recrystallized from ethanol (Scheme 11). 
 
 
Cytotoxicity testing 
 
The cell lines employed in this study were LNCaP and PC3 cells, 
both of which are derived from human prostatic sarcoma. Both cell 
lines  were  routinely  maintained  as  monolayer  cultures  in  RPMI  
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Figure 5. Androsterone and di-Bocspermine. 

 
 
 
1640 medium supplemented with 10% foetal calf serum, sodium 
pyruvate (2mM), L-glutamine (2mM), penicillin/streptomycin (50 
IUml-1/50µgml-1) and buffered with HEPES (25mM). Both cell lines 
were routinely maintained at 37ºC in a humidified atmosphere 
containing 5% CO2. 

All test compounds were dissolved in DMSO at 10mg/ml and 
stored at -20ºC. Chemosensitivity was assessed using MTT assay 
as follows: 

Cells were seeded into 96 well plates at 1 x 103 cells per well 
(with the exception of the first lane of the plate which contained 
media only that served as the blank for spectrophotometry) in a 
volume of 100 µl complete RPMI 1640 medium. A range of drug 
dilutions were prepared at 2 times the final concentration desired 
and 100 µl of each drug concentration added to the plate (8 wells 
per drug concentration). The highest drug concentration tested was 
10 µg/ml and the final DMSO concentration was 0.1% in all cases. 
Following 6 day incubation at 37ºC, 20 µl of MTT (5 mg/ml) was 
added to each well and incubated for a further 4 h at 37ºC. Media 
plus MTT (200 µl) was carefully removed from each well and 150 µl 
of the DMSO was added to each well to dissolve formazan crystals. 
The absorbance of the resulting solution was determined at 540 nm 
using an ELISA plate reader and the results were expressed in 
terms of percentage survival as follows: 

% Survival = (Absobance of treated wells – blank)   x 100 
          (Absobance of control well – blank)  
 
Each assay was repeated in triplicate and dose response curves 
constructed by plotting % survival against drug concentration. IC50 
values were determined which is defined as the concentration of a 
drug required to kill 50% of cells. 
 
 
RESULTS AND DISCUSSION 
 
Towards the synthesis of functionalized trifunctional 
compounds, several intermediates where made. The 
synthesis of substituted acridones was initiated from their 
respective precursors and the amination step using 
Johnson-Ullman reaction proceeded smoothly. Also, the 
cyclization reactions involving the heating and use of 
PPA had some separation problems for some acridones 
due to the high viscosity of the acid. According to the 
literature, PPA was supposed to be removed by pouring 
the  hot  reaction  mixture  into  vigorously  stirred  boiling 
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Scheme 10. a) SOCl2, 80ºC, 1 h, 95%. b) CH2Cl2, DIPEA, rt, 2 h, 50% 
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water and the product was expected to precipitate out 
upon cooling. This however, produced low yields in the 
range of 25% at first because not all the PPA reacted 
with water and, due to its high viscosity, it could not be 
filtered through sintered glass thus trapping the product in 
an oily mixture. The workup was modified and a dilute 
solution of ammonia in methanol and dichloromethane 
was added to the reaction mixture to produce ammonium 
phosphates which crystallized out, leaving the acridones 
in solution. For acridones 12 and 13, the presence of a 
ketone peak at 177.5 ppm and upfield shift of a carboxylic 
acid signal at 170.0 ppm in the 13C NMR spectrum was a 
confirmation. The 1H NMR spectrum showed signals for 
the aromatic hydrogens at around 8-7 ppm and a 
broad singlet for the carboxylic acid peak was at 7.37 
ppm. The methyl substituted acridone 13 had a similar 
13C NMR spectrum with signals in the expected chemical 
shift regions. The signal appeared at 175.8 ppm, the 
carboxylic acid functionality peak was at 171.4 ppm and 
the signal for the methyl group was at 19.4 ppm. Analysis 
of the 1H NMR spectrum showed the carboxylic acid 
proton at 12.00 ppm while the methyl protons were at 
2.34 ppm. The double chlorination of the ketone at C-9 
and the carboxylic acids 12-13 at C-4 was carried out at 
the same time using thionyl chloride. Because the two 
functional groups reacted at different rates it was 
necessary to ensure that both the ketone and the acid 
functionalities had reacted before the reaction was 
quenched. An optimum reaction temperature was found 
because overheating resulted in decarboxylation of the 
starting material or the resultant product thus producing 
several by-products and 14-15 obtained were reacted 
directly with the N, N-dimethylethylene diamine to obtain 
carboxamides at C-4 at 0°C to preserve the chloride at C-
9 where a polyamine had to be attached in subsequent 
step. The protection of the secondary amino groups in 
spermine was easily effected using the procedure from 
the literature in a very good yield (Geall et al., 2000). The 
1H NMR spectrum confirmed the presence of the Boc 
groups with a characteristic tertiary butyl signal at 1.42 
ppm which intergrated to 27 hydrogens. The methylene 
protons appeared in the region of 3.24-3.35 ppm. 13C 
NMR analysis also confirmed the structure of 18 showing 
a distinctive signal at 28.7 ppm for the methyl carbons of 
the boc group and a carbamate signal at 155.5 ppm. 

The amine conjugates of the acridines were synthe-
sized by heating the tribocspermine with the derivatized 
acridines and very good yields were obtained Deprotec-
tion of spermine-acridine conjugates was rapidly carried 
out using TFA. Previously documented methods using a 
hydrobromic acid/acetic acid mixture was abandoned 
because acetic acid could neither be eliminated in vacuo 
or by phase separation (Kunze, 1996; Zheng et al., 
2000). The purification of the resultant conjugates could 
not be done on conventional column chromatography 
material such as silica gel or alumina because the 
polyamine   moiety  strongly  adhered   to  the  silica   and  

 
 
 
 
attempts to purify them on alumina resulted in a conti-
nuous streak making separation impossible. DOWEX, a 
cation exchange resin, which is widely used in the 
separation of peptides was adopted as a stationary 
phase and isopropanol and water as mobile phase for a 
gravity column. This afforded pure hydrochloride salts of 
the conjugates. The NMR spectra of all three compounds 
showed the absence of the Boc groups. As expected, the 
signals for the NH and NH2 were not observed since D2O 
was used as the solvent. The signals for the aromatic 
protons were observed in the expected region downfield. 
The hydoxyl deprotection of the methoxyacridine conju-
gate 28 was attempted using several methods. Deme-
thylation attempts were made using boron tribromide 
(Spence et al., 2003) and pyridine hydrochloride salts 
(Kirkiacharian et al., 2002) under various conditions 
without success. The methoxy derivative 27 was suc-
cessfully demethylated by reaction with sodium ethane-
thiolate. This reaction proceeded at a temperature of 
about 100°C for 3 h in DMF and this method is preferred 
since it does not affect other functional groups present in 
the molecule (Linderberg et al., 2004). Synthesis of the 
amide-linked acridine-spermine conjugates using cou-
pling agents such as DCC, EDAC and PyBOP with the 
addition of catalytic amounts of HOBt was not successful 
even under stringent dry conditions suggested in the 
literature. Due to the problems encountered with the 
coupling agent method, the acid functionality was 
converted to the acyl chloride with thionyl chloride which 
was further reacted immediately with protected spermine 
in the presence of catalytic quantities of DIPEA. This 
method was uncomplicated and was complete within a 
short period of time with a relatively good yield of product 
even though it had to be stopped within 2 h, to avoid the 
generation of hydrochloric acid which may deprotect both 
tri-Boc-spermine and the spermine-acridine conjugate 
leading into the formation of by-products, including a bis-
acridine-spermine conjugate. For the synthesis of the 
trifunctional compounds, the first strategy was to join two 
precursors namely androsterone 33 and dibocspermine 
19. 

The molar equivalents of di-Boc-spermine and andro-
sterone 33 to limit reaction on single amino group 
exclusively were reductively aminated by using Borane-
Pyridine (BAP) (Rastogi et al. 2006) which worked very 
well to produce the product in sufficient quantities. The 1H 
NMR spectrum showed the presence of the Boc groups 
as well as a crowded region around 0.7-2.1 ppm, charac-
teristic for the androgen moiety. Similarly, the aliphatic 
region of the 13C NMR spectrum was busy, and all the 
expected signals were present. The free amine of the 
androsterone-di-Boc-spermine conjugate 34 was reacted 
successfully with phenoxy acridine 3 to obtain unconta-
minated trifunctional target molecule. Both 13C and 1H 
NMR spectroscopy confirmed the structure of the 
product. The signals for the aromatic ring appeared at 
8.31, 8.12 and 7.53  in  the  1HNMR  spectrum  and  there  
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Table 1. In vitro cytotoxic activity against LNCaP and PC3 cell lines 
 

Compounds AR+ LNCaP IC 50 (µM) AR- PC3 IC50 (µM) 
27 1.51 (0.00275) 1.00 
28 0.6 (0.00112) 3.04 
32 >10 >10 
25 0.18 0.98 
26 0.36 2.04 
36 0.6 1.01 

 
 
 
were peaks in the region 3.35-1.75 ppm corresponding to 
the polyamine. The signals for the steroid were 
overlapping between 0.64-2.10 ppm. The 13C NMR 
spectrum contained peaks at 154 ppm for the carbonyl of 
the protecting group and there were five aromatic ring 
signals around 151.6-116.1 ppm. The signals for the 
steroid were in the expected region of the spectrum. 
Deprotected product by TFA 35 was purified by 
recrystallization whereby the residue was warmed with 
acetonitrile and left overnight to give product 49 as a 
yellow solid which was recrystallized from ethanol. MS, 
NMR, and IR analysis were consistent with the structure. 
Cytotoxicity studies where carried out and results are as 
they appear in Table 1 
 
 
Cytotoxic studies 
 
Two cell lines were selected for study; the LNCaP cell 
lines which are androgen sensitive and PC3 that are 
androgen insensitive. Table 1 displays the activity of the 
6 compounds screened. All six compounds 27, 28, 32, 
25, 26 and 36 showed activity against both cell lines. 
Compounds that have close chemical structure have 
demonstrated structural relationship to their cytotoxic 
activities. Compound 27 and 28 which only differ by 
having a methoxy and hydroxyl substituent respectively, 
have shown this relationship. The removal of a methoxyl 
group increased activity by about 3-fold. This might be 
contributed by the hydrophilicity added by the methoxy 
group cleavage. Compound 27 displayed superior activity 
on PC3 than LNCaP while 28 showed a 5-fold decrease 
in activity in the androgen independent cell line PC3. 
Compounds 25 and 26 also showed this kind of 
relationship. The presence of the methyl group at C-5 
halved the activity on androgen dependent cell lines. The 
same compounds had their activity depressed five folds 
on the androgen independent cell lines. This trend is in 
agreement with that observed for compound 28.  

However, compound 36 as expected, showed potency 
on LNCaP and this potency was lowered by 1.67 folds on 
androgen independent cells PC3. This trend may suggest 
that hydrophilic substituents are favourable while 
hydrophobic are detrimental for the activity. The addition 
of an androgen moiety at the acridine-spermine conju-
gate, which  made  the  36,  produced  the  activities  that 

were equally potent and similar to 28. 
 
 
Conclusion 
 
In this study, six compounds have been designed and 
synthesized and one of them was trifunctional. These 
compounds were all tested against androgen dependent 
and androgen independent prostate cancer cell lines. All 
of them, with the exception of one compound, were 
equally cytotoxic to both cell lines and have shown to be 
effective inhibitors of prostate cancer cells in vitro. The 
trifunctional compound was active against androgen 
dependent cell lines, while that activity was halved to 
androgen-independent cells. Efforts are underway to 
understand the structure- activity relationship to obtain 
the most optimal compounds. 
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a b s t r a c t

Four ester prodrugs derived from the bifunctional alkylating agent chlorambucil, and one of its nitro-
derivatives, 3-nitrochlorambucil conjugated to prasterone and pregnenolone, were synthesized and
tested for their cytotoxic activity against eight human cell lines, using the standard MTT assay. A
comparison between the esters and the controls, namely chlorambucil and 3-nitrochlorambucil would
suggest that all four esters possess to varying degrees, specificity towards the breast adenocarcinoma cell
line (MDA-mb468) than the other seven cells’ lines tested. The overall findings are encouraging since it
infers that these lipophilic esters not only have the ability to traverse specific cell membranes but also
exhibit cytotoxicity towards most of the cell lines tested.

! 2008 Elsevier Masson SAS. All rights reserved.

1. Introduction

Chlorambucil, also known as 4-{4-[di(2-chloroethyl)amino]
phenyl}butyric acid, was first synthesised in 1953. It is an aromatic
nitrogen mustard and its cytotoxicity as a bifunctional alkylating
agent is due to its ability to cross-link between the bases of DNA [1].
Chlorambucil is still used as one of the front-line drugs in the
treatment of chronic lymphocytic leukaemia, malignant
lymphomas and advanced ovarian and breast carcinomas. Clinical
use of chlorambucil is however limited by its toxic side-effects [2,3].
At physiological pH chlorambucil is predominantly ionized [4] and
therefore may not rely solely on passive diffusion [5,6] in order to
traverse biological membranes and reach the targeted tumour cells.
It is also known to bind to plasma constituents such as albumin
which reduces its ability to effectively target tumour cells [7].

The aim of this study was to determine the cytotoxicity of four
steroidal esters of prasterone and pregnenolone, linked to bifunc-
tional alkylating agents, chlorambucil and its nitro-derivative, 3-
nitrochlorambucil, against three breast adenocarcinoma cell lines,
namely, the estrogen-positive breast adenocarcinoma (MDA-
mb468) the estrogen-negative breast adenocarcinoma (MCF-7),
and the transfected breast adenocarcinoma (MDA NQ01). In addi-
tion to these cell lines, the study was also carried out to investigate
the cytotoxic effects of the esters on a broader spectrum of cell
types, namely, colon adenocarcinoma (Widr), brain posterior fossa
medullablastoma (Daoy), lung large cell carcinoma (H460), ovarian
adenocarcinoma (OVCA-3) and skin malignant melanoma (A375).
The presence of the strong withdrawing nitro-group, ortho to the
N,N-bis(2-chloroethyl) moiety [8] should reduce the reactivity of
alkylating moiety by limiting the formation of the highly reactive
aziridine intermediate [9]. The masking of the ionisable carboxylic
moiety of chlorambucil and the corresponding nitro-derivative, via
an ester bridge to a steroidal moiety, should increase the overall
lipophilicity of the nitrogen mustard and possibly enhance the
compounds ability to traverse cell membranes [10]. Furthermore,
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the steroidal moiety could possibly enhance the selectivity of the
alkylating moiety by targeting tumour cells that have hormone
receptors.

Prednimustine and bestrabucil are two clinically available
hormonal alkylating agents that were specifically designed to
enhance selectivity of the chlorambucil moiety. Prednimustine,
derived from the combination of chlorambucil and prednisolone
linked via an ester bridge, was designed to mask the carboxylic acid
and to selectively target tumour cells with specific hormone
receptors [11]. It was proved to be effective in the management of
a number of leukaemias and lymphomas [12,13]. Bestrabucil, the
benzoate of the estradiol-chlorambucil conjugate, was initially
developed as a target orientated anticancer agent for the therapy of
estrogen receptor-positive breast cancer [14]. Research data sup-
porting the targeting nature of this conjugate has shown that
concentration of bestrabucil and some of its derivatives, accumu-
late 5–10 times higher in tumour tissue of the sensitive xenografts,
than in blood and muscle tissue [15].

Although prasterone and pregnenolone (Fig. 1), are known to be
important steroidal intermediates in the biosynthesis of various
hormones [16,17], relatively few studies have explored their
potential as carriers. In addition, because there is growing interest
in both prasterone and pregnenolone [18–26], it would be useful to
explore the potential of these steroidal compounds linked to
chlorambucil and the corresponding nitro-derivative, 3-nitro-
chlorambucil as potential carriers. The four esters in question
(Table 1) were chlorambucil and the 3-nitrochlorambucil esters of
prasterone (C1 and C2), and chlorambucil and the 3-nitro-
chlorambucil esters of pregnenolone (C3 and C4).

2. Chemistry

The esters were prepared by treating chlorambucil separately
with prasterone and pregnenolone in the presence of DCC and
DMAP at room temperature in dichloromethane [27] (Scheme 1).
The nitro-derivatives were prepared in a similar manner after
obtaining 3-nitrochlorambucil (C6) by treating chlorambucil at 0 !C
with nitronium tetrafluoroborate in acetonitrile [8]. The four esters
were tested in vitro for their cytotoxic effects against eight human
cell lines using a growth inhibition assay. Chlorambucil (C5) and 3-
nitrochlorambucil (C6) were used as controls in the investigation.

Prior to measure the cytotoxic effect of the esters on the eight
human cancer cell lines, measurements involving the determina-
tion of the partition coefficients, the hydrolyzing properties and the
alkylating activities of these four esters together with chlorambucil
and 3-nitrochlorambucil were carried out. The measured partition
coefficients for the four esters were found to be greater than 8.00
and were compared with values obtained by the application of
a computer aided program. The estimated partition coefficients for
the four esters ranged from 8.54" 0.46 to 9.18" 0.42, confirming
the highly lipophilic nature of the esters. The partition coefficients
of chlorambucil and 3-nitrochlorambucil were found to be

3.80" 0.30 and 3.70" 0.35, respectively, and were in close agree-
ment with the estimated values (Table 2). The measured partition
coefficient of chlorambucil was also found to be in close agreement
to previous studies [10] The determined alkylating activity of 3-
nitrochlorambucil ester of prasterone (C2) and 3-nitrochlorambucil
ester of pregnenolone (C4) was significantly lower, presumably due
to the electron withdrawing effect of the nitro-group attached ortho
to the N,N-bis (2-chloroethyl) moiety reducing the activity of the
alkylating moiety. In addition, the determined alkylating activity of
the esters was much lower than that of the alkylating activity of
chlorambucil and 3-nitrochlorambucil.

A similar phenomenon was observed in earlier studies [10]. It
was found that on increasing the complexity of chlorambucil esters
by the addition of carbons, a sharp decrease in their alkylating
activity resulted. Interestingly, there was a rough correlation
between the alkylating activity and the cytotoxicity of the
compounds with a number of the cell lines tested.

3. Pharmacology and pharmacokinetics

A HPLC method was developed to monitor the hydrolysis of the
esters and to confirm the esters possible role as prodrugs. Although
the present work was centered on chlorambucil and 3-nitro-
chlorambucil esters of both prasterone and pregnenolone, during
the developmental phase of the HPLC method, two additional
esters were also analyzed, namely 3,6-dinitrochlorambucil esters of
prasterone and pregnenolone. The retention times of these esters
together with the esters of interest are shown in Table 3.

The method was initially developed to monitor, separately, the
appearance of either chlorambucil, 3-nitrochlorambucil or 3,6-
dinitrochlorambucil, however, it was found that observing the loss
in peak area of the ester over time was a more accurate and reliable
procedure for monitoring hydrolysis. The validation of the HPLC
method also included the simultaneous separation of all the esters
(see Fig. 2) in addition to the separate analysis of each of the esters.
Fig. 3 shows an example of a chromatogram of 3-nitrochlorambucil
ester of prasterone (C2). Conveniently, the hydrolysis is readily
monitored by the decrease in peak area corresponding to the ester
over time. On storing both the prasterone and pregnenolone
derivatives of the nitrochlorambucil at 37 !C in phosphate buffer
saline (pH 7.4) over a period of forty five days in sealed sample
bottles resulted in 46% and 48% degradations, respectively, of these
esters. This was also supported by infrared spectroscopy involving
the decrease in the carbonyl ester with time. Interestingly, it has
been reported that the half-life of chlorambucil in PBS is approxi-
mately 60 min, with the formation of the dihydroxy derivative 4-
{4-[di(2-hydroxyethyl)amino] phenyl}butyric acid. Fortunately,

O

HO HO

O

Prasterone  Pregnenolone

Fig. 1. Structures of prasterone and pregnenolone.

Table 1
Steroid esters of 4-{4-[di(2-chloroethyl)amino]phenyl}butanoic acid (chlorambucil).

(CH2)3N

Cl

Cl

R

CO2R1

Compound R1 R Formula

C1 Prasterone H C33H45Cl2NO3

C2 Prasterone NO2 C33H44Cl2N2O5

C3 Pregnenolone H C35H49Cl2NO3

C4 Pregnenolone NO2 C35H48Cl2N2O5

C5 H H C14H19Cl2NO2

C6 H NO2 C14H18Cl2N2O4

C1 is chlorambucil ester of prasterone; C2 is 3-nitrochlorambucil ester of prasterone;
C3 is chlorambucil ester of pregnenolone; C4 is 3-nitrochlorambucil ester of preg-
nenolone; C5 is chlorambucil; C6 is 3-nitrochlorambucil.
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this degradation is not observed in either blood or plasma [28]. It
was found that on incubating separately, all four esters (C1–C4) at
37 !C in the presence of porcine liver esterase, the rate of hydrolysis
ranged from 24 to 37% and 83 to 94%, over a 2 h and a 24 h periods,
respectively. Grieg et al. reported the hydrolysis of various chlor-
ambucil ester derivatives using non-specific plasma esterases
measured in vivo, using rat plasma, resulted in rapid cleavage
ranging from less than 10 s to 5 min, depending on the size of the
ester [10]. However, Grieg et al. also determined the rate of

hydrolysis of chlorambucil tertiary butyl ester in freshly prepared
rat liver and blood, and found that this ester was relatively stable
with half-lives of approximately 2 h and 7 h, respectively [29]. This
phenomenon was attributed to the steric hindrance of the tertiary
butyl group. Interestingly, the esters involved in this study have
similar stereochemistry’s to the chlorambucil tertiary butyl esters,
and after incubating them in fresh human plasma over a period
24 h, the percent of the prasterone and pregnenolone derivatives
that had hydrolysed ranged from 51 to 55 and 37 to 39%,
respectively.

The chlorambucil ester of prasterone (C1) showed activity
against all the cell-lines with the exception of (Widr). The highest
activity for this ester was against (MDA-mb468) with an IC50 of

N(CH2CH2Cl)2

CO2H

N(CH2CH2Cl)2

CO2H

NO2

O

O

N(CH2CH2Cl)2

O

O

N(CH2CH2Cl)2

O

O

NO2

NO2

O

O

N(CH2CH2Cl)2

O

O

N(CH2CH2Cl)2

O

O

(i)

(ii) (iii)

Chlorambucil ester of prasterone (C1)

Chlorambucil ester of pregnenolone (C3)

3-nitrochlorambucil ester of prasterone (C2)

3-nitrochlorambucil ester of pregnenolone (C4)

Chlorambucil (C5) 3-nitrochlorambucil (C6)

Scheme 1. Synthesis of C1–C4 and C6. Reagents and conditions: (i) NO2BF4/CH3CN (1.2 equiv.) at 0 !C under argon. (ii) Chlorambucil/CH2Cl2/DCC/DMAP in the presence of
prasterone or pregnenolone at room temperature. (iii) 3-Nitrochlorambucil/CH2Cl2/DCC/DMAP in the presence of prasterone or pregnenolone at room temperature.

Table 2
Log P partition coefficient, and in vitro alkylating activity of chlorambucil and
chlorambucil derivatives.

Compound Determined
partition coefficienta

Estimated partition
coefficientb

Alkylating activity
(% of chlorambucil)c

C1 >8.00 8.64" 0.44 70
C2 >8.00 8.57" 0.46 8
C3 >8.00 9.25" 0.41 18
C4 >8.00 9.18" 0.42 4
C5 3.80" 0.30 3.70" 0.35 100
C6 3.70" 0.35 3.63" 0.37 38

C1 is chlorambucil ester of prasterone; C2 is 3-nitrochlorambucil ester of prasterone;
C3 is chlorambucil ester of pregnenolone; C4 is 3-nitrochlorambucil ester of preg-
nenolone; C5 is chlorambucil; C6 is 3-nitrochlorambucil.

a Determined values using the method described by Leo et al. [45].
b Estimated values obtained from a ACD/Log P software package.
c Measured in vitro at 37 !C at concentrations ranging between 0.1 and 1.0 mM.

Chlorambucil is assigned 100% alkylation.

Table 3
The assignment of the peaks in the chromatogram of all the esters.

Assignment
of peaks

Compound Retention
time (min)

A 3,6-Dinitrochlorambucil ester of prasteronea 5.74
B 3-Nitrochlorambucil ester of prasterone 7.17
C 3,6-Dinitrochlorambucil ester of pregnenolonea 8.64
D Chlorambucil ester of prasterone 10.08
E 3-Nitrochlorambucil ester of pregnenolone 11.39
F Chlorambucil ester of pregnenolone 16.88

The hydrolysis of esters C1–C4 was monitored separately using porcine liver esterase
and fresh human plasma.

a These esters were used in another HPLC study and were not analyzed for their
cytotoxic properties. In addition, neither of these esters were subjected to hydrolysis
using porcine liver esterase or fresh human plasma.
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5.48 mM. The 3-nitrochlorambucil ester of prasterone (C2) was only
cytotoxic against (MDA-mb468) and the transfected (MDA-NQO1)
cell line, with IC50’s of 7.25 and 10.60 mM, respectively. The chlor-
ambucil ester of pregnenolone (C3) was cytotoxic to varying
degrees against all of the cell-lines, the least being the MCF-7 cell
line which expresses estrogen and progesterone receptors [30],
however, it was most active against MDA-mb468 cell line with an
IC50 of 10.26 mM. The 3-nitrochlorambucil ester of pregnenolone
(C4) was cytotoxic against (MDA-mb468), the transfected (MDA-
NQO1) and the (MCF-7) cell-lines, with IC50’s of 19.34, 32.56 and
68.30 mM, respectively. Both chlorambucil and 3-nitrochlorambucil
were used as controls in the study involving the eight cell-lines, and
afforded IC50’s ranging from 0.65 to 7.13 mM and 1.16 to 13.04 mM,
respectively. The effect of the nitro-group was clearly evident when
comparing the cytotoxicity of chlorambucil (C5) and 3-nitro-
chlorambucil (C6), where the reduced activity of 3-nitro-
chlorambucil was attributed to the effect of the nitro-group ortho to
N,N-bis(2-chloroethyl) moiety and closely correlated with the in
vitro determination of the alkylating activity using p-nitrobenzyl
pyridine. As a control measure, the cytotoxicity of both prasterone
and pregnenolone was also carried out on the cell lines and was
found to be non-cytotoxic at concentrations below 100 mM. The IC50
data can be found in Table 4.

4. Results and discussion

A number of interesting findings were obtained from investi-
gating the activity of the compounds against the tested cell lines.
The most significant finding involved the breast adenocarcinoma
(MDA-mb468) cell line, where all the compounds exhibited cyto-
toxic activity ranging from 0.65 mM to 19.34 mM. The reason for
using the transfected breast adenocarcinoma (MDA-NQO1) cell line
was to assess the possible bioreductive potential of the nitro-

compounds, since the added flavoenzyme NAD(P)H: quinone
oxidoreductase (DT-diaphorase), via an oxygen independent
pathway [31], catalyzes two-electron reduction of quinones and
nitro-compounds to hydroquinones and nitroso compounds,
respectively [32]. In addition, there is an over expression of DT-
diaphorase throughout many tumor tissues [33,34] and its activity
and gene expression have been found to be up regulated in
comparison to tissue levels in lung, colon, liver and breast tumors
[35,36]. DT-diaphorase is therefore an attractive target for the
development of bioreductively activated chemotherapeutic agents
[37]. Furthermore, DT-diaphorase is also capable of detoxifying
certain potentially carcinogenic xenobiotics [38]. However, the
determined cytotoxicity of the tested compounds was found to be
between 1.5 and 2 fold greater in the (MDA-mb468) compared to
the (MDA-NQO1) cell line. These results did not therefore provide
conclusive evidence that the esters (C2 and C4) were reduced to the
corresponding nitroso or hydroxylamine derivatives but may
suggest that the transfected cell line exhibits greater resistance by
possibly detoxifying the compounds via the DT-diaphorase
dependent pathway, whereas, the (MDA-mb468) cell line, pos-
sessing no functional diaphorase, is less resistant. The esters were
tested for their cytotoxicity against the breast adenocarcinoma
(MCF-7) cell line in order to confirm whether they displayed any
specificity against estrogen dependent cell lines. However, mild
cytotoxicity was only observed with esters (C1, C3 and C4),
affording IC50’s of 72.5, 90 and 68.3 mM, respectively. The deter-
mined IC50’s for chlorambucil and nitrochlorambucil were 4.5 and
23 mM, respectively and would therefore imply that esters (C1, C3
and C4) do not exhibit any significant specificity for the estrogen
dependent cell line.

A comparison between the IC50 data obtained for prasterone
and pregnenolone esters, would suggest that prasterone esters are
in general, more cytotoxic and the data roughly correlates with that

Fig. 2. A chromatogram of the simultaneous separation of all the esters indicated in Table 3. RP-HPLC conditions: mobile phase was acetic acid (50 ml of a 2% solution) made upto
a litre with acetonitrile, pH¼ 5.2 at a flow rate of 1.2 ml/min. A C18 Symmetry Waters column (250 mm" 4.6 mm ID) fitted with a guard column (3 cm" 4.6 mm ID) was used and
the wavelength was set at 254 nm.

Fig. 3. An example of a chromatogram of one of the esters, namely, 3-nitrochlorambucil ester of prasterone mentioned in Table 3 with a retention time of 7.17 min. RP-HPLC
conditions: mobile phase was acetic acid (50 ml of a 2% solution) made upto a litre with acetonitrile, pH¼ 5.2 at a flow rate of 1.2 ml/min. A C18 Symmetry Waters column
(250 mm" 4.6 mm ID) fitted with a guard column (3 cm" 4.6 mm ID) was used and the wavelength was set at 254 nm.
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obtained for their alkylating activity. Furthermore, due to the
presence of the nitro-group in esters (C2 and C4), the determined
alkylating activity was significantly reduced compared to esters (C1
and C3) which roughly correlated with the activity obtained for
these esters in all but two of the cell lines tested. Generally, when
a strong electron withdrawing group such as a nitro-group is
attached ortho to the N,N-bis (2-chloroethyl) moiety, the potential
to alkylate is reduced. This phenomena was observed when
comparing compounds C1 with C2, C3 with C4, C5 with C6, in
addition to C1 with C4 and C2 with C3. However, there is no
correlation, as one would expect, between the magnitude of
alkylation and the degree of cytotoxicity in the cell lines tested.

5. Conclusion

The findings are encouraging because the four esters possess, to
varying degrees, some specificity towards the breast adenocarci-
noma cell line (MDA-mb468), with chlorambucil esters of pras-
terone (C1 and C2) displaying higher activity. However the
chlorambucil ester of prasterone (C1) and the nitrochlorambucil
ester of pregnenolone (C3) also exhibited relatively significant
cytotoxic activity towards brain posterior fossa, medullablastoma
(Daoy) and lung large cell carcinoma (H460) cell lines. An addi-
tional advantage of linking chlorambucil and its nitro-derivative to
prasterone and pregnenolone is that the resulting esters exhibit
increased lipophilic properties, which should thus increase their
ability to traverse blood-tissue barriers. However, this must be
balanced by their ability to be cleaved at some stage in order to
avoid possible accumulation within the cell membrane and thus be
prevented from entering the cytosol. From the results, one can
conclude that the esters did not show improved cytotoxicity
towards the cell lines tested, compared to the parent drugs, in fact,
it was not the intention to develop compounds with greater activity
but compounds that possess cytotoxicity similar to or close to the
parent drugs, in the hope of being more selective to cancerous cells,
and less damaging to normal cells and tissues. A comparison
between the activity of the esters and the parent drugs, does
however, require some degree of caution, since it is inconclusive as
to whether the difference in activity was due to intrinsic properties
of the esters or whether it was attributed to the partial or complete
bioconversion of the esters into the active parent drugs. It would
certainly be of interest to determine the precise mode of action of
these esters in order to confirm whether or not they truly function
as prodrugs. The esters may also be subject to efflux by P-glyco-
proteins or by ABC transporters, thus limiting their bioavailability
[39–42]. It would be of interest to investigate the cytotoxicities of
these esters in cells that over-express P-glycoproteins, initially
targeting the breast adenocarcinoma cell line (MCF-7) using
matched controls and an MCF-7 cell line that over-expresses P-
glycoprotein. Studies are now underway in order to answer some of
these questions.

6. Experimental section

6.1. Materials

The IR spectra for the compounds were recorded as either
a chloroform solution or as an oil using a Genesis FTIR spectrometer.
1H NMR were recorded in deuterated chloroform using a Bruker
drx500 (500 MHz), a amx360 (360 MHz), and a Avance dpx300
(300 MHz) instrument. Tetramethylsilane was used as internal
standard, and J values are given in Hz. 13C NMR spectra were
recorded using the listed NMR spectrometers at 125.77, 90.55 and
75.47 MHz, respectively. Mass spectra were recorded on a VG ZAB
2SE high resolution mass spectrometer, with Opus V3.1 and DEC
3000 Alpha Station and microanalysis were recorded on a LEEMANS
C E440 Elemental Analyzer. Reactions were monitored, whenever
possible by TLC on silica gel plates (G254) and column chromatog-
raphy was performed using C60 silica gel (35–70 mm). Samples were
centrifuged using a Sanyo MSE Microcentaur and esters were
incubated (hydrolysed) in a Memmert UM200 incubator.

Three HPLC systems were used at various stages of the investi-
gation – GBC LC 1110 HPLC pump connected with a 20 ml loop, a GBC
LC 1210 UV/vis detector and a Hewlett Packard HP3395 integrator.
The second system involved the use of a Varian Vista Series 5000 LC
pump connected to a 20 ml loop, a Waters 486 UV/vis detector and
a Hewlett Packard HP3395 integrator. The third system involved
the use of a Gilson 305 pump, connected to a 20 ml loop, a Dionex
UVD 340S diode array detector controlled by a Dell Optiplex GX1
computer equipped with Chromeleon (version 6.10). The unit was
connected to a Hewlett Packard DeskJet 890C printer.

Chemicals: dichloromethane, tertiary butanol, N,N-dicyclohex-
ylcarbodiimide, 4-dimethylaminopyridine, nitronium tetrafluo-
roborate, sodium acetate, chlorambucil, isopropanol, n-octanol,
HPLC grade acetonitrile, sodium chloride, potassium dihyhrogen
phosphate, disodium hydrogen phosphate potassium chloride,
porcine liver esterase, suspended in 3.2 M ammonium sulphate.
(340 ml equivalent to 16.5 mg of protein), absolute ethanol and
water were all purchased from Sigma. Ethyl acetate, C60 silica gel,
light petroleum ether (40–60), ethanol (96%), deuterated chloro-
form and acetone (analar) were purchased from Merck. Pregnen-
olone and prasterone were purchased from Acros Organics.

4-(4-Nitrobenzyl) pyridine and 3-amino-1-propanol were
purchased from Lancaster Research Chemicals. The media used for
the tissue culture was RPMI 1460 supplemented with 2 mM L-
glutamine and 10% foetal bovine serum. The RPMI and L-glutamine
were purchased from Sigma while the foetal bovine serum was
purchased from PAA Laboratories.

6.2. Methods

6.2.1. Cell lines used in the investigation
The ATCC human cell lines used in the study were cultured at

The Patersons Institute for Cancer Research, Manchester, UK and

Table 4
The IC50 values for chlorambucil and the chlorambucil derivatives on eight human cell-lines.

Cell line IC50 mM Widr Daoy MDA468 MDA NQ01 MCF-7 H460 OVCA-3 A375

C1 >100 19.61 (!6.9) 5.48 (!5.6) 11.83 (!1.4) 72.5 (!2.0) 11.85 (!1.5) 82.50 (!1.2) 61.42 (!8.9)
C2 >100 >100 7.25 (!3.1) 10.60 (!5.7) >100 >100 >100 >100
C3 86.30 (!2.0) 41.90 (!1.3) 10.26 (!6.7) 20.53 (!2.1) 90 (!1.5) 36.16 (!1.4) 88.80 (!3.7) 74.21 (!7.2)
C4 >100 >100 19.34 (!3.4) 32.56 (!4.3) 68.3 (!2.5) >100 >100 >100
C5 7.13 (!5.1) 1.36 (!1.5) 0.65 (!3.0) 0.79 (!2.9) 4.5 (!1.3) 2.19 (!6.6) 8.92 (!2.7) 2.58 (!6.2)
C6 13.04 (!3.9) 5.30 (!3.7) 1.16 (!6.3) 3.75 (!4.0) 23 (!3.1) 9.53 (!1.1) 15.56 (!2.1) 9.46 (!7.1)

All values are given in mM, however, the values shown in brackets are the standard deviations for the % growth inhibition.
C1 is chlorambucil ester of prasterone; C2 is 3-nitrochlorambucil ester of prasterone; C3 is chlorambucil ester of pregnenolone; C4 is 3-nitrochlorambucil ester of preg-
nenolone; C5 is chlorambucil; C6 is 3-nitrochlorambucil.
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The Cancer Research Council Unit, Bradford, UK. The cell lines used
were: colon adenocarcinoma (Widr); brain posterior fossa medul-
lablastoma (Daoy); breast adenocarcinoma (MDA-mb468); breast
adenocarcinoma cell line (MDA-NQO1) transfected with fla-
voenzyme NAD(P)H: quinone oxidoreductase (DT-diaphorase);
breast adenocarcinoma (MCF-7); lung large cell carcinoma (H460);
ovarian adenocarcinoma (OVCA-3) and skin malignant melanoma
(A375).

6.2.2. General procedures for the synthesis of compounds C1, C2, C3,
C4 and C6
6.2.2.1. Synthesis of 4-{4-[di(2-chloroethyl)amino]-3-nitrophenyl}
butanoic acid (C6). A solution of nitronium tetrafluoroborate (2.0 g,
15.64 mmol) in acetonitrile (60 ml) was stirred at 0 !C under argon,
and after 15 min chlorambucil (4.0 g, 13.16 mmol) in acetonitrile
(60 ml) was added dropwise over a period of 10 min. After being
stirred for an additional 40 min at 0 !C, the reaction mixture was
stirred at room temperature for 1 h and then poured into an excess
of water (150 ml). The organic material was extracted with
dichloromethane (3" 60 ml), washed with water (3" 60 ml) and
dried over anhydrous sodium sulphate. The sodium sulphate was
removed by filtration and the dichloromethane was removed by
evaporation under reduced pressure to afford the crude product
which was chromatographed on a column of silica gel with ethyl
acetate-light petroleum (2:1) as eluent to give the 3-nitro-
chlorambucil as a dark orange oil (2.51 g, 55%). Found: C, 47.9; H,
5.40; N, 8.20; Cl, 20.20%. C14H18Cl2N2O4 requires C, 48.15; H, 5.20;
N, 8.00; Cl, 20.30%; nmax (CHCl3)/cm#1 1720 (C]O) and 2800–3500
br (OH); dH (300 MHz; CDCl3) 1.98 (2H, m, CH2CH2CO2H), 2.42
(2H, t, J 6.9, CH2CO2H), 2.70 (2H, t, J 7.5, ArCH2), 3.50 [8H, m,
N(CH2CH2Cl)2], 7.30 (1H, d, J 9.0, meta to NO2, C6H3NO2), 7.35 (1H,
dd, J 8.2 and 2.0, para to NO2, C6H3NO2), and 7.54 (1H, d, J 2.0, ortho
to NO2C6H3NO2); dC (CDCl3) 25.8 (CH2CH2CO2H), 32.9 and 33.9
(CH2CH2CH2), 41.5 (2" CH2Cl), 55.9 (2"H2CN), 124.8 [CH, ortho to
N(CH2CH2Cl)2], 126.8 (CH, ortho to NO2), 133.3 (CH, para to NO2),
138.2 (C–CH2), 140.6 (C–NO2), 146,4 [C–N(CH2CH2 Cl)2], 177.0
(CO2H); m/z (EI) 348.

6.2.2.2. Synthesis of (3b)-3-hydroxyandrost-5-ene-17-one, 4-{4-
[di(2-chloroethyl)amino] phenyl}butyrate (C1). General procedure
was used for preparing all four esters.

A solution of chlorambucil (1.0 g, 3.29 mmol) in dichloro-
methane (40 ml) was stirred at room temperature for 10 min, after
which time, prasterone (1.09 g, 3.78 mmol) in dichloromethane
(10 ml) was added dropwise over 5 min. A solution of DCC (780 mg,
3.78 mmol) in dichloromethane (20 ml) was added after which
time DMAP (1.2 mg, 9.8 mmol) was added to catalyze the reaction.
The reaction mixture was sealed and stirred for 20 h at room
temperature. The resulting suspension was treated with acetoni-
trile (30 ml) in order to enhance the precipitation of the by-prod-
ucts. The precipitate was filtered and the solvents were evaporated
under reduced pressure to afford the crude product. The crude
product was redissolved in ethyl acetate (50 ml), leaving behind
undissolved by-product which was removed by filtration. The ethyl
acetate was removed by evaporation under reduced pressure to
give an oil which was chromatographed on a column of silica gel
using ethyl acetate-light petroleum (1:2) as eluent to afford the
ester as an off-white oil (1.19 g, 63%). Found: C, 68.53; H, 7.41; N,
2.40; Cl, 12.19%. C33H45Cl2NO3 requires C, 68.97; H, 7.89; N, 2.43; Cl,
12.33%; vmax (CHCl3)/cm#1 1731 cm#1 (C]O); dH (300 MHz; CDCl3)
0.88 (3H, s, CH3 on C18), 1.05 (3H, s, CH3 on C19), 2.30 (2H, t,
CH2CH2CO2), 2.36 (1H, m, CH, on C8), 2.41 (2H, m, CH2, on C16), 2.56
(2H, m, ArCH2), 3.60–3.72 (8H, m, 2" CH2Cl and 2" CH2CH2Cl),
4.61 (1H, m, CH, on C3), 5.40 (1H, d, CH, on C6), 6.65 [2H, d, ortho to
N(CH2CH2Cl)2], 7.08 [2H, d, meta to N(CH2CH2Cl)2]; dC (CDCl3) 13.5

(C18), 19.5 (C19), 20.5 (C11), 22.2 (C15), 26.4 (CH2CH2CO2), 27.2 (C2),
29.6 (C12), 31.5 (C7)1, 31.8 (C8)1, 34.1 (ArCH2 and CH2CH2CO2), 36.0
(C16), 36.8 (C10), 37.0 (C1), 38.1 (C4), 40.3 (2" CH2Cl), 47.4 (C13),
50.0 (C9), 51.6 (C14), 53.8 (2" CH2CH2Cl), 73.5 (C3), 112.4 [2" CH,
ortho to N(CH2CH2Cl)2], 121.8 (C6), 129.7 [2" CH, meta to
N(CH2CH2Cl)2], 131.0 (C–CH2), 139.8 (C5), 43.8 (C–N), 172.2 (O–
C]O), 220.9 (C]O); m/z (EI) 575.

6.2.2.3. (3b)-3-Hydroxyandrost-5-ene-17-one, 4-{4-[di(2-chloroeth-
yl)amino]-3-nitrophenyl}butyrate (C2). The final step involved the
removal of ethyl acetate by evaporation under reduced pressure to
give an oil which was chromatographed on a column of silica gel
using ethyl acetate-light petroleum (1:2) as eluent to afford the
ester as a light orange oil (690 mg, 70%). Found: C, 63.82; H, 7.22; N,
4.47; Cl, 11.28%. C33H44Cl2N2O5 requires C, 63.97; H, 7.16; N, 4.52; Cl,
11.44%; vmax (CHCl3)/cm#1 1731 cm#1 (C]O); dH (300 MHz; CDCl3)
0.88 (3H, s, CH3, on C18), 1.05 (3H, s, CH3, on C19), 2.30 (2H, t, CH2,
CH2CH2CO2), 2.36 (1H, m, CH, on C8), 2.41 (2H, m, CH2, on C16), 2.66
(2H, m, ArCH2), 3.40–3.59 (8H, m, 2" CH2Cl and 2" CH2CH2Cl),
4.60 (1H, m, CH, on C3), 5.40 (1H, d, CH, on C6), 7.30 [1H, d, CH, ortho
to N(CH2CH2Cl)2], 7.35 [1H, dd, CH, meta to N(CH2CH2Cl)2], 7.54 (1H,
d, CH, ortho to NO2, C6H3NO2); dC (CDCl3) 13.5 (C18), 19.5 (C19), 20.3
(C11), 21.8 (C15), 26.1 (CH2CH2CO2), 27.7 (C2), 31.0 (C12), 31.3 (C7)1,
31.4 (C8)1, 33.7 (CH2CO2), 33.9 (ArCH2), 35.8 (C16), 36.7 (C10), 36.9
(C1), 38.0 (C4),41.4 (2" CH2Cl), 47.4 (C13), 50.0 (C9), 51.6 (C14), 55.9
(2" CH2CH2Cl), 73.8 (C3), 121.9 (C6), 124.8 [CH, ortho to
N(CH2CH2Cl)2], 126.7 (CH, ortho to NO2), 133.3 (CH, para to NO2),
138.5 (C–CH2), 139.8 (C5),140.5 (C–NO2), 146.3 (C–N), 172.4 (O–
C]O), 221.0 (C]O); m/z (EI) 620.

6.2.2.4. (3b)-3-Hydroxypregn-5-ene-20-one, 4-{4-[di(2-chloroethyl)
amino] phenyl}butyrate (C3). The final step involved the removal of
ethyl acetate under reduced pressure to afford an oil which was
chromatographed on a column of silica gel with ethyl acetate–light
petroleum (1:3) as eluent to give the ester as an off-white oil (1.18 g,
60%). Found: C, 69.36; H, 8.20; N, 2.33; Cl, 11.58%. C35H49Cl2NO3
requires C, 69.75; H, 8.19; N, 2.32; Cl, 11.76%; vmax (CHCl3)/cm#1

1730 cm#1 (O–C]O) and 1704 cm#1 (CH3–C]O); dH (300 MHz;
CDCl3) 0.63 (3H, s, CH3, on C18), 1.01 (3H, s, CH3, on C19), 2.13 (3H, s,
CH3, on C21), 2.28 (1H, m, CH, on C8), 2.30 (2H, t, CH2CH2CO2), 2.50
(1H, m, CH, on C17), 2.54 (2H, t, ArCH2), 3.60–3.72 (8H, m, 2" CH2Cl
and 2" CH2CH2Cl), 4.60 (1H, m, CH, on C3), 5.37 (1H, d, CH, on C6),
6.64 [2H, d, ortho to N(CH2CH2Cl)2], 7.07 [2H, d, meta to
N(CH2CH2Cl)2]; dC (CDCl3) 13.2 (C18), 19.3 (C19), 21.2 (C11), 22.8
(C16), 24.5 (C15), 26.1 (CH2CH2CO2), 27.7 (C2), 31.5 (C7)1, 31.7 (C21),
31.8 (C8)1, 33.8 (CH2CO2), 34.0 (ArCH2), 36.6 (C10), 36.9 (C1), 38.0
(C4), 38.6 (C12), 40.3 (2" CH2Cl), 43.9 (C13), 49.8 (C9), 53.7
(2" CH2CH2Cl), 56.7 (C14), 63.6 (C17), 73.6 (C3), 112.4 [2" CH,
ortho to N(CH2CH2Cl)2], 122.2 (C6), 129.7 [2" CH, meta to
N(CH2CH2Cl)2], 131 (C–CH2), 139.6 (C5), 143.9 (C–N), 172.9 (O–
C]O), 209.6 (CH3–C]O); m/z (EI) 603.

6.2.2.5. (3b)-3-Hydroxypregn-5-ene-20-one,4-{4-[di(2-chloroethyl)-
amino]-3-nitro-phenyl}butyrate (C4). After the removal of the ethyl
acetate under reduced pressure, the resulting oil was chromato-
graphed on a column of silica gel using ethyl acetate-light petro-
leum (1:3) as eluent to afford the ester as a light orange oil (780 mg,
66%). (Found: C, 64.55; H, 7.36; N, 4.32; Cl, 10.86%. C35H48Cl2N2O5
requires C, 64.90; H, 7.47; N, 4.32; Cl, 10.94%); vmax (CHCl3)/cm#1

1730 cm#1 (O–C]O) and 1703 cm#1 (CH3–C]O); dH (300 MHz;
CDCl3) 0.63 (3H, s, CH3, on C18), 1.01 (3H, s, CH3, on C19), 2.13 (3H, s,
CH3, on C21), 2.28 (1H, m, CH, on C8), 2.30 (2H, t, CH2CH2CO2), 2.50

1 Possible reversed assignment.
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(1H, m, CH, on C17), 2.61 (2H, t, ArCH2), 3.39–3.50 (8H, m, 2! CH2Cl
and 2! CH2CH2Cl), 4.60 (1H, m, CH, on C3), 5.35 (1H, d, CH, on C6),
7.30 [1H, d, CH, ortho to N(CH2CH2Cl)2], 7.35 [1H, dd, CH, meta
to N(CH2CH2Cl)2], 7.54 (1H, d, CH, ortho to NO2, C6H3NO2); dC
(CDCl3) 13.2 (C18), 19.3 (C19), 20.9 (C11), 22.8 (C16), 24,4 (C15),
26.1 (CH2CH2CO2), 27.7 (C2), 31.5 (C7), 31.7 (C21), 31.8 (C), 3.7
(CH2CO2), 34.0(ArCH2), 36.6 (C10), 36.9 (C), 38.0 (C4), 38.(C12), 41.5
(2! CH2Cl), 43.9 (C13), 49.8(C9), 55.9 (2! CH2CH2Cl), 56.7 (C14),
63.6 (C17), 73.9 (C3), 122.4 (C6), 124 [CH, ortho to N(C2CH2Cl)2],
126.7 (CH, ortho NO2), 133.3 (CH, para to NO2), 139.5 (C5),
140.(C–NO2), 146.3 (C–N), 172.4 (O–C]O), 209.6 (CH3–C]O); m/z
(EI) 648.

6.3. Alkylating activity [29,43,44]

The alkylating activity of each compound was determined at
concentrations ranging from 0.1 mM to 1.0 mM, dissolved in 50% (v/
v) acetone/ethanol solution. The compounds (0.2 ml) were added
separately to screwed capped test tubes containing 1 ml of 0.2 M
acetate buffer (pH 5.6). Each tube was treated with 0.5 ml of 5% (w/
v) solution p-nitrobenzyl pyridine in acetone and the mixture was
incubated for 4 h at 37 "C. Each tube was then treated with 3.0 ml of
25% (v/v) 3-amino-1-propanol in tertiary butyl alcohol and the
coloration of the reaction product was measured using a visible
spectrophotometer at 560 nm. The alkylating activity of the five
compounds was compared with that of an equimolar chlorambucil
solution.

6.3.1. Log P values
The six compounds of known weight (10 mg) were added

separately to 50 ml volumetric flasks and dissolved in n-octanol
and then made up to the mark [29]. A portion (4 ml) of each of the
solutions was transferred separately to screwed capped centrifuge
tubes and an equal volume of water was added to each tube. The
tubes were capped and shaken on a rotator for 1 h at 20 "C, after
which they were centrifuged for 10 min at 3600 g and the n-octanol
layer was carefully separated from the water layer. Portions of the
original solutions were diluted to obtain a concentration of
0.8 mg%. The shaken solutions were also diluted in a similar
manner and comparisons were made using UV spectroscopy
between 200 and 400 nm. The log P values were then calculated
according to Leo et al. [45].

6.3.2. In vitro cytotoxicity assay [46]
The standard assay for cytotoxicity employed a 96 well format

using 400–1000 cells per well in 100 ml. Each drug dose was
represented by three wells. Media (100 ml) containing doubling
dilutions of 2! drug were added to triplicate sets. Control wells
received 100 ml of media alone. The plates were then incubated in
a humidified atmosphere for five days at 37 "C, with 5% carbon
dioxide. After incubation 50 ml of MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide) (3 mg/ml) was added to
each well and the plate returned to the incubator for 3 h. The
process is known as metabolic reduction and requires an active
mitochondrial function to reduce the salt. The media and excess
MTT were then aspirated from each well and the formazan
crystals solubilized in 200 ml of DMSO. The plates were then read
using a multiscan microplate reader (Titretech) at 540 nm
with subtraction at 620 nm to allow for turbidity. The resultant
output was processed using an excel spreadsheet. The percentage
of growth inhibition absorbance of the drug treated wells/
mean absorbance of the control well! 100 and the IC50 (concen-
tration of compound required to inhibit 50% growth) were
calculated.

6.3.3. General procedure used to determine the hydrolysis of the
esters using porcine liver esterase [47]

The stock solution of the ester was prepared by dissolving the
ester (50 mg) in absolute ethanol (10 ml) and transferring it to
a 25 ml volumetric flask and making upto the mark with absolute
ethanol. The phosphate buffer was prepared by dissolving sodium
chloride (2 g), potassium dihydrogen phosphate (50 mg), disodium
hydrogen phosphate (250 mg) and potassium chloride (50 mg) in
distilled deionised water and making up to the 250 ml mark in
a volumetric flask (pH 7.4). After incubating the esterase enzyme
(20 ml) in buffer (2 ml) for approximately 15 min at 37 "C, the ester
(200 ml) was added. The zero reaction involved incubating the ester
in buffer at 37 "C for 15 min prior to being analyzed by HPLC. A
sample of the reaction mixture (200 ml) was then removed and
transferred to microfuge tubes at set time intervals and treated
with acetonitrile (200 ml). The mixture was then vortexed for 30 s
and then centrifuged for 10 min at 11,600 g. A portion of the
supernatant (200 ml) was transferred to a microfuge tube and
mobile phase (200 ml) was added and mixed. A standard solution of
the ester was prepared by transferring 5 ml of the stock solution to
a 50 ml volumetric flask, making upto the mark with the mobile
phase, and then transferring 3 ml of this solution to a 25 ml volu-
metric flask and making upto the mark with mobile phase and
finally, 5 ml of this solution was transferred to a 10 ml volumetric
flask and made upto the mark to afford a final concentration of the
standard solution of 1.20 mg%. Both the standard and sample
solutions were analyzed using a validated HPLC method (unpub-
lished data), derived from a modified version of a published
method [48]. The esters were also stored in phosphate buffer saline
at 37 "C and monitored for their stability using the HPLC method,
supported by infrared spectroscopy, over a period of forty five days.
The chromatographic conditions: RP-HPLC, the mobile phase con-
sisted of acetic acid (50 ml of a 2% solution) made upto a litre with
acetonitrile, pH 5.2 and the flow rate was set at 1.2 ml/min. A C18
Symmetry Waters column (250 mm! 4.6 ID) fitted with a guard
column (3 cm! 4.6 mm ID) was used and the wavelength was set
at 254 nm.

6.3.4. General procedure used to determine the hydrolysis of the
esters using human plasma

A stock solution of the ester was prepared by dissolving the
ester (50 mg) in absolute ethanol (10 ml) and transferring it to
a 50 ml volumetric flask and making upto the mark with the same
solvent. The ester (50 ml) was transferred to a microfuge tube and
treated with mobile phase (950 ml), mixed using a vortex mixer and
500 ml of the solution was transferred to another microfuge tube
and made upto 1 ml with mobile phase and vortexed. Finally, 500 ml
of this solution was transferred to a another microfuge tube, made
upto 1 ml with mobile phase, and mixed in the usual manner, to
afford a 1.25 mg% concentration of standard solution.

Freshly prepared plasma (850 ml) was transferred to a test tube,
treated with phosphate buffer saline (100 ml) and stock solution of
the ester (50 ml), sealed with parafilm, vortexed for 2 min and then
placed into an incubator set at 37 "C. The incubated sample was
treated in the following manner prior to analysis. 500 ml of the
mixture was transferred to a microfuge tube and treated with
500 ml of mobile phase, mixed for 2 min using a vortex mixer and
the resulting precipitate was removed by centrifugation at 11,600 g
for 20 min. 500 ml of the supernatant was removed and transferred
to a microfuge tube and made upto 1 ml with mobile phase.

The content of the tube was then centrifuged at 11,600 g for
a further 10 min.

A comparison between the peak areas of the standard and the
prepared samples were then carried out by the HPLC method in
order to estimate the percent of ester hydrolyzed with time.
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1. Introduction

Topoisomerase II (topo II) inhibitors are often based on planar
aromatic pharmacophores, which constitute an important class of
clinically useful anti-tumour agent. Daunorubicin, doxorubicin,
epirubicin and mitoxantrone are established drugs that are based
on a tricyclic anthraquinone pharmacophore, which is a prerequi-
site for topo II poisoning [1]. Substantial work has defined the

relationship between the basic aminoalkylamino sidechains and
configuration of functional groups attached to the 1,4-disubstitut-
ed pharmacophore of mitoxantrone [1–7]. The clinical success of
the anthraquinone-based anticancer drugs is tempered by their
failure in tumours that express the ABCB1 (MDR1) gene [8–10], or
exhibit downregulation/mutation [11] or phosphorylation [12] of
topo II. In an attempt to overcome these resistance mechanisms,
we have previously reported 1,4-disubstituted chloroethylami-
noanthraquinones as a hybrid class of agents containing DNA
intercalating and alkylating functionalities [13,14], of which one
agent, alchemix (Fig. 1) possesses substantial anticancer activity
against doxorubicin- (A2780AD) and cisplatin-resistant (A2780/
cp70) tumour xenografts in mice [15]. In particular, symmetrical
(two identical sidechains) 1,4-disubstituted anthraquinones with
alkylating groups on both sidechains lose cytotoxic potency in
multidrug-resistant (MDR) cancer cells, but non-symmetrical
mixed sidechain-configured anthraquinones, typified by alchemix,
remain effective against such malignant cells [14,15].

This study expands the knowledge of the DNA binding
properties of alchemix and its cellular pharmacology. To explore
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these phenomena, three novel analogues of alchemix were
prepared (Fig. 1), which would provide a platform for a better
understanding of the optimum requirements for DNA adduct
formation, topo IIa inhibition and cytotoxicity.

2. Materials and methods

2.1. Synthesis of target compounds

The synthesis of alchemix and the three novel anthraquinones
was carried out using methodology previously reported [13].
Briefly, ipso-substitution of 1-(2-(dimethylamino)ethylamino)-4-
fluoro-5,8-dihydroxyanthracene-9,10-dione with the respective
bis(hydroxyl)-aminoalkylamine generated bis-substituted hydro-
xyethyl precursors, which were converted to the target chloro
compounds using triphenylphosphine–carbon tetrachloride com-
plex (PPh3–CCl4). Full experimental methodology and characteri-
sation of ICT2901, ICT2902 and ICT2903 can be found in supporting
information. All compounds were stored as hydrochloride salts at
!20 8C under anhydrous conditions prior to use.

2.2. DNA binding studies

Doxorubicin, mechlorethamine (N-methyl-N,N-bis(2-chloroethy-
l)amine), 3-(4,5-simethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT), ammonium persulphate (APS), and sequagel 6
(concentrate) were obtained from Sigma–Aldrich Chemicals (Gilling-
ham, UK). Plasmid DNA pBR322 (0.25 U/mL) was purchased from
New England Biolabs (Herts, UK), g32P-ATP (500 Ci/mmol), 50-
TATGCGACTCCTGCATTAGG-30 primer (10 pm/ml), dNTP mix
(2.5 mM), T4 polynucleotide kinase (5 U/ml), bacterial alkaline
phosphatase (BAP) (150 U/ml), Taq DNA polymerase (5 U/ml) and
Hind III (15 U/ml), BamH1 and SalI restriction enzymes were
purchased from Promega, (Southampton, UK). BIO-RAD spin columns
were obtained from BIO-RAD Laboratories (Beckenham, UK).

2.2.1. Taq polymerase stop assay
This experiment has previously been described [13,16]. Briefly,

the following constituents were added to a PCR tube: 0.2% gelatine
(5 ml), 25 mM MgCl2 (10 ml), 10" Taq polymerase buffer (10 ml),
2.5 mM dNTP mix (10 ml), dH2O (8 ml) and 0.5 mg drug-treated
(1–100 nM) linearised pBR322 DNA (50 ml). The latter was
generated after incubation for 1 h at 37 8C. To the mixture
(93 ml) was then added a synthetic 20 base oligonucleotide primer
that binds to the sequence 621–640 of the 273 bp BamHI/SalI
fragment of pBR322 (bases 375–650), Taq polymerase (2 ml, 5 U/
ml), and the final mixture was vortexed. The thermocycler was
programmed to: (1) 95 8C for 5 min, (2) 95 8C for 1 min, (3) 58 8C
for 1 min, (4) 74 8C for 1 min and an additional 1 min per cycle.
Steps 2–4 were repeated 29 times before denaturing at 94 8C for
5 min followed by 10 min at 25 8C. The samples were then
transferred into sterile eppendorf vials and the DNA precipitated

with 3 vol. of ethanol (95%, 300 ml) and NaOAc (3 M, 2 ml),
vortexed and cooled in dry ice bath for 10 min before being
centrifuged at 13,000 rpm for 10 min. The supernatant was
removed and the samples were washed with ethanol (70%,
150 ml), vortexed, centrifuged at 13,000 rpm for 10 min and the
supernatant removed. The wash was repeated and the samples
lyophilised. Each dried sample was re-suspended in formamide
dye (4 ml), heated to 95 8C for 3 min and cooled in an ice-bath to
denature the DNA. The samples were loaded into the wells of a 6%
denaturing polyacrylamide gel and electrophoresis was per-
formed in TBE buffer at 1600–2000 V (approx. 2–3 h, 55 8C) using
vertical glass electrophoresis plates. The resulting gel was then
transferred onto a Whatman 3MM filter paper and one layer of
DE81, covered in film wrap and dried on a BIO-RAD 583 gel drier
for approximately 2 h. Once dry, the gel was exposed to a Kodak
Hyperfilm for 24 h before development.

2.2.2. UV thermal melting studies of ligands and calf thymus DNA
The protocol used to determine thermal denaturation profiles

for double-stranded calf thymus (CT) DNA and ligand-induced
melting temperature shifts (DTm) has been previously described
[17,18]. CT DNA (sodium salt) was purchased from Sigma and used
without further purification; the buffer used was aqueous sodium
phosphate (Na2HPO4/NaH2PO4 10 mM, Na2EDTA 1 mM, pH 7.00),
CT DNA solutions were quantitated spectrophotometrically using
e260 = 12,824 M (bp)!1 cm!1 at 260 nm. Anthraquinones were
dissolved in DMSO and stock solutions stored at 4 8C. Ligand–DNA
mixtures were prepared by carefully adding ligand stock solution
to DNA to achieve a final concentration of 50 mM (bp) DNA and
10 mM anthraquinone, ensuring that the final concentration of
DMSO was <1% (v/v). DMSO calibration curves were used to
correct the Tm values.

UV DNA melting curves were determined using a Varian-Cary
400 Bio UV–vis spectrophotometer equipped with a Peltier
temperature controller. Heating was applied at a rate of 1 8C/
min in the range 40–95 8C, the absorbance was monitored
continuously at 260 nm. All melts were performed in 1 cm path
length, masked quartz cells. For kinetic experiments, working
solutions of DNA–anthraquinone mixtures at the fixed 5:1 molar
ratio were incubated at 37 8C and evaluated at set time points of 0,
4, 8 and 24 h. Results for each compound are means of three
separate determinations.

2.3. Topoisomerase II decatenation assay

Decatenation of kinetoplast DNA (kDNA; from Crithidia
Fasciculata and purchased from TopoGEN) was used to assay
the level of topo IIa inhibition. The standard topo IIa (purchased
from affymetrix/USB) reaction mixture contained 10 mM Tris–HCl,
pH 7.9, 175 mM KCl, 5 mM MgCl2, 0.1 mM EDTA, 0.2 mM
dithiothreitol, 2.5% glycerol, 1 mM ATP, 30 mg/ml BSA, 0.1 mg
kDNA and sterile distilled water to 20 ml. The reaction was
incubated with 4 U of topo IIa at 37 8C for 30 min and terminated
by the addition of 5 ml of stop buffer (10%, w/v sodium dodecyl
sulphate, 50% glycerol, 0.025% bromophenol blue). The reaction
mixture was centrifuged at 14000 " g for 10 s. The blue mixture
was loaded directly onto 1% horizontal agarose gel and electro-
phoresed in 90 mM Tris-base, pH 8.3, 2.5 mM EDTA. Gels were
electrophoresed for 4 h at 6 V/cm and photographed under UV
transillumination for 30 s.

2.4. Chemosensitivity

All drugs were dissolved in DMSO to obtain stock solutions at
10 mM, aliquoted and stored at !20 8C prior to use. MCF-7, MCF-7/
adr, HCT116p53+/+ and HCT116p53!/! cancer cell lines (obtained
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Fig. 1. Alkylating anthraquinones.
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from ATCC) were routinely maintained as mono-layered cultures
in RPMI 1640 medium supplemented with 10% fetal bovine serum,
2 mM L-glutamine and 1 mM sodium pyruvate. The arrest of cell
growth was determined by the MTT assay as previously reported
[19]. Briefly, cells were plated in 96-well plates with 200 ml of cell
suspension (0.5 ! 104 cell/ml) per well. Cells were left to adhere
overnight at 37 8C in a humidified incubator (5% CO2 and 95% air)
and then exposed to a suitable range of drug concentrations for 1 h
or 96 h in complete RPMI 1640 medium. Following drug exposure,
cells were washed three times with Hanks Balanced Salt Solution
and complete growth medium (200 ml/well) was added. Chemo-
sensitivity was determined using the MTT assay 4 days later. For
both 1 h and continuous drug exposures, MTT (20 ml, 5 mg/ml)
was added to each well and the plates incubated at 37 8C for 4 h. All
medium was removed and formazan crystals were dissolved in
150 ml of DMSO. The absorbance of the resulting solution was
measured at 540 nm using a multiwell spectrophotometer
(Multiskan EX; Thermo Fisher Scientific, Waltham, MA, USA).
Survival and chemosensitivity were expressed as IC50 values. All
experiments were repeated in triplicate.

2.5. gH2AX and cell cycle analysis

HCT116p53+/+ colorectal carcinoma cells were exposed to drug
concentrations equal to the IC80 value for a 1 h drug exposure
followed by removal of the drug and recovery in fresh medium for
3, 24 or 48 h. Cells were collected by trypsinisation and fixed in
ice-cold methanol at "20 8C for 30 min. Cells were collected by
centrifugation and washed in PBS. Following inhibition of non-
specific antibody binding by incubation in staining buffer (5% BSA
in PBS) for 10 min at room temperature, cells were incubated for
60 min at room temperature with anti-phospho-histone H2AX
antibody, Ser 139 (Cell Signaling Technology, USA; diluted 1:50 in
staining buffer). Cells were washed in staining buffer and
immunoreactivity was detected using an anti-rabbit Alexa
Fluor1-488 labelled secondary antibody (Cell Signaling Technol-
ogy, USA; diluted 1:1000). Cells were further washed in staining
buffer and resuspended in PBS containing propidium iodide
(200 mg/ml; Sigma, Gillingham, UK) and RNase A (200 mg/ml;
Invitrogen, Paisley, UK) at 37 8C for 30 min. Vials were placed on
ice before analysis. Flow cytometry analyses were performed
using a FACS-Calibur flow cytometer (BD Biosciences; San Jose,
CA, USA). Data obtained from 10,000 cellular events were
analysed using the CellQuest software (BD Biosciences; San Jose,
CA, USA).

2.6. Induction of cellular apoptosis and necrosis

HCT116p53+/+ colorectal carcinoma cells were exposed to drug
concentrations equal to the IC80 value for 1 h, followed by
removal of the drug and recovery in fresh medium for 24 h. Cells
were collected by trypsinisation and resuspended in PBS. Cell
suspensions (100 ml) were applied to poly-L-lysine coated
microscope slides and air-dried in a fume hood at room
temperature. Slides were incubated in buffered formalin for
5 min at room temperature to fix cells and then washed twice
with PBS. Apoptotic cells were detected using the DeadEnd
Colorimetric TUNEL assay (Promega, USA) according to the
manufacturer’s instructions. At least 500 cells were counted per
slide from 10 random areas and the resultant percentage of
apoptotic cells determined.

For determination of necrosis, cell suspensions were mixed
with equal volumes of Trypan Blue solution (0.4%, Sigma). The
percentage of necrotic cells was then calculated by counting the
proportion of blue versus unstained cells using a haemocytometer.
All results are the mean of three independent experiments.

2.7. Studies in Chinese hamster ovary (CHO) cell lines

1 ! 104 CHO cells were seeded in a 96-well plate in 200 ml
DMEM. After 24 h the cells were treated with indicated compounds
for 120 h. After treatments, the wells were rinsed twice with
HBSS++ (200 ml/well) before fixation for 20 min in 4% formalde-
hyde/1% CaCl2, twice rinsing with distilled water before staining
with 0.01% neutral red (NR) in water for 1 h. The plates were rinsed
an additional three times in water followed by addition of 200 ml
1% acetic acid/50% ethanol added to each well for incubation for
30 min. Finally, absorbance was measured at 540 nm and data
analysed as previously described [20].

3. Results

3.1. DNA sequence-selective alkylation and inter-strand cross-linking
experiments

Compounds ICT2901, ICT2902 and ICT2903 were compared
with alchemix for their ability to covalently adduct double-
stranded DNA using the Taq polymerase stop assay [16]. Inhibition
of DNA elongation, consistent with DNA alkylation, was detected
down to 5 nM for ICT2902 and ICT2903 compared with 1 mM for
mechlorethamine (Fig. 2). The four alkylating anthraquinones
demonstrated a strong preference for guanines, specifically the
guanines that were flanked by a 50-cytosine and a 30-guanine
residue (e.g. 50-CGG; positions 536, 586 and 596 in Fig. 2) and to a
lesser extent at the second guanine in the same sequence (50-CGG;
positions 537, 587 and 597). A potentially important alkylation site
was also observed at position 529 in the sequence 50-CGT, which
was not an alkylation site shared by mechlorethamine. In contrast,
mechlorethamine showed a pattern of sequence selective alkyl-
ation as observed previously, with a preference for reaction within
runs of contiguous guanines [21]. For example, alkylation was

Fig. 2. Effects of alchemix, ICT2901, ICT2902, and ICT2903 on Taq DNA polymerase
elongation of plasmid pBR322. Control: unmodified DNA; The solid triangles
represent increasing of compounds; from left to right, these are: 1, 2.5, 10 mM for
HN2 (mechlorethamine) and 1, 5, 25, 100 nM for anthraquinones.
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observed at 50-TGGGC, which was not a target site for any of the
four anthraquinones, suggesting that the 50-TG or 50-GG residue is
not an ideal site for DNA intercalation to occur. Alkylation was
observed, however, with all compounds at the guanine-rich
sequence 50-CGGGGG (bases 536–540) with the anthraquinones
preferring alkylation of Gs at the 50 terminus of the G-tract and
mechlorethamine the middle Gs. There was no apparent differ-
ence in sequence selectivity between alchemix and the three
novel compounds ICT2901, ICT2902, and ICT2903 although
qualitative differences in reactivity were evident. For example,
compounds ICT2902 and ICT2903 with butyl (n = 3) or pentyl
(n = 4) linkers respectively, revealed more intense bands at
several alkylation sites including at base positions 536–540.
None of the four agents was shown to cause DNA interstrand
crosslinking in concentration-dependent (0.1–100 nM) experi-
ments using a gel-based electrophoretic assay (Figure S1,
Supporting Information).

3.2. DNA thermal denaturation studies

Reactivity of the four anthraquinones towards double-stranded
DNA was assessed by measuring their capacity to modify the
melting behaviour (Tm) of calf thymus DNA. Using a 5:1 (50 mM
DNA:10 mM compound) ratio and analysis of the ‘‘instant’’ (t = 0)
DNA binding, the compounds were found to shift the DNA melting
curve moderately (DTm = 6.5–14.8 8C) (Table 1). Interestingly,
notable differences in their DNA binding mode became apparent
when studying time-dependent incubations at 37 8C for up to 24 h.
Alchemix (n = 1) and ICT2901 (n = 2) exhibited the most stable
interactions with DNA; the DTm observed at t = 0 (11.0 and 14.8 8C,
respectively) decreased only slightly after 24 h. In contrast,
ICT2902 (n = 3) and ICT2903 (n = 4), compounds with the longer
carbon sidechains, were less effective in stabilizing the DNA duplex
at the onset of the experiment (DTm ! 7 8C) but over the course of
24 h incubation, DTm decreased in a near-linear fashion to zero
(supporting information, Figure S2).

3.3. Inhibition of topo IIa activity

The ability of the four compounds to inhibit topo IIa was
measured using catenated kinetoplast DNA. The experiments
was carried out as previously described using the anthraqui-
none-based clinical prodrug AQ4N and its metabolite AQ4
(topo IIa inhibitor) as negative and positive controls respec-
tively [22]. All compounds were shown to completely inhibit
topo IIa at 2.5 mM but at lower concentrations a dose-response
was observed. Fig. 3 shows that both ICT2902 and ICT2903
prevent the catenated kinetoplast DNA in migrating at 100 nM
indicative of topo II inhibition. In contrast, alchemix is not able to
inhibit the formation of individual DNA circles and intermediate-
sized catenated complexes whereas ICT2901 partly prevents
decatenation.

3.4. Chemosensitivity

The response of cell lines to alchemix and its analogues are
presented in Tables 2 and 3. Following a 1 h exposure, all four
compounds showed comparative activity against p53 proficient
and deficient HCT116 cell lines with resistance factors (RF, the ratio
of IC50 values in p53"/" cells to p53+/+ cells) ranging from 1.13 to
1.65 (Table 2). Similar results were obtained following a 96 h drug
exposure although RF values increased modestly (1.59–3.26, Table
2). Of the four compounds evaluated, ICT2901 was the most potent
following both a 1 and 96 h exposure against all cell lines evaluated
(Tables 2 and 3). Potency generally decreased as the length of the
side chain increased with the exception of alchemix where IC50

values typically fell within the range of IC50 values observed.
Against the MCF-7 and MCF-7/adr cells, alchemix and ICT2901
were preferentially active against MCF-7/adr cells (Table 3). This
contrast sharply with doxorubicin, which was significantly (> 45-
fold) less active against MCF-7/adr cells (Table 3). ICT2902 was
equitoxic against both cell lines whereas ICT2903 was less active
against MCF-7/adr cells. Comparing the activity of all anthraqui-
nones against cells following a 1 h and 96 h exposure, it is clear that
differences in IC50 values are small in all cases. This is in marked
contrast to doxorubicin where the IC50 values against MCF-7 cells
are 218 # 91 and 6.1 # 2 mM for 96 and 1 h exposures, respectively
(Table 3).

3.5. Cell cycle

The effect on cell cycle progression was investigated by flow
cytometry in the HCT116p53+/+ cell line exposed to IC80 drug
concentrations for 1 h. Analysis of cell cycle progression was
subsequently performed at time points 0, 3, 24 and 48 h after
recovery in drug-free medium. No noticeable difference was
observed immediately after drug exposure (t = 0 h) between the
anthraquinone-treated cells and the non-treated controls (results
not shown). However, a significant effect was observed after 24
and 48 h recovery time, with cells primarily arrested in G2 (Fig. 4).
Alchemix appeared to induce a significant accumulation of cells in
G1 phase (51.8% versus 35.5% of control cells) after 3 h recovery,
which was not evident with the other anthraquinones.

3.6. Cell death pathways

The induction of apoptosis and necrosis following the exposure
of HCT116p53+/+ cells to alchemix and the three derivatives is
presented in Figs. 5 and 6. Cells were exposed to compounds at IC80

for 1 h and after washing cells were incubated in drug-free
medium for 24 h before assessing the level of apoptotic and
necrotic cells. A SAR between the length of the hydrocarbon linker
and number of apoptotic and necrotic cells was observed for the
three derivatives. ICT2903, the compound with the longest linker
(pentyl) induced the highest level of apoptotic (9.4 # 1.6%) and

Table 1
Thermal denaturation of CT-DNA in the presence of the four alkylating agents.

Compound Induced DTm (8C)a

0 h 4 h 8 h 24 h

Alchemix 11.0 11.0 10.9 9.5
ICT2901 14.8 14.9 14.8 13.6
ICT2902 7.0 4.8 4.7 1.3
ICT2903 6.5 3.6 3.2 "0.8

a Anthraquinones were subjected to DNA thermal melting (denaturation) studies
using CT-DNA at a fixed 5:1 (50 mM DNA:10 mM compound) ratio. The DNA–
anthraquinone mixtures were incubated at 37 8C and evaluated at 0, 4, 8 and 24 h.
Results for each compound are from three separate determinations with mean Tm

values # 0.1 8C. See Section 2 for details.

Fig. 3. Effects of the indicated compounds on decatenation of kinetoplast DNA in the
presence of topo IIa. Each compound was tested at 1 mM (A) and 0.1 mM (B).
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Table 2
Growth inhibition of alkylating anthraquinones against wild-type and p53 null HCT116 carcinoma cell lines.

Compound 1 h 96 h

p53+/+ p53!/! RF p53+/+ p53!/! RF

Alchemix 48 " 13 53.5 " 20 1.1 28.5 " 5.6 45 " 11 1.6
ICT2901 14 " 4.7 23 " 13 1.7 13.3 " 3.3 43 " 13 3.3
ICT2902 34 " 16 52 " 39 1.6 26 " 10. 55 " 16.5 2.1
ICT2903 76 " 17 98 " 29 1.3 66.8 " 7.2 91 " 44 1.4

All IC50 values are in nM and the data represent the means of three independent experiments " SD. RF = resistance factor (IC50 in resistant cell line/IC50 in parent cell line).

Table 3
Growth inhibition of alkylating anthraquinones against MCF-7 and MCF-7/adr carcinoma cell lines.

Compound 1 h 96 h

MCF-7 MCF-7/adr RF MCF-7 MCF-7/adr RF

Alchemix 85 " 36 73 " 16. 0.85 48 " 10 28.6 " 8.8 0.6
ICT2901 15.5 " 6.9 5.3 " 0.9 0.34 13.5 " 6.4 2.9 " 0.8 0.2
ICT2902 26 " 14 37.25 " 0.78 1.5 36.3 " 4.1 52.5 " 17.7 1.4
ICT2903 91 " 24 314 " 1295 3.5 92 " 28 320 " 99 3.5
Doxorubicin 6.1 " 1.7 mM >100 mM >17 218 " 91 >10 mM >45

All IC50 values are in nM except where indicated for doxorubicin. The data represent the means of three independent experiments " SD. RF = resistance factor (IC50 in resistant
cell line/IC50 in parent cell line).
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Fig. 4. Anthraquinone-induced changes in the cell cycle phase distribution. Parental HCT116p53+/+ cells were treated with the indicated drug at IC80 (alchemix = 188 nM,
ICT2901 = 100 nM, ICT2902 = 177 nM and ICT2903 = 339 nM) for 1 h followed by a 3, 24, 48 h incubation in anthraquinone-free medium. The cell cycle distribution was
determined by propidium iodide staining and flow cytometry. The data are normalized to control untreated cells and presented as fold change (represented by the broken
line) from three independent experiments.
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necrotic (9.3 ! 2.6%) cells. Intriguingly, alchemix was found outside
this SAR, exhibiting the highest level of apoptotic cells (10.1 ! 0.2%) of
all four compounds.

3.7. gH2AX phosphorylation

HCT116p53+/+ cells were used to evaluate the ability of the
anthraquinones to induce DSBs. The HCT116 cells were exposed to
anthraquinone concentrations equal to IC80 for 1 h, followed by a
recovery period in fresh medium for 3, 24 or 48 h. A time-
dependent increase in gH2AX phosphorylation was observed for
all compounds bar ICT2901, which demonstrated noticeable
activation after only 3 h (Fig. 7).

3.8. Repair of DNA adducts in CHO cell lines

To establish the roles of DNA repair mechanisms in repairing
adducts generated by the anthraquinones, a panel of Chinese
hamster ovary (CHO) cell lines, with specific defects in DNA
excision repair was employed. The sensitivity of the CHO cells to
the anthraquinones was assessed using the DRAG assay [20]. Table
4 shows the sensitivity of the wild-type (AA8) and the DNA-
defective repair CHO cell lines mutants to the respective
anthraquinones after 120 h exposure to increasing concentrations
of the agent. Increased sensitivity for the three compounds tested
(alchemix, ICT2901 and ICT2903) was observed in the UV4 cell line,

which harbours a defect in the ERCC1 gene known to affect
nucleotide excision repair (NER) repair pathways. In addition,
alchemix was slightly more cytotoxic to cells defective in ERCC2
(2.1-fold) and XRCC1 (1.2-fold), which may be indicative of failure
to repair transcription-coupled nucleotide excision repair and base
excision repair (BER), respectively.

4. Discussion

Alchemix is the prototype of a class of anthraquinone
derivatives with a dual mode of action that combines DNA
intercalating and alkylating properties. Alchemix has previously
been shown to exhibit significant growth delay against anthracy-
cline- and cisplatin-resistant xenografts [15]. This activity is
derived from DNA intercalation, mono-alkylation and inhibition of
topo IIa without inter-strand DNA cross-linking [13,15]. Further-
more, unlike a classical topo IIa inhibitor such as doxorubicin,
alchemix is neither a substrate for P-gp [15,23] nor significantly
affected by the lower levels of topo IIa present in resistant A2780/
adr cells [24]. This study examined the nature of DNA binding by
alchemix and subsequent cellular pharmacology. To that effect
three novel analogues were designed to aid the interpretation of
not only the DNA binding data, but also provide insights into how
DNA injury may be recognized and cause downstream activation of
cell death pathways.

The results presented in this report suggest that subtle
modification to the sidechain carrying the alkylating group of
alchemix has a profound effect on DNA binding. The four
anthraquinones were assessed for DNA binding by measuring
their induced effects on the UV thermal melting profiles (DTm) of
duplex-form CT DNA. All compounds were found to shift the DNA
melting curve moderately at t = 0, however notable differences in
the stabilization of the DNA duplex were evident when studied
over longer incubation times (Table 1). Alchemix (ethyl) and
ICT2901 (propyl) exhibited the greatest stabilizing effect on DNA
and the most persistent adducts, showing only a slight decrease in
DTm over 24 h. In contrast, the compounds with longer sidechains,
ICT2902 (butyl) and ICT2903 (pentyl), were less effective DNA
stabilants and over the course of 24 h incubation, DTm decreased to
zero. Drugs derived from the nitrogen mustard family are known to
generate purine–sugar glycosidic linkages that become labile and
prone to depurination over long exposure times or elevated
temperatures [25]. Accordingly, it is possible that the longer and
more flexible alkylating sidechains of ICT2902 and ICT2903 are
responsible for achieving a higher number of G(N7) mono-adducts
that are prone to depurination. Indeed, ICT2902 and ICT2903 were
the most potent agents in the Taq polymerase footprinting assay,
showing detectable DNA alkylation at 5 nM but still without the
capacity to inter-strand cross-link DNA. ICT2903, alkylated all the
guanines in the guanine-rich sequence 50-GGGGG (bp = 536–540)
and showed a modest preference for the 50-peripheral guanines. In
contrast, the nitrogen mustard, at "200-fold higher dose, showed a
preference for alkylating the central guanines in this sequence of
contiguous guanines. This selectivity is due to enhanced nucleo-
philicity of the G(N7) nucleophiles in this sequence and is shared
by many low molecular weight electrophilic drugs [21]. As such, it
is apparent that the alkylation sites of mechlorethamine were
modulated by tethering the bis-chloroethylamino moiety to the
anthraquinone pharmacophore, indicating that the latter directed
the site of covalent bonding. The higher potency of G alkylation by
the butyl and pentyl linker compounds, suggests an improved
compliance with the stereoelectronic requirements of the alkyl-
ation reaction. Despite of the higher potency in alkylating DNA, no
correlation to cellular potency was apparent. Taken together, the
results suggest that alchemix and ICT2901 with the shorter

Fig. 5. Anthraquinone-induced apoptotic cell death. Parental HCT116p53+/+ cells
were treated with the indicated compound at IC80 (alchemix = 188 nM,
ICT2901 = 100 nM, ICT2902 = 177 nM and ICT2903 = 339 nM) for 1 h followed by
24 h incubation in anthraquinone-free medium. Cells were collected and analysed
using the TUNEL assay. The treated cells (grey bars) and control cells (white bars)
represent the means of three independent experiments ! SD.

Fig. 6. Anthraquinone-induced necrotic cell death. Parental HCT116p53+/+ cells were
treated with the indicated compound at IC80 (alchemix = 188 nM,
ICT2901 = 100 nM, ICT2902 = 177 nM and ICT2903 = 339 nM) for 1 h followed by
24 or 48 h incubation in anthraquinone-free medium. Cells were collected and
analysed using the Trypan Blue assay. The treated cells (grey bars) and control cells
(white bars) represent the means of three independent experiments ! SD.

Q.M.A. Abdallah et al. / Biochemical Pharmacology 83 (2012) 1514–1522 1519



sidechains are able to bind to DNA in such a way that a stable DNA–
drug non-covalent complex is obtained.

The anthraquinones showed dose-dependent anti-proliferative
activity with IC50 < 100 nM (Tables 2 and 3) against both sensitive
and resistant HCT116 and MCF-7 human cancer cells. Generally,
the anthraquinones were equitoxic after both short-term (1 h) and
long-term (96 h) exposure. In contrast, doxorubicin was less active
at 1 h than after 96 h in the MCF-7 cell line (!35-fold) and the
doxorubicin-resistant sub-line MCF-7/adr (!10-fold), suggesting
that the more lipophilic nature of the anthraquinones allows them
to be taken up in the cells more readily than the more hydrophilic
anthracycline. Significantly, after 96 h exposure, the MCF-7/adr
cell line that expresses the MDR-1 phenotype was 1.6- and 4.6-fold
more sensitive to alchemix and ICT2901 respectively compared
with wild-type MCF-7 cells. In contrast to ICT2902 and ICT2903,
alchemix and ICT2901 formed stable complexes with DNA (Table
1), however they were shown to be less potent topo IIa inhibitors.
The MCF-7/adr cell line has been shown to possess a reduction in
topo IIa protein compared to the MCF-7 cell line [26], which

support why loss of activity of the two most potent topo IIa
inhibitors ICT2902 and ICT2903 is observed.

The tumour suppressor p53 plays a central role in integrating
various stress signals, in particular genotoxic stresses such as DNA
damage, hypoxia, and oncogene activation [10,27,28]. It is mutated
in more than 50% of human cancers [28] and has been shown to
cause resistance to chemotherapy [29]. Accordingly, the develop-
ment of drugs that act independently of p53 or even exploit
defective p53 as a means of preferential toxicity is very important
[29,30]. The anthraquinones investigated herein are relatively
unaffected by the p53 status of colorectal HCT116 cells, as only
1.5–3-fold loss of cytotoxicity was observed in the p53-null cells
after 96 h. In addition, the MCF-7/adr cell line, that harbours a
mutation in p53 [31], demonstrated slightly increased sensitivity
to alchemix and ICT2901. Overall results from the four cell lines
investigated indicate that p53 plays a negligible part in mediating
the cytotoxicity of these two agents.

DNA damage is known to elicit a multifaceted cellular response
that includes activation of DNA repair pathways, cell cycle
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Fig. 7. Anthraquinone-induced changes in gH2AX foci. Parental HCT116p53+/+ cells were treated with the indicated compound at IC80 (alchemix = 188 nM, ICT2901 = 100 nM,
ICT2902 = 177 nM and ICT2903 = 339 nM) for 1 h followed by a 3, 24, 48 h incubation in anthraquinone-free medium. Cells were then stained with Phospho-Histone H2AX
(Ser139) antibody as described in Section 2. The treated cells (black bars) and control cells (grey bars) represent the means of three independent experiments " SD.

Table 4
Growth inhibition of alkylating anthraquinones against a panel of CHO cell lines with gene defects.

Cell line Gene defect Alchemix ICT2901 ICT2903

IC50 (nM) SR IC50 (nM) SR IC50 (mM) SR

AA8 42.9 " 6.8 11.5 " 5.0 0.2 " 0.0
UV4 ERCC1 13.3 " 1.4 3.2 6.0 " 4.5 1.9 0.1 " 0.0 1.3
UV5 ERCC2 20.8 " 1.2 2.1 15.4 " 12.6 0.7 0.2 " 0.0 0.8
EM9 XRCC1 36.4 " 12.5 1.2 12.8 " 10.1 0.9 0.4 " 0.2 0.5
irs1SF XRCC3 100.9 " 46.4 0.4 35.9 " 32.9 0.3 7.0 " 1.6 0.0
NM3 XRCC9 65.4 " 72.6 0.7 144.8 " 141.9 0.1 8.6 " 1.1 0.0
V3-3 XRCC7 92.9 " 21.6 0.5 34.2 " 29.2 0.3 0.6 " 0.0 0.3

The data represent the means of two independent experiments " SD after treatments with indicated compounds. SR = sensitivity factor (IC50 in parent cell line/IC50 in defective
cell line).
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checkpoints, and programmed cell death [30]. The latter may occur
by several molecular mechanisms [32]. Apoptosis is one of the
mechanisms by which chemotherapeutic agents might induce
cancer cell demise [33]. There is increasing evidence that an
inability to engage apoptosis can represent a resistance mecha-
nism to cytotoxic drugs [34]. In regard to alchemix and the three
analogues, it was desirable to investigate whether their cytotoxic
potency was linked with apoptosis and/or necrosis. Data obtained
from our studies appeared to show an SAR between increase in
sidechain length of the three novel compounds (ICT2901–3),
potency in DNA alkylation and increase in number of apoptotic and
necrotic cells after short term (1 h) drug exposure. Interestingly,
alchemix was found to be outside this SAR, implying differences in
its mechanism of action. Early analysis (3 h) of cell cycle phase
perturbations may also suggest a difference in mechanism of
action as a higher number of G1 cells appeared to be arrested by
alchemix treatment. This ability to perturb cells in G1 phase cells in
the early stages after drug treatment may add significantly to the
overall efficacy of alchemix.

DNA double strand breaks (DSBs) or damage at replication forks
can be detected by phosphorylation of histone 2AX variant to form
gH2AX focus formation. The role of gH2AX is to recruit DNA repair
and cell cycle checkpoint proteins required for the efficient
processing of DNA lesions [35]. All four compounds investigated in
this study caused gH2AX phosphorylation after longer recovery
times (24 h and 48 h). Intriguingly, significant gH2AX phosphor-
ylation after short-term exposure (3 h) was only observed for
ICT2901. As DNA interstrand crosslinking with naked DNA did not
occur (supporting information, Figure S1), it is possible that the
ICT2901-induced DNA damage and subsequent gH2AX phosphor-
ylation arise after processing or signalling DNA damage.

In support for the adduct formation we observed that alchemix,
ICT2901 and ICT2903 are all potentiated in the absence of the
excision repair gene ERCC1, which is involved in NER, homologous
recombination and inter-strand crosslink repair [36]. The UV5 cell
line is defective in the XPD protein, which is involved in NER and
crosslink repair [37], but not homologous recombination [38].
Since only the UV4 and not the UV5 cell line was sensitive to
ICT2901 and ICT2903, it implicates that homologous recombina-
tion is involved in the response to these agents. Indeed, the irs1SF
and NM3 cell lines defective in the recombination proteins XRCC3
and XRCC9 (FANCG) were both highly resistant to ICT2901 and
ICT2903. This is in sharp contrast to the sensitivity of these cells to
crosslinking agents and topo II inhibitors [39,40]. These data
demonstrate a separation of function between commonly used
anti-cancer treatments and ICT2901 and ICT2903. Furthermore, it
demonstrates that the proteins involved early in homologous
recombination (XRCC3, FANCG) are required to mediate the
toxicity, while proteins involved late in homologous recombina-
tion (ERCC1) are required for survival. These data point to that a
recombination intermediate is mediating the toxicity, especially of
ICT2901 and ICT2903, but likely also alchemix. Furthermore,
alchemix has a different toxicity pattern to the DNA repair
defective cell lines as compared to ICT2901 and ICT2903,
demonstrating that it has a distinct mode of action. Since UV5
cells are sensitive to alchemix, we speculate that alchemix forms,
in addition to a lesion similar to ICT2901 and ICT2903, also a DNA
adduct repaired by NER. Mechanistically, we speculate that repair
is initiated at the DNA adduct site to create a toxic lesion and that
the intercalating part of the molecule interfere with proteins
involved in the completion of recombination repair.

In summary, we have shown that subtle synthetic modifica-
tions to alchemix lead to significant changes in stability of DNA
adducts and cellular pharmacology. The standard treatment for
many solid and hematological cancers, despite limitations with
regard to MDR, is still based on cytotoxics such as the

anthraquinone-based drugs doxorubicin or mitoxantrone. Despite
the identification of cancer-specific molecular targets and the
significant advances in a new generation of less toxic therapeutics
the urgent need to treat relapsed patients with drug-resistant
tumours remains. In this context, agents such as alchemix or
ICT2901, that evade multiple resistance mechanisms, may provide
an attractive solution to this unmet clinical need.
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Carbophilic 3-Component Cascades: Access to Complex Bioactive
Cyclopropyl Diindolylmethanes
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Roger M. Phillips,[b] Colin Kilner,[a] and Ronald Grigg*[a]

Introduction

The indole moiety is a key component of many bioactive
natural products.[1] Two simple interconnected examples at-
tracting substantial current interest are indole-3-carbinol
(I3C, 1 a) and its metabolite 3,3’-diindolylmethane (DIM,
1 b ; Figure 1).

These occur naturally in some fruits and cruciferous vege-
tables such as cabbage, cauliflower, broccoli and Brussels
sprouts and have shown efficacy against a number of human
cancers,[2,3] including by promoting apoptosis in vitro.[4] B-
DIM (Bioresponse-DIM, Indolplex), a dietary ingredient
that is microencapsulated in a water-soluble matrix gives en-
hanced human blood-levels over the crystalline form[5] and
causes G1–S cell-cycle arrest in prostate cancer cell lines by
down-regulation of the androgen receptor (AR) by the in-

creased production of the cyclin-dependent kinase (CDK)
inhibitor p27,[6] and by inhibition of Akt (serine/threonine-
specific protein kinase).[7] These and other observations
have resulted in uncovering the pleiotropic nature of 1 a, 1 b
and analogues. Thus, Kamal et al.[8] report the synthesis of
four 3,3’-diindolyl oxindoles with IC50 values of 1.2–3.6 mm
against the DU145 prostate cancer cell line, possibly by
CDK inhibition, although the precise mechanism of action
and molecular target is unclear.

Classical methods for the synthesis of diindolylmethanes,
of which there are many, usually involve the reaction of ali-
phatic or aromatic aldehydes with indoles by employing acid
catalysis in solution,[9] in the solid state[10] or under ultra-
sound radiation.[11] Molecular iodine[12] or ammonium chlor-
ide[13] catalysts have also been used. A photochemical syn-
thesis has been reported.[14] The methylene linkage between
the two indole moieties may be provided by hexamethylene
tetramine (HMTA) by using either InCl3 catalysis[15] or the
ionic liquid (Bmim)BF4.[16] In the main, these syntheses of
DIMs produce relatively simple molecules with limited
scope for the introduction of structural diversity.

Results and Discussion

We have developed a three-stage synthesis which combines
a three-component Pd0-catalysed cascade synthesis of 1,6-
enynes with a subsequent carbophilic[17a–e] PtII-catalysed re-
arrangement followed by a proton-driven Mannich–Michael
addition of one or two indoles to generate complex 3,3’-diin-
dolylmethanes (DIMs) with multiple points of diversity. Our
initial target was a cascade to generate a variety of 3-
azabicycloACHTUNGTRENNUNG[4.1.0]hept-4-enes (see below).

The synthesis proceeded from N-tosylpropargylamine (2),
which was prepared in 83 % yield from propargylamine and
para-toluenesulfonyl chloride (see the Supporting Informa-

Keywords: 3-azabicyclo-ACHTUNGTRENNUNG[4.1.0]heptene · diindolylmethanes ·
enynes · palladium · platinum ·
prostate cancer
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Figure 1. Indoles that are present in fruits and cruciferous vegetables.
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tion). Sonogashira coupling was then used to prepare a
small series of alkynylarylated N-tosylpropargylamines 3 a–c
from 2 (Scheme 1, see also the Supporting Information).

With 2 and 3 a–c in hand, a Pd-catalysed, three-compo-
nent allene cascade that was developed within the Grigg
group[18] was adapted to access the nitrogen-tethered 1,6-
enynes 4 a–i and 5 a–j (Scheme 2, Table 1).

A PtII-catalysed cascade (Scheme 3) was then employed
to cycloisomerise 4 a–g and 5 a–i to their respective 1-aryl-3-
azabicycloACHTUNGTRENNUNG[4.1.0]hept-4-enes 6 a–g and 1,6-diaryl-3-
azabicycloACHTUNGTRENNUNG[4.1.0]hept-4-enes 7 a–i (Table 2). No conversion
of 4 h or 5 j was observed and it is hypothesised that chela-
tion of the PtII catalyst by the pyridyl nitrogen atoms was re-
sponsible. However, although trans-dichlorobis ACHTUNGTRENNUNG(pyridine)–
platinum(II) complexes are known,[19] an attempt to synthe-

sise a platinum(II) complex of 4 h under the reaction condi-
tions employed in the cyclisation was unsuccessful.

The proposed mechanism (Scheme 4) for the PtII-cata-
lysed cycloisomerisation of the 1,6-enyne to 3-azabicyclo-ACHTUNGTRENNUNG[4.1.0]hept-4-enes commences with an endo-dig nucleophilic
attack of the alkene component on the Pt-complexed alkyne
component. Cationic intermediate 8 then converts to a cy-
clopropyl metallocarbenoid[17,20] species 9, which rearranges
to form 10. Decomplexation of the catalyst affords the 3-
azabicycloACHTUNGTRENNUNG[4.1.0]heptenes 6 a–g and 7 a–i. Recent related

Scheme 1. Sonogashira coupling of 2.

Scheme 2. Pd0-catalysed three-component cascades.

Table 1. Cascade synthesis of mono- and bis-aryl 1,6-enynes.[a]

Entry 2/3 R Ar Product Yield
[%][b]

1 2 – Phenyl 4 a 83
2 2 – 3,4-Dichlorophenyl 4 b 76
3 2 – 4-Methoxyphenyl 4 c 65
4 2 – 4-Acetylphenyl 4 d 64
5 2 – 4-Nitrophenyl 4 e 30
6 2 – Indol-5-yl 4 f 46
7 2 – 4-(Pyrrol-1-yl)-phenyl 4 g 38
8 2 – 3-Pyridyl 4 h 55
9 2 – 2-Thienyl 4 i 34

10 3a H 4-Tolyl 5 a 81
11 3a H 4-Chlorophenyl 5 b 61
12 3a H 4-Methoxyphenyl 5 c 77
13 3a H 4-Acetoxyphenyl 5 d 55
14 3a H 4-Trifluoromethyl 5 e 82
15 3a H Indol-5-yl 5 f 61
16 3a H 2-Thienyl 5 g 72
17 3b OMe Phenyl 5 h 69
18 3c COOMe Phenyl 5 i 72
19 3a H 3-Pyridyl 5 j 65

[a] Reaction conditions: Pd2 ACHTUNGTRENNUNG(dba)3 (0.25 mol %), tri ACHTUNGTRENNUNG(2-furyl)phosphine
(TFP; 10 mol %), K2CO3 (2 equiv), allene gas, MeCN, 80 8C, 24 h.
[b] Yield of isolated product.

Scheme 3. PtII-catalysed cycloisomerisation.

Table 2. PtCl2-Catalysed cycloisomerisation of 1,6-enynes to 3-
azabicyclo ACHTUNGTRENNUNG[4.1.0]hept-4-enes.[a]

Entry 4/5 R Ar Product Yield
[%][b]

1 4a – Phenyl 6 a 45
2 4b – 3,4-Dichlorophenyl 6 b 58
3 4c – 4-Methoxyphenyl 6 c 60
4 4d – 4-Acetylphenyl 6 d 60
5 4e – 4-Nitrophenyl 6 e 44
6 4 f – Indol-5-yl 6 f 52
7 4g – 4-(Pyrrol-1-yl)-phenyl 6 g 42
8 4h – 3-Pyridyl –[c] –[c]

9 5a H 4-Tolyl 7 a 79
10 5b H 4-Chlorophenyl 7 b 92
11 5c H 4-Methoxyphenyl 7 c 72
12 5d H 4-Acetoxyphenyl 7 d 63
13 5e H 4-Trifluoromethyl 7 e 85
14 5 f H Indol-5-yl 7 f 42
15 5g H 2-Thienyl 7 g 44
16 5h OMe Phenyl 7 h 74
17 5 i COOMe Phenyl 7 i 80
18 5j H 3-Pyridyl –[c] –[c]

[a] Reaction conditions: PtCl2 (5.0 mol %), toluene, 80 8C, 3.5 h. [b] Yield
of isolated product. [c] No reaction.

Scheme 4. Proposed mechanism for the cycloisomerism of 1,6-enynes to
3-azabicycloACHTUNGTRENNUNG[4.1.0.]hept-4-enes.
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work illustrates the influence of the Lewis acidity of AuI,
MnI and other metal complexes on N- and O-tethered 1,6-
enyne cyclisation.[ 17h,i]

Next, our efforts were directed to merging the Pt-cata-
lysed generation of the 3-azabicyclo ACHTUNGTRENNUNG[4.1.0]hept-4-enes with
the installation of the DIM moiety. The bis-aryl 1,6-enynes
5 a and 5 h were each subjected to the PtII-catalysed cycloiso-
merisation cascade reaction with three equivalents of indole
added at the start of each reaction. A mixture of a major
product and a minor product was obtained in each case and
separated chromatographically. The major products proved
to be the desired DIM compounds 11 a,b (Scheme 5,
Table 3). The structure of 11 a was confirmed by X-ray crys-
tallography (see the Supporting Information).

Spectroscopy of the minor products indicated that they
were monoindolyl adducts 12 a,b (Scheme 5), with the azabi-
cycloheptene ring having been preserved intact. The struc-
ture of 12 a was confirmed by X-ray crystallography (see the
Supporting Information).

A number of the monoaryl 1,6-enyne substrates were re-
acted with three equivalents of indole in a similar way, and
also with 5-fluoroindole and 5-methoxyindole, resulting in
the generation of diindolylmethanes 13 a–m (Table 3). The

structure of 13 a was confirmed by X-ray crystallography
(see the Supporting Information). Note that the NTs and
DIM moieties are cis in both diaryl and monoaryl cases;
that is, the cyclopropane moiety remains intact. Traces of
analogues of 12 a,b were indicated spectroscopically in the
reaction mixture, but the amounts were too low to be isolat-
ed.

Echavarren et al. have reported an AuI-catalysed addition
of indoles to 1,6-enynes that proceeds through a bifunctional
cyclopropyl-carbene intermediate, giving rise to two distinct
types of non-DIM mono-indole products,[21] both of which
are very different from our products.

In our case (Scheme 6), the highly nucleophilic indole at-
tacks the sulfonyliminium ion, generating the monoindolyl
species; this then fragments to a Michael acceptor, allowing
the addition of the second indole.[22]

Evidence that the conversion of the azabicyclo ACHTUNGTRENNUNG[4.1.0]hept-
4-enes to the diindolylmethanes is a proton-catalysed Man-
nich–Michael process rests on the observation that when the
azabicycloheptene 7 a (Table 2, entry 9) was reacted with
three equivalents of indole in the presence of 0.1 equivalents
of dry HCl (1 m in Et2O) in toluene (see the Supporting In-
formation) and in the absence of PtCl2 (using a fresh reac-
tion flask and stirrer bar), the reaction mixture was essen-
tially identical by 1H NMR spectroscopy to that of the
PtCl2-catalysed reaction proceeding from the 1,6-enyne 5 a.
A sample of 7 a was submitted to Davy Technology Ltd.,
Stockton-on-Tees, for the determination of parts per million
of platinum content by atomic absorption spectroscopy. No
detectable levels of platinum were found. Further definitive
evidence for the mechanism shown in Scheme 6 was provid-

Scheme 5. Isolation of both diindolylmethane and its intermediate.

Table 3. PtCl2-catalysed cycloisomerisation of 1,6-enynes in the presence
of indole.[a]

Entry 4/5 R1 R2 R3 Product Yield
[%][b]

1 5a H Ph 4-Me 11 a/12a 45/10
2 5h H 4-OMe 4-H 11 b/12 b 57/26
3 4a H H 4-H 13 a 62
4 4b H H 3,4-Cl 13 b 76
5 4c H H 4-OMe 13 c 63
6 4d H H 4-COMe 13 d 63
7 4g H H 4-(N-Pyrrole) 13 e 24
8 4a F H 4-H 13 f 67
9 4b F H 3,4-Cl 13 g 71

10 4c F H 4-OMe 13 h 63
11 4d F H 4-COMe 13 i 60
12 4a OMe H 4-H 13 j 39
13 4b OMe H 3,4-Cl 13 k 62
14 4c OMe H 4-OMe 13 l 40
15 4d OMe H 4-COMe 13 m 50

[a Reaction conditions: PtCl2 (5.0 mol %), indole (3 equiv), toluene,
80 8C, 3.5 h. [b] Yield of isolated product.

Scheme 6. Acid-catalysed Mannich–Michael mechanism for the double
addition of indole to the 3-azabicycloACHTUNGTRENNUNG[4.1.0]hept-4-ene intermediate.
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ed by stirring freshly prepared 12 a and two equivalents of
indole in toluene containing 0.1 equivalents of dry HCl (1m
in Et2O) at ambient temperature for 2 h. This gave 11 a with
only a trace amount of 12 a (see the Supporting Informa-
tion), indicating that the loss of HCl was occurring at higher
temperatures and accounting for the incomplete conversion
to 11 a at 80 8C.

A number of the diindolylmethane compounds were
tested against prostate cancer cell lines DU145, PC3 and
LNCaP. Compounds 13 d, 13 m and 13 l showed <10 mm ac-
tivity against LNCaP cell line with some selectivity (Table 4,

entries 1–3). The compounds proved to be poorly soluble in
the culture medium, so this level of activity is likely to be an
underestimate. Derivatisation of 13 d and 13 m to their
oximes 14 a,b (85–86%, Figure 2) greatly improved their

aqueous solubility and activity against the LNCaP and PC3
cell lines (Table 4, entries 4 and 5).

Conclusion

An atom-economical route to new cyclopropyl dindolylme-
thanes that offers many potential points of structural diversi-
ty has been developed. Two derivatives of 14 a,b show en-
couraging levels of activity and selectivity against prostate
cancer cell lines.

Experimental Section

General procedure for Sonogashira reactions : A solution of 2 (1.00 mo-
l equiv), in DMF (1.25 mL per mmol) was added dropwise over 5 min to

a solution of iodobenzene (1 equiv), triethylamine (2.00 mol equiv), cop-
per(I) iodide (10 mol %), palladium acetate (5 mol %) and triphenylphos-
phine (10 mol %) in DMF (1.25 mL per mmol). The mixture was stirred
at room temperature for 4–14 h, poured into water (10 mL per mmol)
and extracted with ethyl acetate (3 ! 5 mL per mmol). The aqueous layer
was extracted with ethyl acetate (3 ! 5 mL per mmol). The organic ex-
tracts were combined, dried (MgSO4), filtered and the filtrate was evapo-
rated under reduced pressure. The residue was purified by flash chroma-
tography on silica gel.

General procedure for Pd0-catalysed three-component cascade reactions :
Aryl iodide (1.05–2.10 mmol), nucleophile (1.00–2.00 mmol), Pd2 ACHTUNGTRENNUNG(dba)3

(0.023–0.046 g, 0.025–0.05 mmol), tri ACHTUNGTRENNUNG(2-furyl)phosphine (0.023–0.046 g,
0.10–0.20 mmol), potassium carbonate (0.15–0.55 g, 1.00–4.00 mmol) and
acetonitrile (10–30 mL) were placed in a Schlenk tube. The tube was
sealed and its contents were frozen by immersion of the tube in liquid ni-
trogen followed by evacuation to 10!4 bar. The contents were allowed to
thaw. This freeze–pump–thaw cycle was repeated once, then the tube and
its contents were re-frozen and the tube re-evacuated. Allene gas
(0.5 bar) was then introduced to the tube, which was re-sealed, and the
contents were thawed. The mixture was stirred and heated at 80–100 8C
in an oil bath, behind a blast shield, for 15–24 h, then allowed to cool to
room temperature. Excess allene was vented. The mixture was diluted
with EtOAc (30 mL) and filtered. Silica gel (0.5–1.0 g) was added to the
filtrate and the mixture evaporated to a powder under reduced pressure,
then purified by flash column chromatography on silica gel (60–120 g)
unless otherwise stated. Elution with an appropriate solvent followed by
evaporation under reduced pressure gave the product.

General procedure for PtII-catalysed unimolecular cascade reactions : A
stirred mixture of the 1,6-enyne (0.500 mmol) and platinum(II) chloride
(0.007 g, 0.025 mmol) in toluene (5 mL) was heated at 80 8C for 2.0–3.5 h.
The mixture was allowed to cool to room temperature, diluted with
EtOAc (30 mL) and filtered. The filtrate was concentrated by evapora-
tion under reduced pressure and purified by flash column chromatogra-
phy on silica gel.

General procedure for PtII-catalysed three-component cascade reactions :
1,6-Enyne (0.5–1.00 mmol), indole or substituted indole (1.5–3.00 mmol)
and platinum (II) chloride (5 mol %) were dissolved in toluene (5–
20 mL) and the mixture was stirred at 80 8C for 3.0–3.5 h. The reaction
mixture was allowed to cool to room temperature, diluted with EtOAc
(30 mL) and filtered. The filtrate was concentrated by evaporation under
reduced pressure and the residue was purified by flash column chroma-
tography on silica gel.

General procedure for the synthesis of cyclopropyl diindole oximes : Hy-
droxylamine hydrochloride (0.035 g, 0.50 mmol) was added to a stirred
solution of compound 13d or 13 m (0.25 mmol) in pyridine (1 mL) and
stirred at RT for 1.5 h. Pyridine was removed under reduced pressure
and the residue was dissolved in EtOAc (10 mL), washed with water
(10 mL) and the combined aqueous layers were extracted with EtOAc
(3 ! 10 mL). The organic layers were combined and evaporated under re-
duced pressure to give the product, which was purified by trituratation
with hexanes.
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Therapeutics, Targets, and Chemical Biology

Imatinib Radiosensitizes Bladder Cancer by Targeting
Homologous Recombination

Boling Qiao1, Martin Kerr3, Blaz Groselj3, Mark T.W. Teo2, Margaret A. Knowles1, Robert G. Bristow5,
Roger M. Phillips4, and Anne E. Kiltie3

Abstract
Radiotherapy is a major treatment modality used to treat muscle-invasive bladder cancer, with patient

outcomes similar to surgery. However, radioresistance is a significant factor in treatment failure. Cell-free
extracts of muscle-invasive bladder tumors are defective in nonhomologous end-joining (NHEJ), and this
phenotype may be used clinically by combining radiotherapy with a radiosensitizing drug that targets
homologous recombination, thereby sparing normal tissues with intact NHEJ. The response of the homol-
ogous recombination protein RAD51 to radiation is inhibited by the small-molecule tyrosine kinase inhibitor
imatinib. Stable RT112 bladder cancer Ku knockdown (Ku80KD) cells were generated using short hairpin
RNA technology to mimic the invasive tumor phenotype and also RAD51 knockdown (RAD51KD) cells to
show imatinib's pathway selectivity. Ku80KD, RAD51KD, nonsilencing vector control, and parental RT112
cells were treated with radiation in combination with either imatinib or lapatinib, which inhibits NHEJ and
cell survival assessed by clonogenic assay. Drug doses were chosen at approximately IC40 and IC10 (nontoxic)
levels. Imatinib radiosensitized Ku80KD cells to a greater extent than RAD51KD or RT112 cells. In contrast,
lapatinib radiosensitized RAD51KD and RT112 cells but not Ku80KD cells. Taken together, our findings
suggest a new application for imatinib in concurrent use with radiotherapy to treat muscle-invasive bladder
cancer. Cancer Res; 73(5); 1611–20. !2012 AACR.

Introduction
Bladder cancer is the fourth most common cancer in men

in the United Kingdom (1). In a population-based study,
radiotherapy was found to be as effective as cystectomy in
the treatment of muscle-invasive disease and is being
increasingly required as the population ages (2). Radiother-
apy to the bladder results in acute bladder and bowel
toxicities in most patients and, more rarely, causes long-
term toxicity in which the most severe cases may require a
cystectomy for alleviation of symptoms. Conventional cyto-
toxic chemotherapy agents have been used to improve the

outcome of radiation treatment in muscle-invasive bladder
cancer (3–5). However, elderly patients are not always able
to tolerate conventional chemotherapy agents when used as
radiosensitizers.

For tumors with genomic aberrations/alterations, therapies
targeted toward the expressed proteins, such as the tyrosine
kinase inhibitors (TKI) imatinib and lapatinib, are an attractive
option as they do not have the myelosuppressive or neurotoxic
side effects of chemotherapy, although they do cause diarrhea,
skin rash, and very rarely lung fibrosis, and most are available
as oral preparations. However, it is important that such costly
agents are targeted to those patients most likely to benefit.
Imatinib selectively inhibits the tyrosine kinase activity of ABL
aswell as several receptor tyrosine kinases: the platelet-derived
growth factor receptors (PDGFR-a and -b), the stem cell factor
(SCF) receptor (KIT), the discoidin domain receptors (DDR1
and DDR2), and the colony-stimulating factor receptor (CSF-
1R; refs. 6, 7) and is used to treat chronicmyelogenous leukemia
(CML) and gastrointestinal stromal tumors (GIST). There are
currently no clinical trials involving imatinib in bladder cancer.
Lapatinib is a TKI that selectively targets the EGF receptor
(EGFR) and HER2 (8) and is indicated in the treatment of
HER2-positive breast cancer. Clinically, lapatinib is primarily
being investigated in metastatic bladder cancer. However,
there is an ongoing pilot study of neoadjuvant lapatinib before
cystectomy (9).

Bladder tumors express tyrosine kinases to varying extents:
50% and 45% overexpress EGFR and HER2, respectively (10),
whereas PDGFR was reportedly expressed in approximately
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80% in a Chinese cohort, published only in Chinese. Although
KIT expression has been described in both upper tract tumors
and small cell carcinomas of the bladder (11, 12), neither KIT
nor ABL expression has been studied in transitional cell
carcinomas of the bladder to our knowledge.

Ionizing radiation causes DNA damage, including base
damage, single-strand breaks (SSB), and double-strand breaks
(DSB). Unrepaired or misrepaired DSBs are lethal, resulting in
cell death both in tumors and normal tissues (13, 14). Mam-
malian cells use 2 major pathways to repair DSBs, namely
homologous recombination and nonhomologous end-joining
(NHEJ; refs. 15, 16). Homologous recombination is an error-free
pathway, predominantly used in the G2–S phase of the cell
cycle, which requires the sister chromatid to act as a DNA
template. A major homologous recombination protein is
RAD51, which is involved in ATP-dependent DNA strand
exchange. RAD51 expression is increased following ionizing
radiation in tumor cells and induces the formation of RAD51
nuclear foci at sites of DSB (17). NHEJ is the major DSB repair
pathway used in G0 and G1 (18) and involves the DNA-binding
complex Ku70/Ku80 and the DNA-dependent protein kinase
catalytic subunit (DNAPKcs; ref. 19). In addition to the classical
DSB repair pathways, a less efficient Ku-independent pathway
has been described in Ku-deficient yeast cells, which involves
microhomology-mediated end-joining (MMEJ; ref. 20).

We have previously shown the MMEJ phenotype in vitro
using cell-free extracts from muscle-invasive bladder tumors,
and this is associated with reduced Ku–DNA binding and loss
of TP53 function (21). Pucci and colleagues also showed
reduced Ku–DNA binding in 5 advanced breast and muscle-
invasive bladder tumors (22). This error-prone repair was not
detected in normal human urothelial cell extracts (23), which
suggests a therapeutic window that could be targeted by novel
therapies. Negroni and colleagues (24) inhibited Ku80 expres-
sion by RNA interference (RNAi) using short hairpin RNA
(shRNA) in RT112 bladder cancer cells and showed increased
radiosensitivity and reduced Ku–DNA binding compared with
parental RT112 vector-transfected cells.

The outcome of clinical radiotherapy depends, in part, upon
the extent of DNA damage and how efficiently the cells can
repair this damage. Selective targeting of DNA repair pathways
could increase tumor cell kill while sparing normal tissues, thus
increasing the therapeutic ratio. ABL upregulates RAD51 gene
expression and imatinib reduces RAD51 protein expression
and RAD51-chromatin binding (25) and reduces error-free
homologous recombination efficiency (17). Imatinib also
reduces the increased RAD51 expression induced by ionizing
radiation and reduces the associated RAD51 nuclear focus
formation in glioma cell lines (25), and in bladder, pancreatic,
prostate, and lung carcinoma cell lines, imatinib increases cell
kill in combination with ionizing radiation, due in part to
mitotic catastrophe (17), unlike normal fibroblasts, where cell
survival is unaffected. In xenograft studies, imatinib increases
growth delay following fractionated radiotherapy in glioblas-
toma, epidermoid, and prostate carcinoma models with no
apparent increase in toxicity (17, 26).

EGFR inhibitors, such as lapatinib, can act as radiosensiti-
zers by targeting the intracellular signaling cascades (including

Ras-MAPK and PI3K-AKT), which are triggered by binding of
ligand to the transmembrane EGFR ligand-binding domain
(27, 28). These cascades are normally activated by ionizing
radiation in EGFR-overexpressing tumors, resulting in radio-
resistance (27). Moreover, they also act as radiosensitizers by
repressing DNA repair in irradiated cells although this occurs
via the NHEJ pathway, through inhibition of the phosphoinosi-
tide 3-kinase (PI3K)–mediated stimulation of DNA PKcs and
by blocking of the nuclear interaction between EGFR and DNA
PKcs normally induced by ionizing radiation [reviewed by
Baumann and colleagues (27)].

We hypothesized that in muscle-invasive bladder cancer, it
would be better to use an agent that targets the homologous
recombination pathway rather than the NHEJ pathway. This
would result in a form of "synthetic sickness" (see ref. 29 for
recent review), where tumor cells already deficient in NHEJ
would have reduced homologous recombination efficiency and
repair, and thus increased ionizing radiation–induced lethal-
ity. As imatinib is known to target homologous recombination
via RAD51 (17, 25), it may be one such agent, and the com-
bination of imatinib and radiotherapy should result in an
increased therapeutic ratio formuscle-invasive bladder cancer.

We therefore sought to seewhether ABL, KIT, PDGFR, HER2,
or EGFR are targets in bladder cancer by determining their role
in radiotherapy response. We then moved to an experimental
system to test the effectiveness of therapies that might be used
in combination with radiotherapy to enhance radiosensitivity.
This included targeting the ABL/RAD51 and EGFR pathways.

Materials and Methods
Tissue samples and imunohistochemistry

Ninety-one formalin-fixed paraffin-embedded bladder
tumor biopsy samples were obtained from patients treated
with radical radiotherapy for transitional cell carcinoma of the
bladder at the Leeds Cancer Centre (West Yorkshire, United
Kingdom) from 2002 to 2005. Details of the patients and
radiotherapy treatments have been described previously
(30). Patients gave informed consent for use of their tissues
and local ethical approval was obtained from the Leeds (East)
Research Ethics Committee (project 04/Q1206/62).

Antibody conditions were optimized by staining sections
from control tissues, namely breast tumor for ABL, HER2,
EGFR, and PDGFR and skin tumor for KIT. Then 4-mmsections
from the bladder tumor specimens were heated, dewaxed, and
hydrated in xylene, graded alcohols, andwater. Antigen retriev-
al was achieved by boiling in EDTA (1 mmol/L at pH 8.0) or
citric acid (pH 6.0) for 2 minutes of pressure cooking before
quenching endogenous peroxidase activity with 3% H2O2 for
30 minutes. Endogenous protein-binding activity was
blocked using avidin–biotin–blocking agent (Vector) and
normal goat serum (Dako) before incubation with primary
antibody: anti-ABL (1:250; NeoMarkers), anti-c-HER2 (1:200,
Dako), anti-EGFR (1:100; Novocastra), anti-KIT (1:40; Novo-
castra), and anti-PDGFRb (1:25; Cell Signalling) diluted in
diluent (Dako) for 1 hour. Samples were then incubated for
30 minutes with secondary antibody conjugated to horse-
radish peroxidase using the Dako ChemMate Detection Kit
(Dako). Immunoreactivity was revealed by incubation of
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sections with 3-30-diaminobenzidine (DAB) for 10 minutes
before washing, taking through graded alcohols, clearing in
xylene and counterstaining with hematoxylin (VWR) before
mounting in dibutylphthalate xylene (Leica). Digital images
were captured within invasive tumor areas (3–10 images per
slide, !400 magnification) using an Olympus BX50 micro-
scope and c-3030 camera.
Assessment was made of the percentage and intensity of

tumor cells with membranous staining based on the recom-
mendations for interpretation of the HercepTest: gastric
cancer (31). Briefly, for all antibodies studied, complete, baso-
lateral, or lateralmembrane staining was scored as an intensity
of 3þ for strong intensity and 2þ for weak to moderate
intensity, where at least 10% of the tumors cells stained
positive. Partial membrane staining or only faint/barely per-
ceptible intensity staining in at least 10% of tumor cells was
scored as a 1þ. Staining intensity was scored independently in
a blinded manner by 2 observers, discordant scores were
reviewed, and a consensus was reached.
Cause-specific survival was defined from day 1 of radiother-

apy until death from bladder cancer. Death from another cause
was considered a censored observation. Kaplan–Meier curves
were plotted for cause-specific survival and the log-rank
statistic used to compare survival times across categories of
protein expression.

Reagents
Imatinib was a generous gift from Novartis Pharma AG

(Switzerland) and was later purchased from Stratech Scientific
Ltd.; lapatinib was a generous gift from GlaxoSmithKline plc.
For cell culture experiments, imatinib and lapatinib were
dissolved in dimethyl sulfoxide (DMSO; Sigma) to a stock
concentration of 10 mmol/L and stored in single-use aliquots
at #20$C.

Cell culture conditions
The TP53 wild-type RT112 bladder transitional cell carci-

noma cell line has been authenticated in M.A. Knowles's
laboratory by extensive genomic analysis [microsatellite typ-
ing, conventional karyotypic analysis, multiplex FISH (MFISH),
array-based copy number analysis]. Cells were grown in RPMI-
1640 (Sigma) supplemented with 10% v/v FBS (Sigma) and 2
mmol/L L-glutamine (Sigma) in a humidified atmosphere
containing 5% CO2 at 37$C. Exponentially growing cells were
used in all experiments.

Cell irradiation
Cells were harvested from exponential-phase cultures and

diluted to 1,000 cells/mL. Five milliliter cell suspensions were
then irradiated in tubes at a dose-rate of 1.0 Gy/min using an X-
ray machine (Irradiator 320, NDT Equipment Services Ltd.), or
cesium-137 source at 1.12 Gy/min using a Gamma-Service
Medical GmbHGSRD1 irradiator. The cells were then replated
into 10-cm dishes at appropriate cell densities.

Chemosensitivity studies
Exponentially growing cells were incubated in 75 cm2

flasks
for 24 hours at appropriate drug concentrations (specified in

the figure legends), and the cells then trypsinized and resus-
pended in medium containing drug as required.

Clonogenic assays
Following the necessary treatments, cells were plated at

appropriate cell numbers in triplicate in 10-cm culture dishes
containing 10 mL of fresh medium, with or without drug as
required (see relevant figure legends). After 14 days incubation,
the cells were stained with 1% methylene blue (Sigma) in 50%
ethanol, and colonies with more than 50 cells were counted.
The surviving fraction was determined as the total number of
colonies formed divided by the total number of cells plated
multiplied by the plating efficiency, as determined in untreated
cells. Radiation survival curves were plotted after normaliza-
tion for the cytotoxicity induced by control or drug alone, in
GraphPad Prism, using the linear-quadratic model with the
equation SF ¼ exp #(aD þ GbD2). Each point on the survival
curve represents the mean surviving fraction from at least
3 independent experiments.

RNA interference using short hairpin RNA
The siRNA expression vector pSilencer 2.1-U6 neomycin

(Ambion), which contains a human U6 RNA polymerase III
promoter able to transcribe shRNAs, was used in these experi-
ments. Two constructs were made for each of Ku80 and RAD51
(see Supplementary Table S1 and Supplementary Fig. S1),
whereby complementary oligonucleotides were used to encode
hairpin siRNA inserts, designed to target a 21-mer sequence of
human Ku80 coding region or 30-untranslated region (UTR)
mRNA, or RAD51 coding regionmRNA, respectively. These were
designed using the Ambion Insert Design Tool for pSilencer
vectors and purchased fromSigma, andwere then annealed and
ligated into the linearized pSilencer vector. Circular negative
control pSilencer neovector, that expresses a hairpin siRNAwith
limitedhomology toany known sequence in thehumangenome,
was used in experiments as a nonspecific negative control.

The target sequences in the human Ku80 or RAD51 gene
were determined empirically and analyzed by BLAST search, to
confirm a lack of homology to other coding sequences, as per
manufacturer's recommendations. The target sequences of
clones used for clonogenic assays were Ku80 50-AAC TCC ATT
CCT GGT ATA GAA-30 (Ku80 coding region target sequence 1)
and for RAD51 50-AAT CAC TAA TCA GGT GGT AGC-30

(RAD51 coding region target sequence 2; Supplementary Table
S1). The corresponding targeting oligonucleotide sequences
were forKu80: top strand 50-GATCCGCTCCATTCCTGGTAT
AGA ATT CAA GAG ATT CTA TAC CAG GAA TGG AGT TTT
TTG GAA A-30 and bottom strand 50-AGC TTT TCC AAA AAA
CTC CAT TCC TGG TAT AGA ATC TCT TGA ATT CTA TAC
CAG GAA TGG AGC G-30, and for RAD51: top strand 50-GAT
CCG TCA CTA ATC AGG TGG TAG CTT CAA GAG AGC TAC
CAC CTG ATT AGT GAT TTT TTG GAA A-30 and bottom
strand: 50-AGC TTT TCC AAA AAA TCA CTA ATC AGG TGG
TAG CTC TCT TGA AGC TAC CAC CTG ATT AGT GAC G-30.

Stable transfection
RT112 cells were seeded into 75-cm2

flasks and the following
day transfected at 60% confluence with pSilencer-Ku80,
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pSilencer-RAD51, or circular negative control pSilencer neo-
vector, using Lipofectamine 2000 (Invitrogen), according to the
manufacturer's instructions. After 24 hours, fresh mediumwas
added containing the selection reagent G418 (600 mg/mL;
Gibco, Invitrogen). Selection was continued for 14 days, with
the medium refreshed every other day. Single clones were
picked and tested forKu80 andRAD51 expression, respectively,
by Western blotting and subsequently tested for ionizing
radiation sensitivity using clonogenic assays.

Western blot analysis
Cells were lysed on ice in radioimmunoprecipitation assay

(RIPA) buffer (Sigma) with 1% of protease inhibitor and
phosphatase inhibitor (Sigma). The cells were allowed to swell
on ice for 20 minutes; then the lysate was centrifuged for 30
seconds at 12,000! g. The supernatant was carefully removed
and stored at"20#C. Total protein concentration in cell lysates
was determined by the method of Bradford (Sigma). Thirty to
50 mg of protein was resolved on 4% to 20% polyacrylamide gels
and transferred onto nitrocellulose membranes. The resulting
membranes were incubated with blocking buffer (Li-cor) and
primary antibodies. The antibodies used were rabbit polyclon-
al ABL (2862; Cell Signalling), rabbit polyclonal Rad51
(ab63801; Abcam), rabbit polyclonal EGFR (sc-03; Santa Cruz
Biotechnology), mouse monoclonal anti-Ku80 (Ab-2; Neomar-
kers), mouse monoclonal b-tubulin (clone TUB2.1 TT4026;
Sigma), and mouse monoclonal b-actin (ab8226; Abcam).

Fluorochrome-conjugated secondary antibodies (Li-cor)
were used and detected by infra red scanning densitometry

using the Li-cor Odyssey Infrared Detection System (Li-cor
Biosciences UK Ltd.). Quantification was based on normali-
zation to b-actin. The immunoblotting experiments were
carried out at least 3 times.

Cell-cycle analysis
Propidium iodide (PI) staining and flow cytometry were

used to determine cell-cycle stages. Cells from the batches used
for clonogenic assays were washed with PBS, fixed in ice-cold
70% ethanol, and stored at 4#C before analysis. Cells were spun
down and resuspended in PI solution (50 mg/mL PI, 0.5 mg/mL
RNase; Applied Biosystem) and incubated at room tempera-
ture in the dark at least for 30 minutes. DNA content was
detected by flow cytometry (Beckman FACScan system). The
relative proportions of cells in theG1, S, andG2–Mphases of the
cell cycle were determined using ModFit LT 3.2 software.

Statistical analysis
All statistical analyses were conducted using SPSS16.0 soft-

ware. Clonogenic assays were conducted in triplicate at least 3
times, with the results expressed asmeanþ SD as appropriate.
Western blot analyses were conducted at least 3 times inde-
pendently. Results were considered statistically significant at a
P < 0.05, using a two-tailed unpaired Student t test. Sensitizer
enhancement ratios (SER) were calculated at a surviving
fraction of 0.1 (10% survival). Cause-specific survival was
defined from day 1 of radiotherapy until death of the patient
from bladder cancer. Death from another cause was consid-
ered a censored observation. Kaplan–Meier curves were

A B
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Figure 1. Immunohistochemistry studies. A, representative images, at high-power magnification (!40): ABL, 1þ, 2þ, and 3þ; EGFR, 1þ, 2þ, and 3þ; HER2,
1þ, 2þ, and 3þ; KIT-negative and -positive samples; PDGFR-b example of blood vessel staining but absent tumor cell staining. Scale bars represent 75 mm
lengths. B, Kaplan-Meier survival curves from radiotherapy for: (i) ABL scoring comparing 3þ (solid line) and 2þ or lower (dashed line); (ii) EGFR scoring
comparing 3þ (solid line) and 2þ or lower (dashed line); and iii) HER2 scoring comparing 3þ (solid line) and 2þ or lower (dashed line).
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plotted for cause-specific survival and the log-rank statistic
used to compare survival times across categories of protein
expression.

Results
Expression of tyrosine kinases in bladder tumor samples
We sought to estimate the percentage of muscle-invasive

bladder tumors expressing the tyrosine kinases of interest
(imatinib: ABL, KIT, and PDGFR-b; lapatinib: HER2 and EGFR),
on the basis that this is likely to represent the cohort of patients
for which the addition of a TKI to their radiotherapy may be
beneficial. We also wished to determine whether these factors
were prognostic in these patients, who had not received such
treatments in addition to radiotherapy. The Dako scoring
system for the HercepTest was applied to our tyrosine kinases
of interest in 91 formalin-fixed paraffin-embedded bladder
tumor samples (Fig. 1A). A sample was classified as positive
if therewasmembranous staining in at least 10% of cells, which
met the threshold criteria for intensity of staining (2þ or 3þ).
In 75 of 91 (82%) cases there was positive immunostaining for
ABL. In contrast, KIT expression was undetectable in most of
the cases but showed weak staining in 8 cases, and PDGFR-b
was expressed in endothelial cells and smoothmuscle cells but
was undetectable in bladder tumor cell membranes. There
were 87 of 91 cases (96%) positive for EGFR staining and 86 of
90 (96%) cases HER2-positive.
We also correlated tyrosine kinase expression with patient

survival, to look for prognostic significance of high expression.
We classified patients into those with low tumor tyrosine
kinase expression (equal or less than 2þ) and patients with
high (3þ) expression levels (as there were insufficient tumors
scoring 0/1þ formeaningful comparisonwith 2þ/3þ). Neither
ABL, EGFR, nor HER2 were significantly correlated with
patient survival (Fig. 1B).

Effects of imatinib and lapatinib on RT112 cell
proliferation
Before combining drug and radiation treatments, it was first

necessary to determine the growth-inhibitory activity of the
drugs in RT112 cells. Figure 2 shows cell viabilities by clono-
genic assay following 14 days treatment with varying concen-
trations of imatinib or lapatinib. The IC50 value for imatinib in
RT112 cells was 8 mmol/L and for lapatinib 3.5 mmol/L.

Inhibition of Ku80 or RAD51 expression inRT112 cells by
siRNA

To generate NHEJ-deficient and homologous recombina-
tion–deficient RT112 cells, we used a siRNA-based strategy to
reduce Ku80 or RAD51 expression in RT112 cells.We tested the
effectiveness of 2 21-mer siRNAs targeting different siteswithin
the exons or 30-UTR regions of Ku80 and RAD51 (Supplemen-
tary Table S1), using pSilencer2.1-U6 neomycin, which drives
expression of a shRNA from the human U6 promoter. The
hairpin RNA is then processed into an siRNA, which induces
RNAi of the target gene. RT112 cells were stably transfected
with each of the vectors and clones picked and tested using
Western blotting and ionizing radiation clonogenic assays. An
individual clone for each of Ku80 (C13, coding region) and
RAD51 (795J) was then selected for drug-ionizing radiation
clonogenic assays. Densitometric analysis of representative

Figure 2. Clonogenic assays
following 14 days of treatment with
varying concentrations of imatinib
(Stratech) or lapatinib. Bars, mean of
at least 3 independent experiments
þ SD.
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Western blot analyses revealed a 30% reduction in Ku80
protein expression in C13 cells and 75% reduction in RAD51
expression in 795J cells compared with parental RT112 cells
and pSilencer neovector negative control cells (Supplementary
Fig. S1).

Ku80 or RAD51 interference causes a decreased viability
of RT112 after X-ray exposure

We examined the radiosensitizing effect of siRNA-mediated
downregulation of Ku80 and RAD51 expression in RT112 cells
using clonogenic assays. We found a statistically significant
increase in radiosensitivity for the Ku80KD (P ¼ 0.01) and
RAD51KD (P ¼ 0.02) cells as compared with parental RT112
and RT112-pSilencer vector control cells (Fig. 3).

Imatinib significantly radiosensitized Ku80KD RT112
cells

We then tested our hypothesis that imatinib radiosensitizes
NHEJ-deficient Ku80KD cells, whereas having less effect on the
parental RT112 cells with an intact NHEJ pathway, due to
targeting the ionizing radiation-induced increase in RAD51.
We conducted clonogenic assays on RT112, Ku80KD, and
RAD51KD cells using relevant drug–ionizing radiation combi-
nations. Cells were incubated for 24 hours with or without

drug, before irradiation and plating followed by 14 days incu-
bation, before staining and counting. Drug doses were chosen
at approximately IC40 (high) and at IC10 nontoxic (low) levels.

Radiation survival curves were generated for each cell line
after normalization for the level of cell killing induced by drug
alone. As shown in Fig. 4A–C, 3 mmol/L imatinib had a
significant radiosensitizing effect on Ku80KD cells (SER 1.27;
P¼ 0.03) but no significant effect in parental RT112 cells (SER
¼ 1.07; P ¼ 0.051) or RAD51KD cells. At 6 mmol/L concentra-
tion, equivalent to approximately IC40, imatinib produced an
SER of 1.69 in Ku80KD cells (P¼ 0.03) but only an SER of 1.34 in
the RT112 parental cell line (P¼ 0.03; P¼ 0.046 compared with
Ku80KD 6 mmol/L imatinib survival curve) and 1.11 in the
RAD51KD cells (P ¼ 0.03; P ¼ 0.04 compared with Ku80KD 6
mmol/L imatinib survival curve).

In contrast, lapatinib radiosensitized RT112 cells in a dose-
dependentmanner (Fig. 4D; SER¼ 1.13 and 1.30 for 0.6mmol/L;
P¼ 0.02 and 2.4 mmol/L; P¼ 0.01) but had no radiosensitizing
effect on Ku80KD cells at either low (0.6 mmol/L) or high (2.4
mmol/L) concentrations (Fig. 4E). However, in contrast to
imatinib, lapatinib had a dramatic radiosensitizing effect in
RAD51KD cells, even at low dose (SER ¼ 1.27; P ¼ 0.02), with
the high dose resulting in inhibition of RAD51KD cell colony
formation, even without ionizing radiation (Fig. 4F).
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Cell-cycle effects of imatinib and lapatinib
To determine whether the drug-mediated enhancement of

radiosensitivity was due to cellular synchronization into a
radiosensitive phase of the cell cycle, PI staining and flow
cytometry were used to determine the cell-cycle phase distri-
bution of samples used in each independent clonogenic assay.
Neither imatinib nor lapatinib caused obvious cell-cycle arrest
in treated cells of each cell type, except for a small increase in
G1 fraction in RAD51KD cells treated by lapatinib at both drug
concentrations (Fig. 5; P ¼ 0.02 low dose; P ¼ 0.04 high dose).

Effects of imatinib and lapatinib on RAD51 and EGFR
We also measured expression of ABL, EGFR, HER2, and

RAD51 using Western blotting (Fig. 6). Cells were incubated
with or without drug for 24 hours and then irradiated to 8Gy or
left untreated. Forty-eight hours later, cells were lysed for
Western blotting. RT112, Ku80KD (C13) and RAD51KD
(759J) cells all had detectable baseline levels of ABL, EGFR,
and RAD51 although RAD51 levels were markedly reduced in

the RAD51KD cells. HER2 was not detectable in any of the cell
lines. We found no major increase in RAD51 levels following 8
Gy ionizing radiation. Imatinib treatment was associated with
reduced RAD51 levels in RT112 and Ku80KD cells both alone
and following 8 Gy ionizing radiation but no effect on ABL
levels; lapatinib had no effect on RAD51 levels.

Discussion
Radiotherapy is a valid option in the radical treatment of

muscle-invasive bladder cancer, with similar survival rates to
cystectomy in our recent study (2). Cytotoxic chemotherapy is
often combined with radiotherapy to improve survival rates
(3–5), but this can be at the expense of late side effects.
Moreover, many patients with bladder cancer who elect to
have radiotherapy are elderly with poor renal function, and
therefore cannot tolerate cisplatin-based chemotherapy regi-
mens. There is therefore an urgent need to identify less toxic
agents suitable for these patients.

Figure 5. Cell-cycle phase
distribution in cells with or without
drug exposure for 24 hours. Column,
mean of at least 3 independent
experiments; error bars represent
SD. A, RT112, Ku80KD, and
RAD51KD cells treated with or
without imatinib (Stratatech) for 24
hours; B, RT112, Ku80KD and
RAD51KD cells treated with or
without lapatinib for 24 hours.
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Our immunohistochemistry data show that ABL is
expressed in more than 80% of muscle-invasive bladder
tumors, suggesting that imatinib might be useful in such
patients. EGFR and HER2 staining was positive in more than
95% of bladder tumors. While the Kaplan–Meier survival
curves (Fig. 1B) showed no prognostic significance, our sample
numbers were relatively small, with only 73% power to detect a
HR of 0.4, with 35 cause-specific survival events at P ¼ 0.05.
Also, we used a scoring system developed for another tumor
type and have not validated our findings in an independent
patient cohort, so results should be treated with caution. As we
did not have access to a patient cohort treated with a TKI and
radiotherapy, we cannot comment on the potential predictive
value of such markers.

We established that both imatinib and lapatinib are cyto-
toxic in the RT112 bladder cancer cell-line, which has modest
ABL and EGFR expression levels (Fig. 2). Choudhury and
colleagues (17) found an IC50 value of 20 mmol/L for imatinib
in RT112 cells, whereas ours was 8 mmol/L; McHugh and
colleagues found the IC50 for lapatinib in RT112 cells was
1.1 mmol/L MTT assay (32), ours being 3.5 mmol/L on clono-
genic assay, perhaps reflecting differences in experimental
systems. We then successfully knocked-down both Ku80 and
RAD51, using shRNA technology, in TP53 wild-type RT112 cell
lines (Fig. 3). Negroni and colleagues (24) used the same
method to knockdown Ku80 in RT112 cells and showed
radiosensitivity and reduced Ku–DNA binding. We previously
observed the latter in muscle-invasive bladder tumor extracts.

We then showed the radiosensitizing effects of both imatinib
and lapatinib in RT112, Ku80KD, and RAD51KD cells (Fig. 4).
Imatinib was an effective radiosensitizer in Ku80KD cells but
less effective in parental RT112 cells. Although it did not affect

ABL expression levels (Fig. 6) in both parental RT112 cells and
Ku80KD cells, imatinib treatment was associated with reduced
RAD51 expression levels both with and without ionizing radi-
ation. As imatinib had no radiosensitizing effect at low dose
and only limited effects at high dose in RAD51KD cells, this
seems to support our hypothesis that imatinib works through
the homologous recombination pathway but not the NHEJ
pathway. In contrast, lapatinib had no radiosensitizing effect
onKu80KD cells but amarked effect in RAD51KD cells and also
sensitized parental RT112 cells, consistent with lapatinib
acting via NHEJ rather than homologous recombination.
Recently, Myllynen and colleagues (33) showed that both
homologous recombination and NHEJ are involved in regula-
tion of DSB repair by EGFR, using an I-SceI–based reporter
system, with reduction of homologous recombination by the
TKI erlotinib at 0.5 mmol/L and less so by the monoclonal
antibody cetuximab at 30 nmol/L concentration. However, our
experiments suggest that lapatinib does not act on homolo-
gous recombination at 0.6 or 2.4 mmol/L. Other than a small
effect on G1 arrest for lapatinib at both concentrations in
RAD51KD cells, neither drug affected cell-cycle progression at
24 hours. Lapatinib has been found to induce G1 arrest in
bladder cancer (RT112, 45%–65% G1 cells after 72 hours of 1.1
mmol/L lapatinib; ref. 34) and gastric cancer cell lines (58% G1

to 70% after 24 hours of 1 mmol/L lapatinib; ref. 35). Treatment
with imatinib (5–6 mmol/L) for 48 to 72 hours caused a slight
increase in the number of cells in G1-phase in head-and-neck
squamous carcinoma cell lines (47%G1 to 58%; ref. 36), ovarian
cancer cell lines (80% G1 to 94%; ref. 37) but not in small-cell
lung carcinoma cell lines (38).

Our data support the role of DNA repair in both imatinib and
lapatinib's radiosensitizing effects. They suggest that imatinib
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Figure 6. Western blot analyses of
ABL, EGFR, and RAD51 after 12
mmol/L (Novartis, IC50 11.6 mmol/L)
imatinib treatment (A) and 3.5
mmol/L lapatinib treatment (B).
Cells were incubated with or
without drug for 24 hours and then
irradiated to 8 Gy or left untreated.
Cells were lysed 48 hours later. No
HER2 was detectable. Full-length
blots in Supplementary Fig. S2.
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may be a useful radiosensitizer in muscle-invasive bladder
cancer, as our tumors so far have all shown the MMEJ phe-
notype, with defective Ku–DNA binding and defective TP53
function, whereas superficial tumors had intact NHEJ (21). We
are currently testing further tumor sample extracts. If some
muscle-invasive tumors show intact NHEJ, imatinib would not
be appropriate as a radiosensitizer in these patients, and there
would be a need to develop a preradiotherapy predictive end-
joining assay for use in patients with muscle-invasive bladder
cancer. An advantage of imatinib as a radiosensitizer in this
context, unlike lapatinib, is that wewould expect normal tissue
sparing and an increase in therapeutic ratio.
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Abstract: The kosins are phloroglucinol derivatives isolated from female flowers of Hagenia abyssinica (Rosaceae) and 
were tested for possible cytotoxic activity in vitro and in vivo against a panel of three transplantable murine 
adenocarcinomas of the colon of varying growth characteristics and morphology (MAC system). Significant reductions in 
colony formation were observed in vitro in MAC 15A tumour following 1, 3, 6 and 24 h exposure to all kosins (a-kosin, 
kosotoxin and protokosin). The kosins (kosotoxin and protokosin) were also found to be cytotoxic against MAC tumour 
cells in vivo in some cases. Kosotoxin was subjected to preliminary toxicity studies in mice. It showed no observable 
toxicity up to 200 mg kg-’ orally and was found to be toxic at doses in excess of 50 mg kg-’ (i.p.). A single dose of 100 mg 
kg-’ (i.p.) was lethal for 100% of the animals. 

Keywords: Hagenia abyssinica; Rosaceae; phloroglucinols; anthelmintics; chemosensitivity; toxicology. 

Introduction 

A decoction of the female flower of Hugeniu 
abyssinica (Kosso) has been effectively used in 
Ethiopia over many centuries as an anthel- 
mintic against tapeworm [l]. 

The phloroglucinols a-kosin, kosotoxin and 
protokosin (Scheme 1) have been reported as 
constituting ca 3% w/w in the female flower of 
Kosso [2, 31. Analytical data are available on 
the purity and identity of the kosins used in 
these studies [4]. 

However, the toxicity of this decoction is not 
fully established, although some preliminary 
work points to the adverse effects of Kosso [5]. 
These include occasional visual problems, 
tachycardia, hypotension and enlarged liver. 
Kosotoxin is believed to be the anthelmintic 
and toxic principle [6]. 

These studies clearly demonstrate that 
kosins do have pharmacological activity. In 
relation to malignant disease there is no 
evidence within the literature to suggest that 
kosins possess anti-cancer activity. The evalu- 
ation of these compounds for anti-cancer 
activity is warranted for two reasons: first, the 
kosins are novel chemical structures and 
secondly, plant material has proved a valuable 

source of new anti-cancer drugs in the past 
(e.g. vincristine and vinblastine from Cuthar- 
anthus roseus; camptothecin from Campto- 
theta acuminata) [7]. The aim of this study is to 
assess whether or not kosins induce cytoxicity 
in a panel of murine adenocarcinoma of the 
colon (MAC) cell lines in vitro and in vivo. 

These tumours have been extensively charac- 
terized and are similar in terms of cell kinetics, 
histology and chemosensitivity to tumours of 
the human colon [8]. In addition, kosotoxin 
was subjected to acute toxicity studies in mice 
by oral and intraperitoneal administration. 

An in vitro study to examine whether koso- 
toxin could be metabolized by the drug- 
metabolizing enzyme glutathione transferase 
was also performed. 

Materials and Methods 

Test compounds 
Kosins were isolated from female flowers of 

Hugenia abyssinica as described by Lounasmaa 
et al. [2]. A 300 g quantity of dried female 
flower was soaked in diethylether for 3 days. 
The diethylether was removed in vacua leaving 
a dark green oily residue (Extract 1). The 
crude extract (Extract 1) was mixed with 

*Author to whom correspondence should be addressed. 
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Scheme 1 
Structure of the kosins. 

200 ml saturated barium hydroxide. The mix- 
ture was acidified with 150 ml, 25% acetic acid 
to give the crude kosins (Extract 2) as an 
amorphous pale yellow solid. The crude kosins 
were dried and chromatographed on silicagel 
column to isolate the three kosins - kosin, 
kosotoxin and protokosin. Identity and purity 
were controlled by means of UV, IR, MS, ‘H 
NMR, TLC, and HPLC-diode array de- 
tection. All kosins were dissolved initially in 
1 M NaOH and diluted with phosphate buffer 
solution (PBS) (pH 7.0). 

Chemosensitivity studies 
In vitro studies. Cell lines were derived by 

mechanical disaggregation of the solid tumours 
and were routinely maintained as monolayer 
cultures in RPM1 1640 tissue culture medium, 
supplemented with foetal calf serum (lo%), 
sodium pyruvate (1 mM), a mixture of peni- 
cillin and streptomycin (50 IU ml-’ and 50 u.g 
ml-‘, respectively) and buffered with HEPES 
(25 mM). Chemosensitivity studies were 

restricted to cultures of less than 10 passages in 
age. 

Clonogenic assay. Chemosensitivity was 
assessed using a modified clonogenic assay, the 
details of which have been published elsewhere 
[9]. Single cell suspensions were obtained from 
monolayer cultures by trypsinization. All drug 
solutions were dissolved in 30 p,l 1 M NaOH 
and filled to 1 ml with normal saline and finally 
the cell line suspension (MAC 15A) was added 
to bring the volume to 10 ml. A range of drug 
concentrations (0.01-10 ~_LM) was prepared by 
serial dilution. Solvent controls were used 
throughout. Cells and drug mixtures were 
shaken and incubated at 37°C for various time 
intervals (1, 3, 6 and 24 h). 

Following drug exposure, the cells were 
washed twice in 20 ml Hanks Balanced Salt 
Solution (HBSS) by repeated centrifugation 
(2000 rpm x 3 min) and resuspension of the 
pellet. After washing the pellet was resus- 
pended in complete medium and the concen- 
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tration of cells determined using a haemo- 
cytometer. Approximately l-2 x lo4 cells 
were plated into six well dishes, containing 
3 ml of complete RPM1 1640. After 5-7 days’ 
incubation at 37°C colonies of 50 cells or 
greater were counted using an inverted micro- 
scope and plating efficiencies were calculated 
for each drug concentration. 

Triplicate samples for each assay were per- 
formed and dose-response curves were drawn 
by plotting the mean survival (%) of colony- 
forming units against drug concentration. 

In vivo studies. Pure strain 6-8 week-old 
NMRI mice from the inbred colony at the 
Clinical Oncology Unit, University of Brad- 
ford, were housed in cages in an air-con- 
ditioned room where regular, alternate 12-h 
cycles of light and darkness were maintained. 
Animals were fed with a pellet diet (CRM 
Labsure, Croydon, UK) and water ad libitum. 

The well-differentiated MAC 26 tumours 
were transplanted into male mice by the 
subcutaneous (s.c.) implantation of tumour 
fragments (“1 x 2 mm) in the flank. MAC 
15A ascites tumour cells [lo] were transplanted 
into male mice by the i.p. inoculation of 1 x 
lo6 tumour cells. In addition, MAC 15A was 
implanted by the S.C. injection of 2 x lo6 
tumour cells in 0.2 ml physiological saline. 
MAC 13 tumours [ll] were transplanted into 
female mice by S.C. implantation of tumour 
fragments (“1 x 2 mm) in the flank. 

Tumour-bearing animals were allocated by 
restricted randomization into groups of five. 
Appropriate concentrations of test compound 
were used for a desired dose to be given in 
0.1 ml per 10 g body weight. Control exper- 
iments were performed with tumour-bearing 
animals, injected with the drug-free vehicle. 
With the more rapidly growing MAC 13 and 
MAC 15A tumours, chemotherapy com- 
menced 2 days after implantation. MAC 13 
tumours are palpable at this stage and anti- 
tumour responses were assessed 14 days later 
by recording tumour weights. 

Similarly, MAC 15A tumours grown in the 
S.C. site were weighed and the effects of 
chemotherapy estimated from the percentage 
of weight inhibition of tumours 14 days after 
implantation. As MAC 26 is relatively slow- 
growing, chemotherapy began when the 
tumours had reached a size that could be 
measured accurately (tumour volume ~40 
mm3), viz., approximately 18 days after 

implantation. Therapeutic effects were 
assessed by twice-weekly, two-dimensional 
caliper measurements of the tumour. Tumour 
volume was calculated from the formula (a* x 
b/2), where a is the smaller diameter and b is 
the larger [ 121. Tumour volumes were normal- 
ized with respect to starting volumes and 
graphs of the relative tumour volume against 
time were plotted on semi-log graph paper. 

For MAC 15A tumour cells implanted via 
the i.p. route, anti-tumour activity was deter- 
mined by comparison of the life-span in treated 
and control groups. Deaths were recorded and 
the median survival time (MST) determined. 
The anti-tumour effects of kosins were investi- 
gated following the i.p. administration of a 
single (50 mg kg-‘) and split dose schedules - 
12.5 mg kg-’ in four divided daily doses at 
their maximum tolerated dose. 

Acute toxicity 
Oral administration in mice. NMRI male 

mice (20-25 g) in groups of five for each dose 
level were used for the tests. The mice received 
a single dose of kosotoxin by gavage in the 
form of solution initially dissolved in 1 M 
NaOH and diluted with phosphate buffer 
solution (PBS) with a control group receiving 
the vehicle. 

The mice received the test drug in escalating 
levels from 50 to 200 mg kg-‘. Thereafter all 
the animals were observed carefully for 7 days. 
They were closely observed for gross be- 
havioural change and other signs of toxicity in 
the first 24 h. 

Intraperitoneal administration. Groups of 
mice received single doses of kosins as a 
solution in 1 M NaOH and PBS to give a final 
concentration of 1% w/v, with a control group 
receiving the vehicle, in escalating dose levels 
of 25-100 mg kg-’ by intraperitoneal in- 
jection. All were observed for signs of toxicity 
and the mortality rate was noted as before. 

In vitro metabolic study 
The non-enzymatic and possible enzymatic 

reaction of kosotoxin were examined using a 
Perkin-Elmer Lambda-5 UV-vis spectro- 
photometer (Beaconsfield, Bucks, UK) as 
follows: 

(1) 0.3 mM kosotoxin was assayed with 
glutathione (5.0 mM) (in absence of rat liver 
cytosol preparation) in 3 ml phosphate buffer 
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(pH 6.5), at ambient temperature; detection at 
280 nm. 

(2) 0.3 mM kosotoxin was assayed at 
ambient temperature with 5.0 mM glutathione 
in 3.0 ml phosphate buffer (pH 6.5) plus 50 ~1 
rat liver cytosol preparation (obtained by a 
standard procedure from adult male Sprague- 
Dawley rats, University of Bradford) to test 
for evidence of any enzymatic reaction; 
detection at 286 nm. 

(3) Tests for non-enzymatic and (4) 
enzymatic reactions were performed at pH 7.5, 
using the same assay conditions as in steps (1) 
and (2) above, respectively; detection at 
286 nm. 

Cont. (PM) 

Figure 1 

(5) Furthermore 0.3 mM kosotoxin was 
assayed with 5.0 mM glutathione in 3.0 ml 
phosphate buffer (pH 7.5) but at 337 nm at 
ambient temperature. 

The response of MAC 15A cells in vitro following exposure 
to kosotoxin for 1 h (m-m), 3 h (+ - +), 6 h (*-*) and 24 h 
00). 

that kosotoxin is relatively stable under cell 
culture conditions for at least 24 h. 

Results and Discussion 

Chemosensitivity 
Preliminary screening studies clearly demon- 

strated that all three kosins (ol-kosin, kosotoxin 
and protokosin) are cytotoxic towards MAC 
15A cells in vitro following continuous 
exposure (96 h) to a broad range of drug 
concentrations (Table 1). All three compounds 
were equally cytotoxic with I& values (con- 
centration required to reduce colony formation 
by 50%) ranging from 3 to 5 PM. In the case of 
kosotoxin, increasing both the parameters of 
drug concentration and the duration of drug 
exposure significantly increases clonogenic cell 
kill (Fig. 1). Whilst the mechanism of the 
action of these compounds is not known, the 
shape of the dose response curves (i.e. 
exponential) suggests that if DNA is the 
principal target, these compounds are cell cycle 
specific rather than cell cycle phase specific 
drugs [13]. Furthermore, these results suggest 

Table 1 
The response of MAC 15A cells in vitro following 
continuous exposure to kosins 

Cont. 
(cLM) a-Kosin 

0.001 100 
0.01 100 
0.1 100 
1.0 93 

10.0 4 

n = 3; RSD = 1.23. 

% Survival 
Kosotoxin 

100 
98 
95 
82 

none 

Protokosin 

100 
100 
98 
88 

2 

The anti-tumour activity of kosins against 
MAC 15A (i.p. and s.c.), MAC 13 and MAC 
26 tumours in vivo is presented in Table 2. 
Intraperitoneal administration of kosotoxin at 
100 mg kg-’ was toxic (5/5 deaths). A single 
dose of 50 mg kg-’ i.p. was well tolerated in all 
cases although no activity was observed against 
any of the tumour lines studied. When a split 
schedule (12.5 mg kg-’ Qld x 4) was em- 
ployed however, both kosotoxin and proto- 
kosin induced moderate extensions in survival 
time against MAC 15A ascites tumours. (Y- 
kosin, however, was not active against MAC 
15A ascites tumours by either the single or split 
dose schedules. The reasons for the schedule 
dependency of these compounds are not 
known although differences in drug exposure 
parameters (i.e. areas under the drug clearance 
curves) may be highly significant. Chromato- 
graphic techniques to quantify kosins have 
been published [3] and subsequent pharmaco- 
kinetic studies may explain these observations. 
Nevertheless, the response of ascitic MAC 15A 
tumours to kosotoxin and protokosin suggests 
that these compounds should be examined for 
possible activity against some forms of human 
malignancy, e.g. ascites tumours derived from 
ovarian carcinomas to assess whether the 
activity demonstrated here is worth further 
study. 

Acute toxicity 
Oral administration of kosotoxin in doses of 

50, 100, 150 and 200 mg kg-’ did not show 
signs of toxicity. A single dose of 50 mg kg-’ 
(i.p.) kosotoxin was found to be the maximum 



A N T I - T U M O U R  ACTION AND ACUTE TOXICITY OF KOSINS 559 

Table 2 
Anti-tumour activity of kosins in vivo 

Drug Tumour  Dose* MSTt T/C~ 

kosotoxin MAC 15A control 8 - -  
(i.p.) (PBS/NaOH) 

25 mg kg-I 7 - -  
50 mg kg -1 7 - -  

100 mg kg -~ toxic - -  
(5/5 deaths) 

kosotoxin MAC 15A control 8 - -  
split schedule (i.p.) 12.5 mg kg -~ × 4 14 175%§ 
protokosin MAC 15A control 6 - -  

(i.p.) 50 mg kg -~ 7 117% 
protokosin MAC 15A control 8 - -  
split schedule (i.p.) 12.5 mg kg -I × 4 15 187%§ 
c~-kosin MAC 15A control 8 - -  

(i.p.) 50 mg kg -~ 7 - -  
ct-kosin MAC 15A control 8 - -  
split schedule (i.p.) 12.5 mg kg -~ × 4 9 112% 

kosotoxin MAC 15A control No tumour inhibition 
(s.c.) 25 mg kg -I 

37.5 mg kg i 
50 mg kg-I 

kosotoxin MAC 15A 12.5 mg kg -~ x 4 No tumour inhibition 
split schedule (s.c.) 

* All drugs administered by intraperitoneal injection. 
tMedian Survival Time (days). 
:~ T/C = MST treated mice/MST control x 100. 
§Significant difference between control and treated mice (P = 0.05, Mann-Whitney 

U test). 

tolerable dose (MTD).  A single dose of 100 mg 
kg -~ (i.p.) kosotoxin was lethal for 100% of 
the animals (Table 3). Mice were stiff (similar 
to rigor), the heart continued to beat for some 
time and mice eventually died. The results 
show that route of administration of kosotoxin 
is important for toxicity. Doses as large as 
200 mg kg -~ produced no observable toxicity 
by the oral route suggesting that bioavailability 
from the gastrointestinal tract is significantly 
less than the bioavailability of kosotoxin from 
the peritoneal cavity. Similar studies in other 

Table 3 
Acute toxicity data of kosotoxin 

Dose 
Drug (mg kg ~) Route Survivors 

control - -  oral/i.p. 5/5 
(saline) 
control - -  oral/i.p. 5/5 
(PBS/NaOH) 
kosotoxin 50 oral 5/5 

100 oral 5/5 
150 oral 5/5 
200 oral 5/5 

12.5 i.p. 5/5 
50 i,p. 5/5 

100 i.p, 0/5 

kosotoxin 

n = five animals. 

laboratories also suggest that Kosso is poorly 
absorbed into the systemic circulation follow- 
ing oral administration [5]. Alternatively, these 
compounds may be metabolized to inactive 
products by bacteria within the gut lumen or as 
a result of 'first pass' metabolism by the liver. 
These observations indicate that, although 
kosotoxin is believed to be the toxic principle, 
some contributing components may well exist 
in the crude water extract of Kosso and 
influence its toxicity. Whilst the poor bio- 
availability of kosins from the GI tract would 
obviously have major limitations in the treat- 
ment of systemic disease, kosins may be of use 
in the treatment of a limited number of tumour 
types. In the treatment of superficial bladder 
carcinoma for example, instillations of kosins 
may provide high local concentrations of drug 
with low levels of systemically circulating drug 
concentrations. 

Kloos [141 has reported the mean weight of a 
single dose of dried kosso flowers to be 23.6 
grams (range 15-49.6 g). The dried flower is 
ground into powder,  mixed with cold water to 
make a suspension, and left to macerate 
overnight. In the morning the preparation is 
strained by means of a gauze cloth and taken 
orally on an empty stomach. 
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In accordance with traditional methods of tration with responses (moderate) seen only 
use [14], an aqueous extract (24 g in 400 ml against MAC 15A i.p. turnouts treated with 
water) of powdered female flowers of Kosso kosotoxin or protokosin administered intra- 
was prepared, allowed to stand for 16 h and peritoneally using a ‘split schedule’. These 
filtered. The resulting aqueous extract was results together with the fact that bioavail- 
chromatographed by LC [4]. The total kosins ability from the GI tract is poor suggests that 
found in this extract was 208 ug ml-‘. From kosins may have some value in the treatment of 
the result obtained in this work, assuming a a limited number of malignancies. Further 
dose volume of 350 ml, the total amount of studies including evaluation against a broad 
anthelmintic taken would be ca 73 mg of panel of cell lines in vitro, in viva chemo- 
kosins. This small amount of kosins sensitivity studies with the aim of optimizing 
administered indicates the need for further routes of administration/schedule and pharma- 
studies on the anthelmintic activity and toxicity cokinetic studies are warranted on the basis of 
of kosins. Indeed, the phloroglucinol-free part these preliminary studies in this novel class of 
of the extract, the whole of the crude extract compounds. 
and their crude kosins should be examined for 
any toxicity, individually. 

In vitro metabolic study 
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337 nm), when kosotoxin was assayed at pH 
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The indoloquinoline alkaloid cryptolepine 1 has potent in vitro antiplasmodial activity, but it
is also a DNA intercalator with cytotoxic properties. We have shown that the antiplasmodial
mechanism of 1 is likely to be due, at least in part, to a chloroquine-like action that does not
depend on intercalation into DNA. A number of substituted analogues of 1 have been prepared
that have potent activities against both chloroquine-sensitive and chloroquine-resistant strains
of Plasmodium falciparum and also have in common with chloroquine the inhibition of
!-hematin formation in a cell-free system. Several compounds also displayed activity against
Plasmodium berghei in mice, the most potent being 2,7-dibromocryptolepine 8, which suppressed
parasitemia by 89% as compared to untreated infected controls at a dose of 12.5 mg kg-1 day-1

ip. No correlation was observed between in vitro cytotoxicity and the effect of compounds on
the melting point of DNA (∆Tm value) or toxicity in the mouse-malaria model.

Introduction

Cryptolepine (5-methyl,10H-indolo[3,2-b]quinoline; 1)
is an indoloquinoline alkaloid found in the west African
climbing shrub Cryptolepis sanguinolenta (family Periplo-
caceae). A decoction of the roots of this species is used
in traditional medicine for the treatment of malaria as
well as for a number of other diseases.1 Previous work
has shown that cryptolepine has potent in vitro anti-
plasmodial activity,2 but this alkaloid also has cytotoxic
properties that are likely due to its abilities to inter-
calate into DNA and inhibit topoisomerase II as well
as DNA synthesis.3

In this paper, we report the synthesis of 15 crypto-
lepine derivatives (of which 11 are novel) to determine
whether it is possible to prepare cryptolepine analogues
that have reduced abilities to interact with DNA (and
hence may be less cytotoxic) but that retain potent
antiplasmodial activities. This hypothesis is supported
by evidence (presented below) which suggests that the
antiplasmodial activity of cryptolepine is due, at least
in part, to a chloroquine-like action that does not depend
on intercalation into DNA. Chloroquine and related
antimalarials appear to act primarily by inhibiting the
formation of hemozoin (malaria pigment), which is
formed in malaria parasites from hemin, the toxic
residue remaining following the digestion of hemoglobin
by the parasite.4 Drugs that have a chloroquine-like
mode of action may be detected by testing their ability
to prevent the formation of !-hematin (shown to be

identical to hemozoin5) from hemin in a cell-free sys-
tem.6 Peaks at 1660 and 1210 cm-1 in the FTIR
spectrum of the product confirm the presence of !-he-
matin (see below). To assess cryptolepine analogues for
their potential as leads to selective antimalarial agents,
we have determined their antiplasmodial activities
against chloroquine-resistant and chloroquine-sensitive
strains of Plasmodium falciparum. Those compounds
displaying potent in vitro antiplasmodial activities have
been assessed for in vivo antimalarial activity against
Plasmodium berghei in mice. Selected compounds have
been tested for their abilities to inhibit !-hematin
formation. Thermodenaturation techniques have been
used to examine the effects of compounds on the melting
point of calf thymus DNA as an indication of their
potential to interact with DNA, and preliminary cyto-
toxicity tests have been carried out.

Chemistry

Cryptolepine (1) was isolated from C. sanguinolenta
as described previously2 or prepared by methylation of
quindoline, which was synthesized using methodology
based on that of Holt and Petrow (1947)7 (Scheme 1).
Isatin (2a) was condensed with O,N-acetylindoxyl (3a)
in the presence of KOH under oxygen-free conditions
to give quindoline-11-carboxylic acid (4a). The latter was
decarboxylated by heating in diphenyl ether to yield
quindoline (5a), which was then methylated using
iodomethane in tetramethylenesulfone8 (this method
was found to be much more efficient than methylation
with dimethylsulfate or methyl triflate). The 2-bromo

* Corresponding author tel: +44 (0)1274 234739; fax: +44 (0)1274
235600; e-mail: c.w.wright@bradford.ac.uk.

† The School of Pharmacy, University of Bradford.
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analogue 6 was prepared similarly using 5-bromoisatin
(2b) and O,N-acetylindoxyl (3a) as starting materials
while the reaction of isatin (2a) with 5-bromo-O,N-
acetylindoxyl (3b) provided a route to 7-bromocrypto-
lepine (7). Similarly, 5-bromoisatin (2b) and 5-bromo-
O,N-acetylindoxyl (3b) were used as starting materials
for the synthesis of 2,7-dibromocryptolepine (8). Quin-
doline-11-amide (9) was synthesized by reacting 4a with
thionyl chloride to give the acid chloride, followed by
ammoniolysis as previously described7 (Scheme 1).

Nitration was used as a convenient method of prepar-
ing derivatives directly from 1 (Scheme 2). At room
temperature, nitration of 1 with a mixture of nitric and
glacial acetic acids (1:1) yielded 7-nitrocryptolepine (10)
as the major product together with a smaller amount
of the 9-nitro- isomer 11, which were then separated
by column chromatography over silica gel eluted with
chloroform/methanol. Refluxing the above reaction mix-
ture afforded 7,9-dinitrocryptolepine (12) as the sole
product. Two meta-coupled doublets in the 1H NMR
spectrum of 12 (δ 9.13 and 9.64, J ) 2.2 Hz) together
with the downfield shift of the singlet due to H-11 (δ
9.55) initially suggested that 12 was the 1,3-dinitro
analogue of 1, but X-ray crystallographic analysis of 12
(data not shown)9 proved unequivocally that 12 is the
7,9-dinitro analogue of 1. Reduction of 7-nitrocrypto-
lepine (10) (Sn/HCl) gave the reactive and light-sensi-
tive 7-amino analogue that was isolated and immedi-
ately acetylated to give 7-N-acetylcryptolepine 13
(Scheme 2).

The 11-chloro derivative 20 was prepared as previ-
ously described by Bierer et al. (1998),10 and the same
route (Scheme 3) was used to synthesize the novel
dihalogenated derivatives 21-24. Reaction of an anthra-
nilic acid derivative 14 with bromoacetylbromide gave
15, which was treated with an aniline derivative 16. The
resulting anthranilic acid derivative 17 was then cy-
clized using polyphosphoric acid to yield quindolone 18;
treatment with phosphorus oxychloride gave 11-chloro-
quindoline derivative 19, which was then methylated
with iodomethane in tetramethylenesulfone to give the
corresponding cryptolepine analogues, 20-24.

Results and Discussion

The activities of compounds against P. falciparum in
vitro and against P. berghei in vivo and their effects on

Scheme 1a

a Reagents and conditions: (i) KOH, N2, 10 days; (ii) Ph2O, 250
°C; (iii) CH3I, tetramethylene sulfone, 50 °C; (iv) SOCl2, reflux;
(v) HN4OH.

Scheme 2a

a Reagents and conditions: (i) HNO3:HOAc (1:1), room temper-
ature, overnight; (ii) HNO3:HOAc (1:1), reflux; (iii) Sn/HCl; (iv)
Ac2O, reflux.

Scheme 3a

a Reagents and conditions: (i) bromoacetyl bromide, room
temperature; (ii) reflux, 30 h; (iii) polyphosphoric acid, 130 °C, 2
h; (iv) POCl3, 120 °C, 2 h; (v) CH3I, tetramethylene sulfone, 50
°C, overnight.
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!-hematin formation are shown in Table 1; ∆Tm values
(increase in melting point of DNA) and cytotoxic activi-
ties are reported in Table 2.
In Vitro Antiplasmodial Activity. Cryptolepine (1)

was found to have potent in vitro activity (IC50 ) 0.44
µM) against P. falciparum (multidrug resistant strain
K1) similar to that published in previous reports.2,11

However, quindoline (5a), quindoline-11-carboxylic acid
(4a), and its amide 9 were inactive against malaria
parasites (strain K1), indicating that the 5-methyl group
in 1 is a prerequisite for antiplasmodial activity. The
7-nitro (10), 7,9-dinitro (12), and 7-N-acetyl (13) deriva-
tives were of similar potency to 1 against P. falciparum
while 9-nitrocryptolepine (11) was 10-fold less active.
Monohalogenated derivatives 6, 7, and 20 were slightly
more potent than 1 against P. falciparum (strain K1).
Compound 8 (2,7-dibromocryptolepine) was prepared
because both the 2-bromo (6) and the 7-bromo (7)
analogues showed improved antiplasmodial activities as
compared with 1. This strategy was successful as the
antiplasmodial activity of 8 was found to be 9-fold

greater than that of 1. However, in contrast, the
2-bromo,11-chloro derivative (21) was found to be about
20-fold less active than the 2-bromo (6) and 11-chloro
(20) derivatives. Similarly, the other dihalogenated
analogues that were 11-chloro-substituted (22-24) have
little antiplasmodial activity.

Compounds active against P. falciparum (strain K1)
were also tested against chloroquine-sensitive strain
HB3 to determine whether they exhibit cross-resistance
with chloroquine. As shown in Table 1, chloroquine was
8-fold less active against chloroquine-resistant strain K1
than against strain HB3. The antiplasmodial activities
of seven of the nine compounds tested were similar
against both parasite strains (less than a 2-fold varia-
tion). One compound, 7-nitrocryptolepine (10), was
4-fold less active against strain HB3 while the 11-choro
analogue 20 was 7-fold more active against chloroquine-
resistant strain K1. These results suggest that crypto-
lepine and its derivatives with the possible exception
of 10 do not show cross-resistance with chloroquine,

Table 1. In Vitro Antiplasmodial and In Vivo Antimalarial Activities of Cryptolepine Derivatives and Chloroquine Diphosphate
against Malaria Parasites and Effects on Formation of !-Hematin

activity vs
P. falciparum in vitrob

activity against
P. berghei (ANKA) in mice

compda

chloroquine-
resistant
strain K1

chloroquine-
sensitive

strain HB3

inhibition of
!-hematin
formation

dose schedule
(mg kg-1 for 4 d)

mean
parasitemia
(% ( SD)

suppression
of parasitemia

(%)

1 (as sulfate) 0.44 ( 0.22(9) 0.27 ( 0.06(3) yes 20c NTd e
4a >100 NT no NT NT NT
5a >100 NT no NT NT NT
6 0.26 ( 0.094(4) 0.45 ( 0.17(3) yes 25 21.6 ( 1.9 5.9
7 (as hydroiodide) 0.26 ( 0.21(4) 0.19 ( 0.09(3) yes 20 11.9 ( 2.0 41.5
8 0.049 ( 0.017 0.026 ( 0.005(3) yes 12.5 1.4 ( 0.4 89.1
9 >100 NT no NT NT NT
10 0.65 ( 0.28(6) 0.14 ( 0.05(3) yes 20 6.0 ( 1.2 61.4
11 6.92 ( 1.89(4) 4.14 ( 2.29(3) NDf 20 11.9 ( 2.0 23.5
12 0.65 ( 0.21(6) 0.45 ( 0.22(3) yes 20 20.3 ( 2.0 -30.2
13 0.52 ( 0.21(5) 0.47 ( 0.16(3) ND 20 13.3 ( 2.1 14.7
20 0.24 ( 0.1(3) 1.67 ( 1.27(3) ND 20 NT g
21 (as hydroiodide) 4.75 ( 0.37(3) NT ND NT NT NT
22 7.18 ( 3.5(4) NT ND NT NT NT
23 7.62 ( 2.7(4) NT NT NT NT NT
24 27.0 ( 5.4(3) NT ND NT NT NT
chloroquine diphosphate 0.18 ( 0.025(7) 0.023 ( 0.0015(3) yes 10 1.3 ( 0.5 93.8

a Tested as hydrochloride salt unless stated otherwise. b IC50 µM ( SD(n). n, number of separate determinations. cTested as hydrochloride.
d NT, not tested. e Toxic after second dose. f ND, could not be determined as compound has peaks in the IR spectrum close to 1660 cm-1.
g Toxic after first dose.

Table 2. Cytotoxicity and Effect on DNA Melting Point of Cryptolepine Derivatives

IC50 (µM ( SD) (n ) 3)a

cytotoxicity against
A549 cells

cytotoxicity against
DLD-1 cells

cytotoxicity against
MAC15a cells

compd

effect on DNA
melting point,

∆Tm (°C)

drug
exposure
time 1 h

drug
exposure
time 96 h

drug
exposure
time 1 h

drug
exposure
time 96 h

drug
exposure
time 1 h

drug
exposure
time 96 h

1 (as sulfate) 9 61.4 ( 18.2 0.55 ( 0.051 93 ( 29 1.44 ( 0.0015 67.2 ( 26.3 9.65 ( 1.37
5a 0 NTb NT NT NT NT NT
6 4 >100 2.07 ( 0.21 >100 2.29 ( 0.67 >100 5.79 ( 0.91
7 (as hydroiodide) 4 NT NT NT NT 66.2 ( 8.02 NT
8 3 NT NT NT NT NT 6.04 ( 0.49
10 5 35.6 ( 2.2 NT 48.9 ( 7.6 NT 35.4 ( 4.8 NT
11 4 90.2 ( 7.8 NT >100 NT >100 NT
12 4 >100 NT >100 NT 28.5 ( 9.3 NT
13 6 >100 5.04 ( 1.05 >100 20.41 ( 1.1 >100 15.47 ( 4.2
20 0 NT NT NT NT 30.5 ( 6.2 NT
22 9 NT NT NT NT 23.1 ( 2.7 NT
24 9 NT NT NT NT 14.4 ( 2.8 NT
a n, number of separate determinations. b NT, not tested.
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although, as discussed below, they share the ability to
inhibit !-hematin formation.
In Vivo Antimalarial Activity. Cryptolepine (1)

was toxic to P. berghei-infected mice by ip injection at
a dose of 12.5 mg kg-1 day-1 (Table 1). Toxicity appears
to be related to the route of administration as no deaths
were reported in previous studies in which subcutane-
ous (at 113 mg-1 kg-1 day)11 or oral (50 mg kg-1 day-1)2

routes were used. In the former study, no effect on
parasitemia was observed, but oral administration of 1
at 50 mg kg-1 day-1 for 4 days suppressed parasitemia
by 80.5%2.

In this study, 7, 8, 10, and 11 suppressed parasitemia
by more than 20%. Although 11 displayed only weak in
vitro antiplasmodial activity it was found to have
greater in vivo activity (23% suppression of parasitemia)
than compounds 6, 12, and 13, which all have potent
in vitro antiplasmodial activities. Interestingly, mice
treated with 12 were found to have a mean parasitemia
30% above that of untreated control animals, while in
common with (1), the 11-chloro analogue 20 was toxic
to mice. Compounds 7 and 10 possess moderate in vivo
antimalarial activities (42 and 61%, respectively, at 20
mg kg-1 day-1), but the most potent compound, 2,7-
dibromocryptolepine (8), was found to suppress para-
sitemia by 89% at a daily dose of 12.5 mg kg-1. The in
vivo activity of 8 is comparable to that of chloroquine,
and further studies to determine the oral effectiveness
this compound and its ability to cure malaria in mice
are currently being carried out.
Effect on !-Hematin Formation. Cryptolepine (1)

prevented the formation of !-hematin (Figure 1), which
suggests that its antiplasmodial effect depends (at least
in part) on a quinine-like mode of action, although it is

possible that its effects on DNA synthesis and inhibition
of topoisomerase II may also contribute. This is sup-
ported by a recent study using fluorescence microscopy,
which suggests that 1 accumulates into parasite struc-
tures that may correspond to the parasite nucleus.12 In
contrast, 4, 5, and 9, which are inactive against malaria
parasites, failed to inhibit !-hematin formation (Table
1). Several of the derivatives possessing potent anti-
plasmodial activities (6-8, 10, and 12) like 1 inhibited
!-hematin formation, indicating that this property may
be important for their action against malaria parasites.
It was not possible to determine the effects of 11, 13,
and 20 on !-hematin formation because their IR spectra
have peaks close to 1660 cm-1, which may mask the
peak of !-hematin that occurs at this wavelength.
Cytotoxicity and Effect on ∆Tm Value. As 1 is

known to be toxic to cancer cells,3 initial tests for
cytotoxicity were carried out by exposing cancer cells
(A549, DLD-1, and MAC15A) to compounds for 1 h
followed by a 96-h incubation period. The results sug-
gested that three compounds 6, 11, and 13 may be less
toxic than 1 against all three cell lines (Table 2).
However, as the IC50 values for 1 are close to 100 µM,
the highest concentration tested, further experiments
using a drug-cell contact time of 96 h were carried out
to determine the extent by which 6 and 13 are less toxic
than 1; the latter were selected as they possess good
antiplasmodial activities. Against A549 and DLD-1 cells,
6 was found to be about 4- and 2-fold less toxic,
respectively, than 1, but it was about 2-fold more toxic
than 1 against MAC15A cells. The best selectivity was
seen with 13 against DLD-1 cells (about 14-fold less
toxic) and against A549 cells (about 9-fold less toxic),
but little difference was observed with MAC15A cells
(about 1.6-fold less toxic). However, there appears to be
little correlation between the in vitro cytoxicity of these
compounds and toxicity in the mouse-malaria model.
While 10 and 20 were about twice as toxic to MAC15A
cells than 1, in the antimalarial test only 20 was toxic
to mice. Compound 8 was slightly more cytotoxic to
cancer cells than 1, but no apparent toxicity was seen
in mice in striking contrast to 1, which was substan-
tially toxic to mice after two doses, although it must be
noted that the daily dose of 1 given to mice (20 mg kg-1)
was greater than that of 8 (12.5 mg kg-1).

The effects of compounds on the melting point of calf
thymus DNA (∆Tm values) were measured in an at-
tempt to obtain an indication of their propensities to
interact with DNA. The value of 9 °C found for 1 is
consistent with its known DNA-intercalating ability3.
With the exceptions of 22 and 24, the ∆Tm values of the
other compounds tested were all 6 °C or less (Table 2),
which may indicate a reduced tendency of the latter to
interact with DNA as compared to 1. However, no
correlation was observed between ∆Tm value and cyto-
toxicity or toxicity in the mouse-malaria model; this is
well illustrated with reference to 1 and 20, which were
both toxic to mice but were found to have ∆Tm values
of 9 and 0 °C, respectively.

Conclusion

A number of analogues of 1 have been synthesized
that have improved antiplasmodial activities as com-
pared to the parent against both chloroquine-sensitive

Figure 1. Inhibition of !-hematin formation by 1. (A) FTIR
spectrum of control reaction product showing peaks at 1663
and 1210 cm-1 characteristic of !-hematin. (B) As above in the
presence of 1, demonstrating inhibition of !-hematin forma-
tion.
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and chloroquine-resistant strains of P. falciparum. With
the possible exception of 10, there was no evidence of
cross-resistance with chloroquine even though these
compounds (like the parent) appear to have a chloro-
quine-like mode of action against malaria parasites.
Several compounds were found to have some activity
against P. berghei in mice, the most potent being 2,7-
dibromocryptolepine (8), which suppressed parasitemia
by 89% at a dose of 12.5 mg kg-1 day-1 with no apparent
toxicity to the mice. There appears to be no correlation
between the in vitro cytotoxicity and the effect of
compounds on the melting point of DNA or toxicity in
the mouse-malaria model.

This study has shown that some derivatives of 1,
particularly 8, are promising leads in the search for new
antimalarial agents. In addition, analogues of 1, which
have enhanced cytotoxicity (such as 24, which was 4-5-
fold more active than 1 against MAC15A cells), may be
worthy of investigation as antitumor agents. This is
supported by recent studies on the cytotoxic properties
of compounds related to 1.13-15

Experimental Section

Chemistry. Chemicals were purchased from Sigma-Aldrich
Chemical Co. Ltd., Poole, U.K. 1H NMR spectra were acquired
on a JEOL GX270 FT NMR spectrometer at 270 MHz. Mass
spectra were run on an AEI MS902 spectrometer equipped
with an MSS data acquisition system, version 10 (Mass
Spectrometer Services, Manchester, U.K.). C, H, and N
analyses were carried out by the Chemical and Materials
Analysis Unit, University of Newcastle, U.K., on a Carlo Erba
1106 elemental analyzer. FTIR spectra were recorded on a
Mattson Galaxy 6020 FTIR spectrometer.

General Method for Preparation of 2-Bromoquindo-
line (5b) and 7-Bromoquindoline (5c). O,N-Acetylindoxyl
(3a) (5 g, 23.0 mmol) for 5b or 5-bromo-O,N-acetylindoxyl (3b)-
(6.84 g, 23.0 mmol) for 5c and water (50 mL) were stirred
under nitrogen at room temperature. A solution of 5-bromo-
isatin (2b) (5.73 g, 25.3 mmol) for 5b or isatin (2a) (4.41 g,
25.3 mmol) for 5c and KOH (26 g 0.46 M) in water (50 mL)
was slowly added. Stirring was continued for 10 days at room
temperature and then additional water (20 mL) was added,
and the mixture was heated to 70 °C while air was bubbled
through it for 20 min. The mixture was filtered through Celite,
which was then washed with hot water (60 °C), and an equal
volume of ethanol was added to the filtrate followed by
acidification to pH 1 with concentrated HCl. The product
(bromoquindoline-11-carboxylic acid) 4b or 4c was collected,
washed with 1:1 ethanol:water, and dried. Decarboxylation
was carried out by refluxing the derivative (7.3 g, 21.3 mmol)
and diphenyl ether (50 mL) for 6 h with stirring. After the
mixture was cooled, petroleum ether (55 mL) was added, and
the precipitate was collected and dried, dissolved in methanol
(300 mL), and filtered. Concentration of the filtrate gave the
brominated quindoline derivatives 5b and 5c that were used
without further purification.

2-Bromocryptolepine Hydrochloride (6). 2-Bromoquin-
doline (5b) (0.116 g, 0.34 mmol), dimethylsulfate (0.265 g, 3.4
mmol), and chloroform (20 mL) were stirred under reflux for
10 days; the course of the reaction was monitored using TLC
over silica gel G with chloroform:methanol:concentrated am-
monia (9:1:0.1). Following evaporation of the solvent, NaOH
solution (10%, 20 mL) was added to the residue, and the
mixture was extracted with chloroform, washed with saturated
NaCl solution, and dried over anhydrous Na2SO4. The dried
product was column-chromatographed over silica gel eluted
with chloroform:methanol:ammonia (9:1:0.1), converted to the
hydrochloride salt with concentrated HCl, and crystallized
from chloroform:methanol (3:1) to give 6 as a yellow-brown
solid; overall yield 13%. (Note: This yield may be increased
significantly if methylation is carried out using iodomethane

and tetramethylenesulfone as described below for the prepara-
tion of 7.) 1H NMR of free base (CD3OD, δ): 5.11 (3H, s, NCH3),
7.62 (1H, t, J ) 8.0 Hz, 7 or 8-H), 7.94 (1H, d, J ) 8.8 Hz,
6-H), 8.05 (1H, t, J ) 8 Hz, 7 or 8-H), 8.24 (1H, dd, J ) 9.5,
2.2 Hz, 3-H), 8.62 (1H, d, J ) 9.5 Hz, 4-H), 8.72 (1H, d, J )
2.2 Hz, 1-H), 8.79 (1H, d, J ) 8.4 Hz, 9-H), 9.26 (1H, s, 11-H).
MS (EI, m/z, relative intensity, %) 312 (97), 310 (100) [M+ +
H], 297 (7), 295 (7), 230 (18), 154 (18), 156 (18), 115 (24). Anal.
(C16H11N2Br‚HCl‚H2O) H, N; C: calcd, 52.5; found 52.0.

7-Bromocryptolepine Hydroiodide (7). 7-Bromoquindo-
line (5b) (0.06 g, 0.18 mmol), tetramethylenesulfone (2 mL),
and iodomethane (0.06 g, 23.4 mmol) were stirred overnight
at 50 °C in a sealed container. After the solution was cooled,
ether (8 mL) and a few drops of methanol were added, and
the resulting precipitate was washed twice with ethyl acetate
(2 × 5 mL) and crystallized from chloroform:methanol (3:1) to
give 7 as orange-brown needles; overall yield 38%. 1H NMR of
free base (CD3OD, δ): 4.70 (3H, s, NCH3), 7.54 (1H, dd, J )
9.2, 1.8 Hz, 8-H), 7.64 (1H, t, J ) 7.3 Hz, 2 or 3-H), 7.71 (1H,
d, J ) 9.2 Hz, 9-H), 7.86 (1H, t, J ) 7.9 Hz, 2 or 3-H), 8.11
(1H, d, J ) 8.8 Hz, 1 or 4-H), 8.20 (1H, d, J ) 8.1 Hz, 1 or
4-H), 8.30 (1H, d. J ) 1.8 Hz, 6-H), 8.80 (1H, s, 11-H). MS (EI,
m/z, relative intensity, %) 312 (100), 310 (100) [M+ + H], 296
(26), 294 (24), 216 (18), 154 (15), 115 (13), 89 (28). Anal.
(C16H11N2Br‚HI) C, H, N.

2,7-Dibromocryptolepine Hydrochloride (8). The title
compound was prepared from 5-bromo-O,N-acetylindoxyl (3b)-
(6.84 g, 23 mmol) and 5-bromoisatin (2b) (5.73 g, 25.3 mmol)
as starting materials using the same methodology as for 6
except that the reaction mixture for the first step was refluxed
for 4 h instead of stirring at room temperature. Recrystalli-
zation from chloroform:acetone (3:1) gave 8 as an orange-
yellow solid; overall yield 23%. 1H NMR of free base (CDCl3,
δ): 4.72 (3H, s, NCH3), 7.53 (1H, dd, J ) 9.2, 1.8 Hz, 3-H or
8-H), 7.66 (1H, d, J ) 9.2 Hz, 4-H or 9-H), 7.91 (1H, dd, J )
9.2, 2.2 Hz, 3-H or 8-H), 8.0 (1H, d, J ) 9.2 Hz, 4-H or 9-H),
8.19 (1H, d, J ) 1.8 Hz, 1-H or 6-H), 8.27 (1H, d, J ) 2.2 Hz,
1-H or 6-H), 8.74 (1H, s, 11-H). MS (EI, m/z, relative intensity,
%) 392 (46), 390 (92), 388 (38) [M+], 378 (42), 376 (100), 374
(42), 297 (14), 295 (14), 216 (16), 215 (18). Anal. (C16H10N2-
Br2‚1.5HCl) C, H, N.

7-Nitro- (10) and 9-Nitrocryptolepine Hydrochloride
(11). Cryptolepine (1) as sulfate (1 g, 3 mmol) was dissolved
in 40 mL of nitric acid (69%):glacial acetic acid (1:1) and stirred
at room temperature for 24-48 h. The reaction mixture was
cooled on ice, basified with strong NaOH solution, and filtered,
and the precipitate was washed with ice cold water. The dried
product was column-chromatographed over silica gel under
positive pressure eluted with chloroform containing increasing
amounts of methanol (1-20%) to yield fractions containing 10
(less polar) and 11 (more polar). The total yield of nitrated
products was 56%. These were converted to their hydrochloride
salts with concentrated HCl and crystallized from choroform:
methanol (3:1).

10. Yellow solid, yield 45%. 1H NMR of free base (CDCl3,
δ): 4.99 (3H, s, NCH3), 7.78 (1H, t, J ) 7.2 Hz, 7-H), 7.86 (1H,
d, J ) 9.5 Hz, 9-H), 8.01 (1H, t, J ) 7.3 Hz, 8-H), 8.28 (1H, d,
J ) 9.5 Hz, 1-H), 8.33 (1H, d, J ) 8.4 Hz, 6-H), 8.44 (1H, d, J
) 9.5 Hz, 2-H), 9.04 (1H, s, 11-H), 9.38 (1H, s, 4-H). MS (EI,
m/z, relative intensity. %) 277 (16) [M+], 263 (100), 247 (32),
232 (36), 217 (59), 190 (19), 111 (20). Anal. (C16H11N3‚HCl) C,
H, N.

11. Yellow solid, yield 11%. 1HMR of base (270 MHz, CD3-
OD, δ): 5.1 (3H, s, NCH3), 7.54 (1H, t, J ) 8.8 Hz, 7-H), 7.93
(1H, t, J ) 7.7 Hz, 8-H), 8.19 (1H, t, J ) 7.5 Hz, 3-H), 8.48
(1H, d, J ) 8.4 Hz, 6-H), 8.67 (1H, d, J ) 9.2 Hz, 9-H), 8.75
(1H, d, J ) 8.1 Hz, 4-H), 9.11 (1H, d, J ) 8.1 Hz, 2-H), 9.21
(1H, s, 11-H). MS (EI, m/z, relative intensity, %) 277 (9) [M+],
263 (26), 232 (100), 217 (44), 190 (18), 111 (8). Anal. (C16H11N3‚
HCl) C, H, N.

7,9-Dinitrocryptolepine Hydrochloride (12). Crypto-
lepine (1) as sulfate (0.5 g, 1.5 mmol) was refluxed for 30 min
in 30 mL of nitric acid (69%):glacial acetic acid (1:1). The
product was isolated and purified as described above for 10
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and 11. Recrystallization from chloroform:methanol (3:1) gave
12 as orange-red crystals; yield 69%. 1H NMR of free base
(DMSO-d6, δ): 4.71 (3H, s, NCH3), 7.99 (1H, t, J ) 8.1 Hz,
7-H), 8.69 (1H, t, J ) 7.4 Hz, 8-H), 8.72 (1H, d, J ) 7.3 Hz,
9-H), 8.43 (1H, d, J ) 7.3 Hz, 6-H), 9.13 (1H, d, J ) 2.2 Hz,
4-H), 9.55 (1H, s, 11-H), 9.64 (1H, d, J ) 2.2 Hz, 2-H). MS (EI,
m/z, relative intensity, %) 322 (38) [M+], 308 (100), 292 (14),
262 (35), 230 (22), 216 (56), 188 (10). Anal. (C16H10N4O4‚HCl)
C, H, N.

7-N-AcetylcryptolepineHydrochloride (13). Compound
10 (0.443 g, 1.6 mmol) was dissolved in 30 mL of methanol:
concentrated HCl (95:5) in the presence of granulated tin (0.2
g, 1.7 mmol) in a nitrogen atmosphere protected from light
and was stirred for 3 h. The reaction mixture was basified with
saturated NaOH solution, filtered, and extracted with chloro-
form. The concentrated chloroform extract was column-chro-
matographed over alumina gradient eluted with chloroform
followed by chloroform containing increasing amounts of
methanol (1-10%) to yield a blue fraction containing 7-amino-
cryptolepine, which is photosensitive. Acetic anhydride (3 mL)
was added to the fraction, which was then refluxed for 15 min,
cooled, basified with saturated NaOH, and extracted with
chloroform:methanol (3:1). Concentrated HCl was added to the
extract, which was then dried to give 13. Crystallization from
chloroform:methanol (3:1) gave 13 as red-brown needles; yield
51%. 1H NMR of hydrochloride (DMSO-d6, δ): 2.15 (3H, s,
CONCH3), 5.01 (3H, s, NCH3), 7.84 (1H, d, J ) 9.2 Hz, 1-H),
7.95 (1H, t, J ) 8.0 Hz, 7-H), 8.04 (1H, d, J ) 8.8 Hz, 6-H),
8.18 (1H, t, J ) 7.9 Hz, 8-H), 8.58 (1H, d, J ) 8.4 Hz, 9-H),
8.73 (1H, d, J ) 9.2 Hz, 2-H), 9.15 (1H, s, 4 or 11-H), 9.30
(1H, s, 4 or 11-H), 10.5 (1H, s, 3-NH), 13.0 (1H, s, 10-NH). MS
(EI, m/z, relative intensity, %) 289 (6) [M+], 246 (8), 232 (3),
159 (2), 149 (4), 60 (32), 44 (100). Anal. (C18H15N3O.HCl‚CHCl3)
C, H, N.

General Method for Preparation of 11-Chloro-Substi-
tuted Derivatives 20-24. Step 1. Anthranilic acid or a
substituted anthranilic acid derivative, 14 (96.6 mmol), di-
methylformamide (35 mL), and dioxane (35 mL) were placed
in a sealed flask, which was cooled to 0 °C, and then
bromoacetylbromide (19.5 g, 96.6 mmol) was slowly added so
that the temperature did not rise above 1 °C. At the end of
the addition, the temperature was maintained at 0 °C for a
further 10 min, and then the mixture was stirred overnight
at room temperature. The contents of the flask were poured
into water (300 mL), and the resulting precipitate 15 was
filtered, washed with neutral water (3 × 15 mL), and then
dried.

Step 2. Aniline or a substituted aniline derivative, 16 (0.28
M), and the crude acid 15 (90 mmol) were stirred and heated
under reflux at 120 °C for 30 h. After the cooling process, the
reaction mixture was poured onto ice and water (800 mL), and
sufficient KOH solution (5%) was added to dissolve the
precipitate. The pH was checked, and if necessary, more KOH
solution was added to raise the pH to 11. The mixture was
extracted with dichloromethane, and the aqueous phase was
then acidified to pH 3 with hydrobromic acid solution (5%).
The product 17 was collected in the form of a precipitate or as
an oil that solidified on standing overnight at room temper-
ature.

Step 3. The crude product from above 17 (15.8 mmol) and
polyphosphoric acid (150 g) were stirred at 130 °C for 2 h, and
then the mixture was poured into ice/water (1000 mL) and
neutralized with saturated KOH solution. The mixture was
then extracted with ethyl acetate (3 × 250 mL), washed with
saturated NaCl solution and water, and dried (Na2SO4).
Following evaporation of the solvent, the dried product 18 was
column-chromatographed over silica gel eluted with ethyl
acetate:methanol (5:1).

Step 4. The latter product 18 (23.8 mmol) and phosphorus
oxychloride (60 mL) were stirred under reflux at 120 °C for 2
h. After the reaction mixture was cooled, it was poured onto
ice/water (150 mL) and then neutralized with saturated KOH
solution, taking care to prevent the temperature rising above
40 °C. The product was extracted into ethyl acetate (3 × 200

mL), washed with saturated NaCl solution and water, and
then dried (Na2SO4). Evaporation of the solvent gave the crude
product 19, which was chromatographed over silica gel twice;
the eluent was ethyl acetate:hexane (1:6) followed by chloro-
form:methanol (9.5:0.5).

Step 5. Finally, methylation of 19 was carried out as
described above as in the preparation of 7. Compounds 22-
24 were converted to their hydrochloride salts by the addition
of dilute NH4OH (10%) and extraction with chloroform followed
by the addition of concentrated HCl. The hydrochloride salts
were recrystallized from chloroform:methanol (3:1).

2-Bromo-11-chlorocryptolepine Hydroiodide (21). Pre-
pared as above using 5-bromoanthranilic acid (20.1 g, 96.6
mmol) and aniline (26.1 g, 0.28 M) as starting materials. Crude
yields were 70%, 38%, 51%, 70%, and 74% for steps 1-5,
respectively; overall yield of 21 obtained as a yellow-brown
solid, 7%. 1H NMR of free base (DMSO-d6, δ): 4.96 (3H, s,
NCH3), 7.55 (1H, t, J ) 8.0 Hz, 7-H), 7.90 (1H, d, J ) 8.4 Hz,
6-H), 7.99 (1H, t, J ) 7.0 Hz, 8-H), 8.31 (1H, dd, J ) 9.5, 2.2
Hz, 3-H), 8.62 (1H, d, J ) 2.2 Hz, 1-H), 8.76 (1H, d, J ) 9.52,
4-H), 8.79 (1H, d, J ) 8.43, 8-H). MS (EI, m/z, relative
intensity, %) 346 (100), 344 (76) [M+], 332 (78), 330 (60), 250
(10), 215 (36), 173 (12). Anal. (C16H10N2BrCl‚HI) C, H, N.

8-Bromo-11-chlorocryptolepine Hydrochloride (22).
Prepared from anthranilic acid (13.2 g, 96.6 mmol) and
3-bromoaniline (48.4 g 0.28 M). Crude yields, 74%, 75%, 30%,
66%, and 50% for steps 1-5, respectively; overall yield of 22
obtained as a yellow solid, 6%. 1H NMR of free base (DMSO-
d6, δ): 4.60 (3H, s, NCH3), 6.94 (1H, dd, J ) 8.8, 1.8 Hz, 1 or
4-H), 7.70 (1H, t, J ) 7.3 Hz, 2 or 3-H), 7.73 (1H, d, J ) 1.1
Hz, 9-H), 7.78 (1H, d, J ) 9.2 Hz, 1, 4 or 6-H), 7.91 (1H, t, J
) 7.3 Hz, 2 or 3-H), 8.10 (1H, d, J ) 9.2 Hz, 1, 4 or 6-H), 8.45,
(1H, dd, J ) 9.0, 1.1 Hz, 7-H). MS (EI, m/z, relative intensity,
%) 346 (2), 344 (2) [M+], 328 (98), 326 (100) [M - CH3], 313
(35), 311 (37), 285 (8), 283 (8), 204 (7), 164 (11), 163 (11), 150
(12), 149 (12). Anal. (C16H10N2BrCl‚HCl) C, H, N.

7,11-Dichlorocryptolepine Hydrochloride (23). Pre-
pared from anthranilic acid (13.2 g, 96.6 mmol) and 4-chloro-
aniline (36 g, 0.28 M). Crude yields, 74%, 43%, 48%, 88%, and
47% for steps 1-5, respectively; overall yield of 23 obtained
as a yellow solid, 6%. 1H NMR of free base (DMSO-d6, δ): 5.08
(3H, s, NCH3), 7.87 (1H, d, J ) 8.9 Hz, 9-H), 7.99 (1H, dd, J )
8.9, 1.8 Hz, 8-H), 8.09 (1H, t, J ) 7.7 Hz, 2 or 3H), 8.29 (1H,
t, J ) 8.1 Hz, 2 or 3-H), 8.75 (1H, d, J ) 9.5 Hz, 1 or 4-H),
8.82 (1H d, J ) 10.1 Hz, 1 or 4-H), 8.82 (1H, d, J ) 1.7 Hz,
6-H). MS (EI, m/z) 302, 300, [M+], 285, 287, 250, 215, 149, 125.
Anal. (C16H10N2Cl2‚HCl‚H2O) N; C: calcd, 54.2; found, 52.9;
H: calcd, 3.66; found, 3.21.

8,11-Dichlorocryptolepine Hydrochloride (24). Pre-
pared from anthranilic acid (13.2 g, 96.6 mmol) and 3-chlo-
roaniline (36 g, 0.28 M). Crude yields, 74%, 69%, 32%, 41%,
and 48% for steps 1-5, respectively; overall yield of 24, 3%
obtained as a yellow solid. 1H NMR of free base (CD3OD, δ):
5.08 (3H, s, NCH3 ), 7.87 (1H, d, J ) 9.0 Hz, 6-H), 7.99 (1H,
dd, J ) 8.9, 1.8 Hz, 7-H), 8.09 (1H, t, J ) 7.7 Hz, 2 or 3-H),
8.29 (1H, t, J ) 7.4 Hz, 2 or 3-H), 8.75 (1H, d, J ) 9.5 Hz, 1 or
4-H), 8.79 (1H, d, J ) 10.1 Hz, 1 or 4-H), 8.82 (1H, d, J ) 1.7,
9-H). MS (EI, m/z, relative intensity, %) 302 (64), 300 (100)
[M+], 286 (15), 149 (46). Anal. (C16H10N2Cl2‚HCl‚H2O) C, H,
N.

AntiplasmodialAssay. P. falciparum strain K1 was kindly
supplied by Professor D. C. Warhurst (London School of
Hygiene and Tropical Medicine) and P. falciparum strain HB3
was generously provided by Dr L. C. Ranford-Cartwright
(Division of Infection and Immunity, University of Glasgow).
Malaria parasites were maintained in human A+ erythrocytes
suspended in RPMI 1640 medium supplemented with A+

serum and D-glucose according to the methods of Trager and
Jensen (1976)16 and Fairlamb et al. (1985).17 Cultures contain-
ing predominantly early ring stages were used for testing.
Compounds were dissolved or micronized in DMSO and further
diluted with RPMI 1640 medium (the final DMSO concentra-
tion did not exceed 0.5% which did not affect parasite growth).
Twofold serial dilutions were made in 96-well microtiter plates
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in duplicate, and infected erythrocytes were added to give a
final volume of 100 µL with 2.5% hematocrit and 1% para-
sitemia. Chloroquine diphosphate was used as a positive
control, and uninfected and infected erythrocytes without
compounds were included in each test. Plates were placed into
a modular incubator gassed with 93% nitrogen, 3% oxygen,
and 4% carbon dioxide and incubated at 37 °C for 48 h.
Parasite growth was assessed by measuring lactate dehydro-
genase activity as described by Makler et al. (1993).18 The
reagent used contained the following in each milliliter: acetyl-
pyridine adenine dinucleotide (APAD), 0.74 mg; lithium
lactate, 19.2 mg; diaphorase, 0.1 mg; Triton X-100, 2 µL;
nitroblue tetrazolium, 1 mg; and phenazine ethosulfate, 0.5
mg. Fifty microliters of this reagent was added to each well
and mixed, and plates were incubated for 15 min at 37 °C.
Optical densities were read at 550 nm using a Dynatech
Laboratories MRX microplate reader, and percent inhibition
of growth was calculated by comparison with control values.
IC50 values were determined using linear regression analysis
(Microsoft Excel). A minimum of three separate determinations
was carried out for each compound.

In Vivo Antimalarial Test. This was carried out using
Peters’ 4-day suppressive test19 against P. berghei infection
in mice. Female BALB/C mice, weight 18-20 g, were inocu-
lated with P. berghei (ANKA); each mouse received 1 × 107

infected erythrocytes by iv injection. Drugs were administered
to mice by ip injection in 0.2 mL of inoculum daily for four
consecutive days. Control and test groups all contained 5 mice.
On day 5 of the test a blood smear was taken, and the animals
were killed. The percent suppression of parasitemia was
calculated for each dose level by comparing the parasitemias
present in infected controls with those of test animals. Chloro-
quine diphosphate was used as a positive control.

Inhibition of !-Hematin Formation. The methodology
used was adapted from that of Egan et al. (1994).6 Hemin (7.5
mg) was dissolved in 1.25 mL of 0.1 M NaOH, and then 0.125
mL of 1 M HCl was added. The 3 mol equiv of the compound
under test (with respect to hemin) was then added followed
by 1.15 mL of 9.78 M acetate buffer at pH 5.0, preincubated
at 60 °C. The pH was adjusted to 5.0 by the addition of glacial
acetic acid, and the mixture was then stirred for 30 min at 60
°C. After being cooled on ice, the precipitate was filtered using
a 5-µm membrane filter and washed with water. After being
dried under vaccuum for 24 h, the FTIR spectrum of the
product was recorded. A control in which no compound was
added was also carried out. The formation of !-hematin was
detected by the presence of peaks at 1660 and 1210 cm-1.

Thermal Denaturation Studies. These were performed
as previously described20 using a Perkin-Elmer Lambda 5 UV-
Vis spectrophotometer linked to a Perkin-Elmer Peltier-
Temperature Controller 6 unit that was programmed to
produce the following conditions: preheat cell to 50 °C from
room temperature over 20 min; heat to 110 °C at 1 °C/min
taking absorbance readings at 260 nm every min; hold at 110
°C for 1 min; cool to 25 °C over 30 min. Approximately 20 mg
of double-stranded calf thymus DNA (type 1, highly polymer-
ized) was dissolved in 50 mL of buffer containing Tris-HCl
(0.008 M) and NaCl (0.05 M) adjusted to pH 7.4 and diluted
to give a DNA stock solution containing 2.88 mM Tris-HCl
and 18 mM NaCl. A working buffer containing 2.88 × 10-3 M
Tris-HCl and 0.018 M NaCl was prepared and then used for
all subsequent dilutions. The DNA stock solution (3.3 mL) was
further diluted to 10 mL with the working buffer. The
absorbance was then determined at 260 nm, and the concen-
tration of DNA was expressed according to the phosphate
group concentration, using a molar absorptivity ϵ value of 6600
cm-1 M-1 at 260 nm.20 Drug-DNA solutions were prepared
from the DNA stock solution and from drug solutions at 10
mM in DMSO. Drug-DNA ratios of 1:10 were used, and
absorbances were determined against blanks containing drugs
diluted in the working buffer.

Cytotoxicity Test. The cell lines used in this study were
A549 (human nonsmall cell lung carcinoma) and DLD-1
(human colon carcinoma) obtained from the European Collec-

tion of Animal Cell Cultures (ECACC) and MAC15A (murine
adenocarcinoma of the colon) available in our laboratory. All
cells were routinely maintained as monolayer cultures in RPMI
1640 culture medium supplemented with foetal calf serum
(10%), sodium pyruvate (1 mM), L-glutamine (2 mM), and
penicillin/streptomycin (50 IU mL-1/50 µg mL-1 and buffered
with HEPES (25 mM). Chemosensitivity was assessed using
the MTT assay.21 Briefly, 2 × 103 cells were inoculated into
each well of a 96-well plate and incubated overnight at 37 °C
in an humidified atmosphere containing 5% CO2. All drugs
were dissolved in DMSO and diluted in culture medium to give
a broad range of drug concentrations; the maximum DMSO
concentration in any well was 0.1%. Medium was removed
from each well and replaced with drug solutions (8 wells per
drug concentration). For experiments with a 1-h drug expo-
sure, medium was removed after 1 h, and the cells were
washed twice with Hanks balanced salt solution. RPMI 1640
medium was added (200 µL/well) and cells were incubated at
37 °C for a further 4 days before cell survival was determined
using the MTT assay. Culture medium was replaced with fresh
medium (180 µL) prior to the addition of 20 µL of MTT solution
(0.5 mg mL-1). Following 24-h incubation at 37 °C, medium
plus MTT was removed from each well, and the formazan
crystals were dissolved in DMSO (150 µL/well). Absorbances
of the resulting solutions were read at 550 nm, and cell
survival was calculated as the absorbance of treated cells
divided by the absorbance of the control (RPMI medium plus
0.1% DMSO) wells. Results were expressed in terms of IC50

values (i.e., concentration of drug required to kill 50% of cells),
and all experiments were performed in triplicate.
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Synthesis of Some Cryptolepine Analogues, Assessment of Their Antimalarial
and Cytotoxic Activities, and Consideration of Their Antimalarial
Mode of Action
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A series of analogues of cryptolepine (1) have been synthesized and evaluated for their in vitro
antiplasmodial and cytotoxic properties. The IC50 values of several compounds (11a, 11k-m,
11o, 13) against Plasmodium falciparum (strain K1) were <0.1 µM, 5-10-fold lower than that
of 1 but their cytotoxicities were only 2-4 times greater than that of 1. Compounds with a
halogen in the quinoline ring and a halogen or a nitro group in the indole ring have enhanced
antiplasmodial activity. In mice infected with P. berghei, the 7-bromo-2-chloro (11k) and
2-bromo-7-nitro (13) derivatives of 1 suppressed parasitemia by >90% at doses of 25 mg kg-1

day-1 with no apparent toxicity to the mice. 2,7-Dibromocryptolepine (15) was evaluated at
several dose levels, and a dose-dependent suppression of parasitemia was seen (ED90 ) 21.6
mg kg-1 day-1). The antimalarial mode of action of 1 appears to be similar to that of chloroquine
and involves the inhibition of hemozoin formation. A number of analogues were assessed for
their effects on the inhibition of !-hematin (hemozoin) formation, and the results were compared
with their antiplasmodial activities having taken account of their predicted accumulation into
the acidic parasite food vacuole. No correlation was seen (r2 ) 0.0781) suggesting that the
potent antimalarial activity of compounds such as 15 involves other mechanisms in addition
to the inhibition of hemozoin formation.

Introduction

Recently, the urgent need for new agents to combat
the growing problem of malaria caused by resistant
strains of Plasmodium falciparum has been highlight-
ed.1 Natural products, exemplified by quinine and arte-
misinin, have made an immense contribution to malaria
treatment and have also served as lead compounds for
the development of synthetic and semisynthetic anti-
malarials. The continued investigation of natural prod-
ucts, particularly those originating from plant species
used in traditional medicines for the treatment of ma-
laria may prove to be fruitful in the search for new drugs
to treat this disease that currently claims the lives of
up to 3 million people each year.

Cryptolepine (5-methyl-10H-indolo[3,2-b]quinoline)
(1) is an indoloquinoline alkaloid present as the major

constituent in the roots of the West African climbing
shrub Cryptolepis sanguinolenta (family Periplocaceae).
A decoction of the roots of this species is used in tra-
ditional medicine for the treatment of malaria as well
as for a number of other infectious and noninfectious
diseases.2 Cryptolepine (1) has potent in vitro antiplas-
modial activity3 but it is also cytotoxic on account of its
abilities to intercalate into DNA and inhibit topoiso-
merase II as well as DNA synthesis.4,5 However, in a
previous study,3 it was shown that the antiplasmodial
action of 1 is due, at least in part, to a chloroquine-like
action (inhibition of !-hematin formation) that does not
depend on intercalation into DNA. Chloroquine (and
related 4-aminoquinoline antimalarials) are believed to
act primarily by binding to heme released following the
digestion of hemoglobin in the host red blood cells, thus
preventing the detoxification of heme.6 Normally, heme
is detoxified by conversion into insoluble hemozoin (ma-
laria pigment) that has been shown to be a dimer of
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heme and is identical to !-hematin7 (formed when hem-
atin is incubated at 60 °C in 4.5 M acetate buffer).8 The
binding of chloroquine to heme prevents hemozoin form-
ation, and the free heme or drug-heme complex is be-
lieved to exert a toxic effect on the parasite.6 However,
this action is enhanced as a result of the accumulation
of chloroquine into the acidic food vacuole of the malaria
parasite, the site of hemoglobin digestion.6 Since 1, in
common with chloroquine, is a weak base, it is possible
that accumulation into the food vacuole and the inhibi-
tion of haemozoin formation are involved in its anti-
plasmodial mode of action.

In a previous study, the synthesis of a series of
analogues of 1 was reported, and some of these were
shown to have enhanced antiplasmodial activities in
vitro against both chloroquine-sensitive and chloro-
quine-resistant strains of P. falciparum.3 Further, sev-
eral compounds were found to have encouraging activity
in mice infected with P. berghei, and importantly, in
contrast to 1, no apparent toxicity was seen in the mice.
These results indicated that analogues of 1 have poten-
tial as lead compounds to new antimalarial agents.

In this paper we report the synthesis of a further 16
cryptolepine derivatives of which 11 are novel in order
to gain additional information with respect to structure-
activity relationships. Compounds were assessed for
their in vitro antiplasmodial activities against P. falci-
parum (multidrug-resistant strain K1) and for cytotox-
icity against MAC15A (mouse adenocarcinomas of the
colon) cells. Selected compounds were also assessed for
in vivo antimalarial activity in mice infected with P.
berghei. In addition, the pKa values and !-hematin
inhibitory activities of a series of cryptolepine analogues
were determined in an attempt to estimate the impor-
tance of the accumulation into the parasite food vacuole
and the inhibition of !-hematin formation to the anti-
plasmodial action of these compounds. Previously, it has
been shown that for a series of chloroquine analogues
there is a correlation between antiplasmodial activities
against a chloroquine-sensitive strain of P. falciparum
and !-hematin inhibitory activities, provided account is
taken of the accumulation of the compounds into the
acidic food vacuole of the parasite.6

Chemistry. The 5-bromo (6b), 6-chloro (6c), and O,N-
diacetylindoxyl derivatives were prepared using a syn-
thesis previously reported for O,N-diacetylindoxyl (6a)9

(Scheme 1), although some supplies of 6b were pur-
chased. The appropriate anthranilic acid derivative (2b,
2c) was reacted with chloroacetic acid (3) to give
phenylglycine-o-carboxylic acid derivatives (4b, 4c) that
were then N-acetylated to give 5b and 5c. Cyclization
of the latter with Ac2O in the presence of Et3N gave O,N-
diacetylindoxyl derivatives 6b and 6c.

Analogues of 1 were prepared using methodology
based on that of Holt and Petrow (1947)10 as described
previously3 (Scheme 2). O,N-Acetylindoxyl or a deriva-
tive (6a-c) was condensed with isatin (7a) or a deriva-
tive (7b-j) in the presence of KOH under anaerobic
conditions (N2) to give the corresponding quinoline-11-
carboxylic acid derivatives (8a-o). The latter were
decarboxylated by heating in diphenyl ether to give
quindoline derivatives (9a-o) which were subsequently
methylated using iodomethane in tetramethylene-
sulfone to give cryptolepine derivatives (10a-o) as their

hydroiodide salts which were then converted to their
hydrochloride salts (11a-o). Compound 13, 2-bromo-
7-nitrocryptolepine was prepared from 2-bromocryptol-
epine (12) (obtained as previously reported3) by nitration
with a mixture of nitric and glacial acetic acids (1:1)
(Scheme 3). The substitution of the nitro group at
position 7 in 13 was confirmed by NOE difference
experiments that showed a connection between the
signal for the 5-NCH3 and the singlet at δ 9.57 ppm,
(Figure 1), thus eliminating the possibility of 8-nitro
substitution. Compounds 12 and 15-18 (Figure 2) were
available from previous work.3

Results and Discussion
In Vitro Antiplasmodial Activity. Table 1 shows

the in vitro antiplasmodial and cytotoxic activities of 1
and its derivatives together with their cytotoxic/anti-
plasmodial ratios. Although the limited availability of
substituted isatin derivatives restricted the number of
cryptolepine analogues that could be made, some inter-
esting structure-activity relationships may be dis-
cerned. The 2-chloro analogue (11b) was ∼3-fold more
potent than 1 against P. falciparum while the 2-fluoro
analogue (11g) was ∼3-fold less active than 1. From
previous work,3 2-bromocryptolepine (12), (IC50 ) 0.26
µM) was of similar activity to 11b. Substitution of a
methyl or methoxy group for chlorine in position 2 (11h,
11i) resulted in a decrease in antiplasmodial activity
compared to 11b, but 3-methylcryptolepine (11j) was
3-fold more active than the 3-chloro analogue (11d).

In the case of the monochlorinated analogues, 11b
was the most potent, 3-chloro derivative 11d was ∼3-
fold less potent, and 4-chlorocryptolepine (11e) was
found to be 28-fold less active than 11b. The 8-chloro
analogue (11f) was at least 6-fold less active than 11b
(1 µM was the highest concentration tested). In the case
of dichloro substitution, 11a (1,2-dichloro) was 2-fold
more active than 11b (2-chloro) while the activity of 2,3-
dichlorocryptolepine (11c) was midway between that of
11b and 11d. It would be of interest to prepare 1-chlo-
rocryptolepine to establish whether this is more potent
than 11a and 11b, as there appears to be a trend for
higher activity from position 4 to position 1 for chloro
analogues.

In a previous study3 it was shown that 2,7-dibromo-
cryptolepine (15) was 5-fold more active against plasmo-

Scheme 1a

a Reagents and conditions: (i) Na2CO3; (ii) Ac2O, Na2CO3; (iii)
Ac2O, Et3N, reflux.
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dia than either the 2-bromo (12), or 7-bromo (14)
analogues, and therefore in this study several similar
7-brominated compounds (11k-n) were prepared. Com-
pounds 11k-m showed antiplasmodial activities at
least 5-fold greater than their monohalogenated ana-

logues 11b, 11g, and 11d, respectively. However, 7-bro-
mo-3-methylcryptolepine (11n) was only about half as
potent as 3-methyl analogue (11j), further supporting
the above observation that alkylation appears to be
detrimental for antiplasmodial activity. The 2,8-dichlo-
rinated compound 11o was similarly potent as 11k
showing that 7-bromo substitution may be replaced with
8-chloro substitution without loss of activity. Similarly,
replacement of the 7-bromo substituent with a nitro

Scheme 2a

a Reagents and conditions: (i) KOH, N2, reflux; (ii) Ph2O, 250 °C; (iii) CH3I, tetramethylene sulfone, 50 °C; (iv) NH4OH, HCl.

Scheme 3a

a Reagents and conditions: (i) HNO3: HOAc 1: 1, room temp.

Figure 1. NOE connections from the N-CH3 in 13.

Figure 2. Structures 12 and 14-18.
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group as in 13 retained antiplasmodial activity similar
to that of 2,7-dibromocryptolepine (15, IC50 ) 0.05 µM).3

In Vitro Cytotoxicity. For all of the compounds
except for 11e, the cytotoxic/antiplasmodial ratios were
>1 (Table 1), indicating some selectivity against plas-
modia even though a long cell-drug exposure time (96
h), was used in the cytotoxicity test. Although the most
potent antiplasmodial compounds 11a, 11k-m, 11o,
and 13 were all 2 to 4-fold more cytotoxic than 1, their
selectivity ratios were all >10, the most selective being
11k and 11m (selectivity ratios 57.7 and 30.8, respec-
tively). However, in vitro cytotoxicity did not parallel
toxicity in vivo, as 11k and 13 were not toxic to mice
despite having greater in vitro cytotoxicity than 1,
whereas 11i that had similar cytototoxicity to 1 did
exhibit toxicity in mice.

In Vivo Antimalarial Activity. Selected compounds
were assessed for antimalarial activity against P.
berghei in mice using Peters’s 4-day suppressive test in
which activity is determined by comparing parasitemias
of animals treated for 4 days with those of untreated
controls on day 5.11 Observation of the mice was then
continued in order to record their survival times (taken
as the number of days before illness due to malaria
became apparent). In previous work3 it was shown that

1 is toxic to mice after 2 doses of 20 mg kg-1, but some
analogues, notably 2,7-dibromocryptolepine (15), was
not toxic at a dose of 12.5 mg kg-1 for 4 days and
suppressed parasitemia by 89%. Here we report further
experiments in which four dose levels of 15 were used
to examine the dose-response relationship. As shown
in Table 2, a clear dose-dependent response was seen
with doses ranging from 3.125 to 25 mg kg-1 day-1, and
the ED50 and ED90 values were 6.92 and 21.46 mg kg-1

day-1, respectively. At the highest dose (25 mg kg-1

day-1) parasitemia was suppressed by 91.4%, there was
no apparent toxicity, and the mice survived 5 days
longer than the untreated controls. Similar results in
terms of both suppression of parasitemia and survival
were obtained with 11k and with 13 with no apparent
toxicity to the mice, but the 2,8-dichloro analogue 11o
showed signs of toxicity after the second dose, so that
no further doses were administered. Compounds 11g
and 11i were less active against P. berghei in vivo, which
was consistent with their relatively weak antiplasmo-
dial activities in vitro.

Correlation of Antiplasmodial Activities with
Ability To Inhibit !-Hematin Formation. To predict
the accumulation of cryptolepine derivatives into the
acidic parasite food vacuole, pKa values for a number

Table 1. In Vitro Antiplasmodial Activities of Cryptolepine Derivatives and Chloroquine Diphosphate and Cytotoxic Activities of
Cryptolepine Derivatives Against MAC 15A Cells

compounda activity vs P. falciparum in vitrob activity vs MAC 15a cellsb cytotoxic/antiplasmodial ratio

1, cryptolepine 0.440 ( 0.22 3.95 ( 1.10 8.98
11a, 1,2-dichlorocryptolepine 0.088 ( 0.005 1.91 ( 0.35 21.7
11b, 2-chlorocryptolepine 0.166 ( 0.004 2.24 ( 0.35 13.5
11c, 2,3-dichlorocryptolepine 0.356 ( 0.008 3.32 ( 1.24 9.33
11d, 3-chlorocryptolepine 0.448 ( 0.009 1.75 ( 0.38 3.90
11e, 4-chlorocryptolepine 4.69 ( 0.23 3.54 ( 0.93 0.76
11f, 8-chlorocryptolepine >1 8.15 ( 3.44 <8.15
11g, 2-fluorocryptolepine 1.21 ( 0.05 4.79 ( 2.21 3.96
11h, 2-methylcryptolepine 0.419 ( 0.016 4.11 ( 0.82 9.81
11i, 2-methoxycryptolepine 0.95c 4.31 ( 2.48 4.54
11j, 3-methylcryptolepine 0.149 ( 0.012 3.51 ( 0.55 23.6
11k, 7-bromo-2-chlorocryptolepine 0.030 ( 0.002 1.73 ( 0.12 57.7
11l, 7-bromo-2-fluorocryptolepine 0.063 ( 0.006 1.35 ( 0.07 21.4
11m, 7-bromo-3-chlorocryptolepine 0.037 ( 0.005 1.14 ( 0.19 30.8
11n, 7-bromo-3-methylcryptolepine 0.26c 5.21 ( 0.91 20.0
11o, 2,8-dichlorocryptolepine 0.045c 1.12 ( 0.27 24.9
13, 2-bromo-7-nitrocryptolepine 0.07 ( 0.01 1.03 ( 0.35 14.7
15, 2,7-dibromocryptolepined 0.049 ( 0.017 6.04 ( 0.49 123
chloroquine diphosphate 0.246 ( 0.013 NTe -

a Tested as hydrochloride salt unless stated otherwise. b IC50, µM ( SD; results of three separate determinations. c Mean of two
determinations. d Results from ref 3. e NT, not tested.

Table 2. In Vivo Antimalarial Activities of Selected Cryptolepine Derivatives and Chloroquine Diphosphate against P. berghei in
Mice

compounda
dose schedule

(mg kg-1 for 4 d)

mean
parasitemia

(% ( SD)

suppression of
parasitemia

(%)

mean survival time
of untreated controls,

(d ( SD)

mean survival time
of treated mice,

(d ( SD)

1, cryptolepineb 20 c c c c
11g, 2-fluorocryptolepine 50 5.98 ( 1.91 55.1 5.0 ( 0 5.0 ( 0
11i, 2-methoxycryptolepine 50d 12.08 ( 2.93 9.3 5.0 ( 0 5.0 ( 0
15, 2,7-dibromocryptolepine 3.125 12.10 ( 1.27 15.9 10.0 ( 0 10.0 ( 0
15 6.25 7.67 ( 0.96 46.7 10.0 ( 0 11.6 ( 0.55
15 12.5 3.55 ( 0.69 75.4 10.0 ( 0 11.8 ( 0.45
15 25.0 1.24 ( 1.01 91.4 10.0 ( 0 15.0 ( 0
11k, 7-bromo-2-chlorocryptolepine 25.0 0.97 ( 0.98 91.85 11.8 ( 0.45 15.4 ( 0.89
11o, 2,8-dichlorocryptolepine 25e 9.22 ( 2.81 17.8 9.6 (0.89 14.0 ( 0
13, 2-bromo-7-nitrocryptolepine 25f 1.34 ( 0.3 90.75 6.4 ( 1.34 13.0 ( 0
chloroquine diphosphate 10 0.00 100.0 8.56 g

a Tested as hydrochloride salt unless otherwise stated. b Results from ref 3. c Toxic after the 2nd dose. d Last dose not given due to
toxicity. e Toxic after two doses; no further doses given. f Mice appeared to suffer pain and/or irritation for a few minutes after injection.
g Mice survived test.
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of derivatives were measured, and these were found to
range from 11.8 for 1 down to 6.4 for 18 (Table 3). For
all of the compounds examined, the UV spectra recorded
in buffers at different pH values showed only one
isosbestic point, indicating that only one protonable
nitrogen atom is present, and these data are consistent
with the 1H NMR spectra of 1 and its derivatives in
which the signals for the 5-N methyl groups have a
chemical shift (δ) of ∼5 ppm typical of quaternary
N-methyl groups so that N-10 is the only basic nitro-
gen.3 The extent of pH trapping of each of the com-
pounds into the acidic parasite food vacuole was calcu-
lated from their pKa values using eq 1 below6 except
that the right-hand top and bottom terms were omitted,
as these are applicable only for compounds such as
chloroquine that have two protonable nitrogen atoms.

In eq 1, [Q]v and [Q]e represent the vacuolar and
external drug concentrations and [H+]v and [H+]e rep-
resent the vacuolar and external hydrogen ion concen-
trations, respectively. The vacuolar and the external pH
values were taken to be 5.5 and 7.4, respectively.6 The
calculated accumulation ratios are shown in Table 3,
and the accumulation ratios relative to 1 (R) are also
given. By multiplying the values for R with the experi-
mentally obtained antiplasmodial IC50 values for each
compound, the normalized IC50 values (IC50 × R) are
obtained; i.e., the IC50 values theoretically expected if
the compounds accumulated in the vacuole to the same
extent as cryptolepine. Having adjusted for the dif-
ferential accumulation of the compounds, comparison
of the normalized antiplasmodial IC50 values with the
IC50 values for the inhibition of "-hematin formation
should indicate whether a clear correlation exists be-
tween their antiplasmodial activities and their abilities
to inhibit "-hematin formation.

As shown in Table 3, the concentration of 1 in the
acidic food vacuole of the parasite is predicted to be 79.4-
fold higher than that in the extracellular fluid. Com-
pounds with pKa values of 9.1 or above (11i, 11g, 12,
15, 17), are expected to achieve similar vacuolar con-

centrations to 1, and hence their normalized IC50 values
(IC50 × R) are almost identical to their experimental
antiplasmodial IC50 values. In contrast, the predicted
accumulations (R) of 16 and 18 relative to 1 are 0.48
and 0.01, respectively, so that their normalized IC50
values are smaller than the corresponding experimental
values. The quantities of the compounds required to
inhibit the formation of "-hematin by 50% (BHIA50
values) ranged from 0.63 to 1.96 equiv of drug relative
to hematin, the value for 1 (1.64) being close to that for
chloroquine diphosphate (1.44). A plot of log IC50 × R
against log BHIA50 values (Figure 3) shows that there
is no correlation at all between the normalized IC50
values and the ability of compounds to inhibit "-hematin
formation (r2 ) 0.0781). Kaschula et al.6 reported that
a direct proportionality between antiplasmodial activity
normalized for pH trapping and "-hematin inhibitory
activity was observed with a series of 4-aminoquinolines
using a chloroquine-sensitive strain of P. falciparum
(D10). In this study a chloroquine-resistant strain of P.
falciparum (K1) was used, but it has been shown
previously that there was no cross-resistance between
a series of analogues of 1 and chloroquine3 so that
resistance mechanisms such as enhanced efflux of drug
from the parasite food vacuole that may occur in
chloroquine-resistant parasites12 are unlikely to have
affected the vacuolar accumulation of the compounds
investigated in this study.

Table 3. Relationship between pKa, Normalized Antiplasmodial IC50 Values, and Inhibition of "-Hematin Formation for 1, Some
Analogues of 1, and Chloroquine Diphosphate

compounda IC50b pKac acc. ratiod Re IC50 × Rf BHIA50g

1, cryptolepine sulfate 0.44 ( 0.22 11.8 79.43 1.00 0.44 1.64 ( 0.007
11i, 2-methoxycryptolepine 0.95 11.45 79.42 1.00 0.95 1.96 ( 0.89
11g, 2-fluorocryptolepine 1.21 ( 0.05 11.25 79.41 1.00 1.21 1.24 ( 0.43
12, 2-bromocryptolepine 0.26 ( 0.09 10.2 79.30 1.00 0.26 0.63 ( 0.10
17, 9-nitrocryptolepine 6.92 ( 1.89 9.60 78.94 0.99 6.85 0.84 ( 0.001
15, 2,7-dibromocryptolepine 0.049 ( 0.017 9.10 77.90 0.99 0.049 1.53 ( 0.28
16, 8,11-dichlorocryptolepine 27.0 ( 5.4 7.35 37.94 0.48 12.91 0.96h

18, 7,9-dinitrocryptolepine 0.65 ( 0.21 6.40 0.813 0.01 0.0065 0.92 ( 0.19
chloroquine diphosphate 0.18 ( 0.02 8.55, 9.81i 5896j 74.2j 13.36j 1.44 ( 0.16
a Tested as hydrochloride salts except where otherwise stated. b From ref 3; antiplasmodial activity against P. falciparum (K1), IC50,

µM ( SD; mean of not less than three separate determinations except for 11i which is the mean of two determinations. c Mean of two
determinations; all duplicates were within (0.1 of the mean value. d Vacuolar accumulation ratio calculated using eq 1 and assuming a
vacuolar pH of 5.5 and external pH of 7.4.8 e Accumulation ratio relative to cryptolepine. f Normalized IC50. g "-Hematin inhibitory activity
in equivalents of drug relative to hematin causing 50% inhibition; mean of two determinations ( SD. h Incompletely soluble; result of one
determination. i Data from ref 8. j Predicted values may not apply as a chloroquine resistant strain of P. falciparum was used.
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Figure 3. Plot of the log of the normalized antiplasmodial
IC50 (IC50 x R) versus the log of the activity against the
inhibition of "-haematin formation for 1, and some analogues
of 1 (Table 3). No correlation is seen; r2 ) 0.0781. Error bars
represent 1 SEM; in the calculation of errors for IC50 × R, pKa
errors have been ignored, as these are very small compared
to those for the antiplasmodial values.
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The most potent antiplasmodial compound, 15, is
9-fold more active than 1 against plasmodia, but its
relative accumulation and its effect on !-hematin for-
mation are nearly identical to that of 1, suggesting that
the increased antiplasmodial potency of this analogue
is due neither to better accumulation nor to enhanced
activity against !-hematin formation. Conversely, the
accumulation of 18 into the parasite food vacuole is only
about 1% of that of 1 so that a very low normalized IC50
value (0.0065 µM) results, but the activity of 18 on
!-hematin formation is only 50% greater than that of
1. These results suggest that the antiplasmodial mode
of action of 1 and its analogues is only partially due to
the inhibition of hemozoin formation. In the case of 1,
it is likely that the latter action is complemented by
effects resulting from the intercalation of 1 into DNA
and possibly effects on parasite topoisomerase II, as
similar effects appear to be related to the toxicity of 1
to mammalian cells5 and in one study using fluorescence
microscopy it was reported that 1 was localized in the
parasite to a structure that may correspond to the
nucleus.13 However, this may not be the case with 12,
15, 17, and 18, as these analogues were shown to have
less ability to intercalate into DNA than 1 as judged
from their effects on the melting point (∆Tm values) of
DNA.3 Nevertheless, surprisingly the latter analogues
were not less cytotoxic than 1 against mouse adenocar-
cinoma (MAC15A) cells, although in contrast to 1 they
were not toxic to mice when assessed for antimalarial
activity in vivo.3 Analogue 15 is markedly more potent
than 1 against malaria parasites in vitro and has
encouraging in vivo activity in mice infected with P.
berghei (Table 2) which suggests that a selective anti-
plasmodial mechanism in addition to the inhibition of
hemozoin formation is operating. Further work to
investigate this would be worthwhile and may lead to
the design of more effective antimalarial analogues of
1.

While the inhibitory activities of analogues of 1 and
of chloroquine against the formation of !-hematin are
of the same order, the accumulation ratio of chloroquine
into the parasite food vacuole as predicted by eq 1
(taking the pKa values to be 8.55 and 9.816) is 5896,
more than 70-fold greater than that for 1 (79.4) although
the accumulation of chloroquine in chloroquine-resistant
parasites may be compromised by increased efflux.12

This large difference in accumulation between 1 and
chloroquine results because 1 has only one basic (pro-
tonable) nitrogen whereas chloroquine has two. It is
possible that the association of 1 with hemin would in
itself lead to an accumulation of drug into the parasite
food vacuole independently of a pH trapping mecha-
nism, but studies with chloroquine have shown that at
concentrations in the region of the IC50 of chloroquine,
negligible association with hemin would occur in the
absence of pH trapping because the affinity of chloro-
quine for hematin is too weak.6 For aminoquinolines,
affinity for hematin correlates with their abilities to
inhibit !-hematin formation, and as the latter activities
for 1 and its analogues are comparable to that of
chloroquine (Table 3), it is unlikely that 1 and its
derivatives will have sufficient affinity for heme to drive
their accumulation in the food vacuole in the absence
of another mechanism. If pH trapping is important for

the antiplasmodial action of 1 and its analogues, then
the addition of another protonable nitrogen to the
molecule may be expected to lead to an increase in
potency. The synthesis of such analogues, for example
related to 15, is currently in progress.

Conclusion

Six of the 16 analogues of 1 (11a, 11k, 11l, 11m, 11o,
13), were found to have potent in vitro antiplasmodial
activities with IC50 values <0.1 µM. The presence of a
halogen or nitro group in position 7 in addition to a
halogen substituent in the quinoline ring were found
to be beneficial for activity while alkyl or alkoxy
substitution in the ring was detrimental. A comparison
of chlorinated analogues showed that the position of
substitution in the quinoline ring substantially affected
antiplasmodial activity, with substitution in positions
1 and 2 being most favorable, but their cytototoxic
activities did not follow this trend.

Two novel compounds, 11k and 13 were shown to
have encouraging antimalarial activities in vivo with
suppression of parasitemias >90% and increased sur-
vival of animals without any apparent toxicity to the
mice even though they were more cytotoxic than 1 in
vitro. Compound 15, available from previous work3 was
found to produce a dose-dependent decrease in parasi-
taemia and increased survival compared to untreated
malaria-infected mice.

Experiments designed to explore the mode of action
of 1 indicated that there is no correlation between the
inhibition of !-hematin formation and the antiplasmo-
dial activity of analogues of 1 even when account is
taken of the predicted accumulation of the compounds
into the acidic food vacuole of the parasite by pH
trapping. The data suggests that especially for 15 there
is likely to be another mechanism(s) operating in
addition to the inhibition of hemozoin formation that
may account for the potent and selective antiplasmodial
activity of this compound.

This study supports the continued synthesis and
investigation of derivatives of 1 in the search for new
antimalarial agents.

Experimental Section
Chemistry. Isatin derivatives 7b-j were made available

to us (see acknowledgments), but some notes on their synthesis
are given below for completeness. All other chemicals were
purchased from Sigma-Aldrich Chemical Co. Ltd., Poole, U.K.
1H NMR spectra were acquired on a JEOL GX270 FT NMR
spectrometer at 270 MHz. NOE experiments on 13 were
carried out in DMSO-d6 at 25 °C on a JEOL ECA 600 NMR
spectrometer at 600 MHz. Mass spectra were run on an AEI
MS902 spectrometer equipped with an MSS data acquisition
system, version 10 (Mass Spectrometer Services, Manchester,
U.K.). C, H, and N analyses were carried out by the Chemical
and Materials Analysis Unit, University of Newcastle, U.K.,
on a Carlo Erba 1106 elemental analyzer.

Note on the Synthesis of the Isatin Derivatives Used
in This Study. Compounds 7b-j were prepared by the
Sandmeyer method14,15 by condensation of a substituted aniline
with chloral hydrate and hydroxylamine to form the corre-
sponding isonitrosoacetanilide using about 50 g amounts of
the aniline. Other published synthetic routes proved to be
unsatisfactory. This reaction is not without hazard, since
significant amounts of HCN are generated as a gaseous
byproduct, partly or entirely by decomposition of the formed
isonitrosoacetanilide.16,17 The solid isonitrosoacetanilide was
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then heated with H2SO4, heating to temperatures no higher
than 70 °C. When this method was originally developed, H2-
SO4 then available was probably less concentrated that the
98% used now; the use of concentrated H2SO4 often leads to
the formation of byproducts including a black resin that is
difficult to filter. The most satisfactory results were obtained
with acid corresponding to the monohydrate; at lower concen-
trations ring closure to form isatins was poor. When the
reaction proceeded so as to give a good yield, the solution
usually became violet. The reaction mixture was quenched by
pouring onto ice when the crude isatin usually precipitated.
The isatin was purified by dissolving in aqueous NaOH and
adjusting the pH to neutrality when dark, resinous byproducts
usually separated. On acidification, the released substituted
isatinic acid eliminated a molecule of water on ring closure to
form the isatin, sometimes slowly.

Ortho-, meta-, and para-substituted anilines formed 7-, a
mixture of 4- and 6-, and 5-substituted isatins, respectively.
Mixtures of 4- and 6-substituted derivatives were separated18

by acidification of the sodium isatinate solution with acetic
acid, when the 4-substituted isatin was released (usually as
red needles). The mother liquors were acidified with HCl, when
the 6-substituted isatin was released, usually as yellow plates.
The reaction between some isatin precursors and H2SO4
resulted in a red solution instead of violet, and no isatin was
deposited on quenching with ice. Ether extraction of the
quenched reaction mixture extracted a small amount of
material, and by repeated extraction with ether and back-
extraction into a small volume of aqueous NaOH, a small
amount of the expected isatin was obtained on acidification.
The red ether-insoluble byproduct may have been an isatin
sulfonic acid.

General Method for Preparation of Halogenated Cryp-
tolepine Derivatives (11a-o). O,N-Acetylindoxyl (6a) (5 g,
23 mmol) for 11a-e and 11g-j, 5-bromo-O,N-acetylindoxyl
(6b) (6.84 g, 23 mmol) for 11k-n, or 6-chloro-O,N-acetylin-
doxyl (6c) (6.11 g, 23 mmol) for 11f and 11o and water (50
mL) were stirred under nitrogen at room temperature. A
solution of isatin (7a) or a derivative 7b-j (23 mmol) and KOH
(26 g, 0.46 M) in water (50 mL) was slowly added. The reaction
mixture was refluxed for 4 h and then cooled to 70 °C; air was
then bubbled through the liquid for 20 min. The mixture was
filtered, and the filtrate was acidified to pH 1 with concen-
trated HCl. The precipitate of quindoline-11-carboxylic acid
derivative 8a-o was collected, washed with water, dried, and
used for the next step without further purification. Decar-
boxylation was carried out by refluxing the latter product with
diphenyl ether (50 mL) for 6 h. After the mixture was cooled,
it was poured into petroleum ether (200 mL) and allowed to
stand overnight at 4 °C. The precipitate was collected, washed
with petroleum ether, and dried. The product, a quindoline
derivative 9a-o, was then dissolved in the minimum amount
of tetramethylenesulfone (5-10 mL), and an excess of io-
domethane (2-3 mL) was added. The reaction vessel was
sealed and heated with stirring at 60 °C overnight. When cool,
the reaction mixture was poured into ether (200 mL), and the
reaction vessel was washed with a little methanol; this was
then added to the ether that was allowed to stand overnight
at 4 °C. The precipitate of the cryptolepine derivative as the
hydroiodide salt 10a-o was collected and washed with ether
and then dissolved in a mixture of chloroform:methanol:NH4-
OH (35%), 90:10:1. The solution was filtered, washed with
water, dried over anhydrous Na2SO4, filtered again, and
evaporated to dryness under reduced pressure (40 °C). Puri-
fication was carried out by column-chromatographing the
product over silica gel G (60 µM, TLC grade), under positive
pressure eluting with chloroform containing increasing amounts
of methanol. Cryptolepine derivatives 10a-o were converted
to their hydrochloride salts 11a-o by adding HCl in methanol
(5%) and then crystallizing from chloroform/methanol or
chloroform/methanol/ethyl acetate.

1,2-Dichlorocryptolepine Hydrochloride (11a). The
title compound was prepared as above from 6a (23 mmol, 5.0
g) and 7b (23 mmol, 3.38 g). Yellow crystals, yield 10.9%. 1H

NMR of free base (CDCl3, δ): 4.70 (3H, s, NCH3), 7.02 (1H, t,
J ) 7.4 Hz, 7 or 8-H), 7.54 (1H, t, J ) 6.7 Hz, 7 or 8-H), 7.78
(1H, d, J ) 8.4 Hz, 6-H), 8.10 (1H, d, J ) 8.4 H, 9-H), 8.21
(2H, m, 3-H, 4-H), 8.61 (1H, s, 11-H). MS (EI, m/z, relative
intensity, %) 301 (25) [M+], 286 (71), 266 (52), 252 (100), 217
(25), 190 (12), 142 (52). Anal. (C16H10N2Cl2‚1.5HCl) C, H, N.

2,3-Dichlorocryptolepine Hydrochloride (11c). The
title compound was prepared as above from 6a (23 mmol, 5.0
g) and 7c (23 mmol, 4.95 g). Yellow crystals, yield 1.1%. 1H
NMR of free base (CDCl3, δ): 4.80 (3H, s, NCH3), 7.05 (1H, t,
J ) 7.4 Hz, 7 or 8-H), 7.55 (1H, t, J ) 7.2 Hz, 7 or 8-H), 7.56-
8.11 (3H, m, 3Ar-H), 8.63 (1H, s, 1 or 4-H), 9.14 (1H, s, 11-H).
MS (EI, m/z, relative intensity, %) 301 (18) [M+], 288 (66), 286
(100), 252 (58), 216 (16), 188 (7), 142 (28). Anal. (C16H10N2-
Cl2‚HCl) C, H, N.

3-Chlorocryptolepine Hydrochloride (11d). The title
compound was prepared as above from 6a (23 mmol, 5.0 g)
and 7d (23 mmol, 4.18 g). Yellow crystals, yield 8.51%. 1H
NMR of free base (CDCl3, δ): 4.70 (3H, s, NCH3), 6.97 (1H, t,
J ) 7.4 Hz, 7 or 8-H), 7.51 (1H, t, J ) 6.9 Hz, 7 or 8-H), 7.54
(1H, d, J ) 8.7 Hz, 6-H), 7.80 (1H, d, J ) 8.7 Hz, 9-H), 8.03
(1H, s, 4-H), 8.07 (1H, d, J ) 2.97 Hz, 1-H), 8.10 (1H, d, J )
3.5 Hz, 2-H), 8.70 (1H, s, 11-H). MS (EI, m/z, relative intensity,
%) 267 (100) [M+], 251 (35), 231 (8), 222 (8), 216 (12), 190 (4).
Anal. (C16H11N2Cl‚HCl) C, H, N.

4-Chlorocryptolepine Hydrochloride (11e). The title
compound was prepared as above from 6a (23 mmol, 5.0 g)
and 7f (23 mmol, 4.18 g). Yellow crystals, yield 4.1%. 1H NMR
of free base (CDCl3, δ): 4.80 (3H, s, NCH3), 7.05 (1H, t, J )
7.4 Hz, 7 or 8-H), 7.45 (1H, dd, 1-H), 7.55 (1H, t, J ) 6.9 Hz,
7 or 8-H), 7.85 (2H, m, 6-H, 9-H), 8.15 (2H, m, 2-H, 3-H), 8.80
(1H, s, 11-H). MS (EI, m/z, relative intensity, %) 266 (84) [M+],
252 (100), 232 (15), 216 (13), 190 (6), 126 (12), 108 (5). Anal.
(C16H11N2Cl‚1.5HCl‚2H2O) C, H, N.

8-Chlorocryptolepine Hydrochloride (11f). The title
compound was prepared as above from 6c (23 mmol, 6.11 g)
and 7a (23 mmol, 3.38 g). Yellow crystals, yield 15%. 1H NMR
of free base (CDCl3, δ): 4.80 (3H, s, NCH3), 7.01 (1H, dd, J )
2.0, 9.2, Hz, 1-H or 4-H), 7.60 (1H, t, J ) 7.9, 2-H or 3-H), 7.8
(1H, d, J ) 1.7 Hz, 9-H), 7.9 (1H dt, J ) 1.6, 6.7 Hz, 2-H or
3-H), 8.11 (1H, d, J ) 8.9, 1-H or 4-H), 8.13 (1H, d, J ) 8.7,
6-H), 8.19 (1H, dd J ) 1.7, 8.4, 7-H), 8.83 (1H, s, 11-H). MS
(EI, m/z, relative intensity, %) 267 (33) [M+], 266 (100) [M+],
251 (22), 250 (26), 216 (6), 133, (5). Anal. (C16H11N2Cl‚1.5HCl)
C, H, N.

7-Bromo-2-chlorocryptolepine Hydrochloride (11k).
The title compound was prepared as above from 6b (23 mmol,
6.84 g) and 7b (23 mmol, 4.18 g). Yellow crystals, yield 13.0%.
1H NMR of free base (CDCl3, δ): 4.70 (3H, s, NCH3), 7.45 (1H,
d, J ) 9.2 Hz, 9-H), 7.54 (1H, d, J ) 8.9 Hz, 8-H), 7.72 (1H, d,
J ) 9.4, 4-H), 8.00 (1H, d, J ) 9.4 Hz, 3-H), 8.04 (1H, s, 1-H
or 6-H), 8.09 (1H, s, 1-H or 6-H), 8.50 (1H, s, 11-H). MS (EI,
m/z, relative intensity, %) 346 (100) [M+], 344 (64) [M+], 332
(80), 330 (62), 251 (18), 215 (15), 142 (15), 108 (10). Anal.
(C16H10N2BrCl‚HCl‚CHCl3) C, H, N.

7-Bromo-2-fluorocryptolepine Hydrochloride (11l). The
title compound was prepared as above from 6b (23 mmol, 6.84
g) and 7g (23 mmol, 3.80 g). Yellow crystals, yield 13.0%. 1H
NMR of free base (CDCl3, δ): 4.70 (3H, s, NCH3), 7.62 (2H,
m, 3-H, 4-H), 7.74 (1H, d, J ) 10, 9-H), 7.85 (1H, dd, J ) 2.8,
8.5 Hz, 1-H), 8.16 (1H, dd, J ) 4.3, 9.5, 8-H), 8.35 (1H, s, 6-H),
8.79 (1H, s, 11-H). MS (EI, m/z, relative intensity, %) 330 (37)
[M+], 328 (33) [M+], 316 (98), 314 (100), 235 (48), 208 (23),
158 (18), 118 (20). Anal. (C16H10N2BrF‚HCl‚2.5H2O) C, H, N.

7-Bromo-3-chlorocryptolepine Hydrochloride (11m).
The title compound was prepared as above from 6b (23 mmol,
6.84 g) and 7d (23 mmol, 4.18 g). Yellow crystals, yield 13.0%.
1H NMR of free base (CDCl3, δ): 4.71 (3H, s, NCH3), 7.55 (2H,
d, 8-H, 9-H), 7.70 (1H, d, J ) 8.9 Hz, 1-H), 8.10 (2H, m, 2-H,
4-H or 6-H), 8.30 (1H, s, 4-H or 6-H), 8.80 (1H, s, 11-H). MS
(EI, m/z, relative intensity, %) 346 (100) [M+], 344 (30) [M+],
332 (100), 330 (79), 251 (25), 216 (15), 142 (37), 108 (11). Anal.
(C16H10N2BrCl‚HCl‚0.3C2H5COOCH3) C, H, N.
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7-Bromo-3-methylcryptolepine Hydrochloride (11n).
The title compound was prepared as above from 6b (23 mmol,
6.84 g) and 7j (23 mmol, 3.70 g). Brown crystals, yield 10.0%.
1H NMR of free base (CDCl3, δ): 2.72 (3H, s, 3-CH3), 4.70 (3H,
s, NCH3), 7.47 (1H, d, J ) 9.2, 1-H or 2-H), 7.48 (1H, d, J )
8.4 Hz, 9-H), 7.64 (1H, d, J ) 9.2 Hz, 1-H or 2-H), 7.88 (1H, s,
4-H), 8.02 (1H, d, J ) 8.4 Hz, 8-H), 8.23 (1H, s, 6-H), 8.78 (1H,
s, 11-H). MS (EI, m/z, relative intensity, %) 326, 324 (100) [M+],
311, 309 (26), 229 (7), 230 (5). Anal. (C17H13N2Br‚1.6HCl) C,
N; H: calcd, 3.81; found 4.31.

2,8-Dichlorocryptolepine Hydrochloride (11o). The
title compound was prepared as above from 6c (23 mmol, 6.11
g) and 7b (23 mmol, 4.18 g). Yellow crystals, yield 15%. 1H
NMR of free base (CDCl3, δ): 4.76 (3H, s, NCH3), 6.98 (1H,
dd, J ) 1.9, 9.0 Hz, 3-H or 7-H), 7.70 (1H, d, J ) 2.2 Hz, 1-H
or 9-H), 7.74 (1H, dd, J ) 2.5, 6.9 Hz, 3-H or 7-H), 8.50 (2H,
d, J ) 9.7 Hz, 4-H and 6-H), 8.10 (1H, d, J ) 2.5 Hz, 1-H or 9-
H), 8.70 (1H, s, 11-H). MS (EI, m/z, relative intensity, %) 301
(100) [M+], 286 (13), 284 (20), 264 (6), 215 (4), 150 (5), 123 (7).
Anal. (C16H10N2Cl2‚1.4HCl) C, H, N.

2-Bromo-7-nitrocryptolepine Hydrochloride (13). Com-
pound 12 (1 g, 2.88 mmol) was dissolved in 40 mL of nitric
acid (69%):glacial acetic acid (1:1) and stirred at room tem-
perature for 24 h. The reaction mixture was cooled on ice,
basified with strong sodium hydroxide solution, and filtered.
The dried product was column-chromatographed and converted
to the hydrochloride salt as above. Yellow crystals, yield 13.0%.
1H NMR, (CF3COOD, δ): 4.93 (3H, s, NCH3), 8.06 (1H, d, J )
8.1 Hz, 9-H), 8.38 (1H, d, J ) 10.8 Hz, 4-H), 8.46 (1H, d, J )
10.8, 3-H), 8.64 (1H, s, 1-H), 8.90 (1H, d, J ) 8.1 Hz, 8-H) 9.16
(1H, s, 11-H), 9.71 (1H, s, 6-H). MS (EI, m/z, relative intensity,
%) 357, 355 (100) [M+], 342, 340 (12), 327, 325 (20), 311, 309
(35), 230 (54), 229 (48), 158 (18), 118 (20). Anal. (C16H10N3O2-
Br‚HCl) H, N; C: calcd, 48.9; found 51.2.

Antiplasmodial Assay. P. falciparum strain K1 was kindly
supplied by Professor D. C. Warhurst (London School of
Hygiene and Tropical Medicine). Malaria parasites were
maintained in human A+ erythrocytes suspended in RPMI
1640 medium supplemented with A+ serum and D-glucose
according to the methods of Trager and Jensen (1976)19 and
Fairlamb et al. (1985).20 Cultures containing predominantly
early ring stages were used for testing. Compounds were
dissolved or micronized in DMSO and further diluted with
RPMI 1640 medium (the final DMSO concentration did not
exceed 0.5% which did not affect parasite growth). Two-fold
serial dilutions were made in 96-well microtiter plates in
duplicate, and infected erythrocytes were added to give a final
volume of 100 µL with 2.5% hematocrit and 1% parasitemia.
Chloroquine diphosphate was used as a positive control, and
uninfected and infected erythrocytes without compounds were
included in each test. Plates were placed into a modular
incubator gassed with 93% nitrogen, 3% oxygen, and 4%
carbon dioxide and incubated at 37 °C for 48 h. Parasite growth
was assessed by measuring lactate dehydrogenase activity as
described by Makler et al., 1993.21 The reagent used contained
the following in each mL acetylpyridine adenine dinucleotide
(APAD), 0.74 mg; lithium lactate, 19.2 mg; diaphorase, 0.1 mg;
Triton X-100, 2 µL; nitroblue tetrazolium, 1 mg; and phenazine
ethosulfate, 0.5 mg. Fifty microliters of this reagent was added
to each well and mixed, and plates were incubated for 15 min
at 37 °C. Optical densities were read at 550 nm using a
Dynatech Laboratories MRX microplate reader, and percent
inhibition of growth was calculated by comparison with control
values. IC50 values were determined using linear regression
analysis (Microsoft Excel). A minimum of three separate
determinations was carried out for each compound.

In Vivo Antimalarial Test. This was carried out using
Peters’s 4-day suppressive test against P. berghei infection in
mice.11 Female BALB/C mice, weight 18-20 g, were inoculated
with P. berghei (ANKA); each mouse received 1 × 107 infected
erythrocytes by iv injection. Drugs were administered by ip
injection in 0.2 mL of inoculum daily for four consecutive days.
Control and test groups all contained five mice. On day 5 of
the test a blood smear was taken, and the animals were killed.

The percent suppression of parasitemia was calculated for each
dose level by comparing the parasitemias present in infected
controls with those of test animals; survival times were
recorded, taken as the number of days before the animals
showed signs of illness due to malaria. Chloroquine diphos-
phate was used as a positive control.

Cytotoxicity Assay. MAC15A (murine adenocarcinoma of
the colon) cells were available in our laboratory. Cells were
routinely maintained as monolayer cultures in RPMI1640
culture medium supplemented with foetal calf serum (10%),
sodium pyruvate (1 mM), L-glutamine (2 mM), and penicillin/
streptomycin (50 IU mL-1/50 µg mL-1, and buffered with
HEPES (25 mM). Chemosensitivity was assessed using the
MTT assay.22 Briefly, 2 × 103 cells were inoculated into each
well of a 96-well plate and incubated overnight at 37 °C in an
humidified atmosphere containing 5% CO2. All drugs were
dissolved in DMSO and then diluted in culture medium to give
a broad range of concentrations; the maximum DMSO con-
centration in any well was 0.1% shown not to affect cell growth.
Medium was removed from each well and replaced with drug
solutions (eight wells per drug concentration), and the plates
were then incubated for a further 96 h before cell survival was
determined. Culture medium was replaced with fresh medium
(180 µL) prior to the addition of 20 µL of MTT solution (0.5
mg mL-1). Following 24 h incubation at 37 °C, medium plus
MTT was removed from each well and the formazan crystals
were dissolved in DMSO (150 µL/well). Absorbances of the
resulting solutions were read at 550 nm and cell survival was
calculated as the absorbance of treated cells divided by the
control (RPMI medium plus 0.1% DMSO). Results were
expressed in terms of the IC50 values (i.e. concentration of drug
required to kill 50% cells), and all experiments were performed
in triplicate.

Determination of pKa Values. Acid dissociation constants
were determined spectrophotometrically using a Hewlett-
Packard HP8451A diode-array UV spectrophotometer. UV
spectra of each compound (0.05 mg mL-1) dissolved in buffers
of varying pH values ranging from 5.8 to 13.0 as well as in
0.1 M NaOH and 0.1 M HCl to ensure that the maximum and
minimum absorbances of the main peak (λmax) were deter-
mined. A minimum of seven buffer solutions was used for each
compound. For buffers of pH 5.8-8.0 Clark and Lub’s phos-
phate buffer (KH2PO4/NaOH) 0.1 M was used and for pH 8.4-
13.0 Sorensen’s glycine I buffer 0.1 M was employed.23 From
a plot of pH against the absorbance of λmax, the pH correspond-
ing to the midpoint between the maximum and minimum
absorbance of λmax (pKa value) was determined. Two separate
experiments were carried out for each compound.

Determination of Inhibition of #-Hematin Formation.
The quantitative BHIA (#-hematin inhibitory activity) assay
is based on the differential solubility of hemin and #-hematin
in DMSO and NaOH solution, respectively.24 The method
determines a 50% inhibitory concentration for #-hematin
inhibition in equivalents of the compound under test with
respect to hemin (BHIA50). A total of 50 µL of an 8 mM solution
of hemin was dissolved in DMSO and distributed into 96-well
U-bottom microplates (0.4 µmol/well); 50 µL of different
compounds in water, in doses from 0.25 to 2 (or 4 if they were
soluble) molar equivalents to hemin, were added to triplicate
test wells. In control wells, 50 µL of water was added. Water-
insoluble compounds were solubilized in 25 µL of DMSO and
then added to hemin prepared at 16 mM and distributed into
the wells in 25 µL aliquots. The final concentration of DMSO/
well was kept constant at 25%. #-Hematin formation was
initiated by the addition of 100 µL of 8 M acetate buffer (pH
5.0), and the plates were then incubated at 37 °C for 18 h.
Following centrifugation to isolate DMSO-insoluble #-hematin,
the product was dissolved in 0.1 M NaOH solution and
determined spectrophotometrically at 405 nm as previously
described.24,15
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ABSTRACT 
Cancer is still responsible for many deaths worldwide. Therefore, the need for an effective manage-
ment, treatment and cure of cancer is undoubtedly crucial. In Ghana, several plants or herbal prod-
ucts are used by traditional healers for the management and/or the treatment of various cancers. 
However, the efficacies of these plant products as anticancer agents are often ill defined. In this 
study, the methanolic extracts of ten plant species were evaluated for cytotoxicity against three hu-
man cancer cell lines, DLD-1, MCF-7 and M14, using the MTT assay. Extracts of Adenia lobata 
root, Clerodendrum capitatum leaves, Garcinia kola stem bark, Plumbago zeylanica leaves and 
Vernonia conferta root, showed relatively low cytotoxic activities while extracts of Ficus asperifolia 
leaves, Paullinia pinnata root and Thonningia sanguinea root exhibited moderate activity (IC50 val-
ues 40 – 55µg/ml against at least one of the three cell lines). Croton membranaceus root extract 
exhibited markedly higher cytotoxic activities, particularly against the DLD-1  and MCF-7 cells  
(IC50  = 16.0 and 17.4µg/ml respectively), while  Zanthoxylum xanthoxyloides bark extract was 2-3 
fold more active against DLD-1 cells  (IC50  = 16µg/ml), than against the other cell lines. These re-
sults lend some support for the use of these species in traditional medicines for the treatment of can-
cer, especially for C. membranaceus and Z. xanthoxyloides.  

INTRODUCTION 
Cancer is described as an ancient disease ubiqui-
tous in human society and capable of affecting 
any part of the body. Cancer is still increasingly 
responsible for many deaths worldwide. There-
fore, the need for an effective management, 
treatment and cure of cancer is undoubtedly cru-

cial. Plants are an obvious source of diverse com-
pounds which may serve as drugs or lead com-
pounds for the development of more effective 
anticancer agents. In Ghana, several plants or 
herbal products are used by herbalists and tradi-
tional healers for the management and/or treat-
ment of various cancers (Mshana et al., 2000), 

Keywords: Cytotoxicity, anticancer activity, medicinal plants, MTT assay 
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but there have been few studies on the activity, 
efficacy and potency of these plant products as 
anticancer agents.  

In this paper we report our investigations into 
the cytotoxic activities of ten Ghanaian medici-
nal plants in order to assess their potential for 
evaluation as anticancer agents. These plants are 
used in Ghanaian herbal and traditional medicine 
for the treatment and management of various 
cancers and other diseases (Hutchinson and Dal-
ziel, 1958; Irvine, 1961; Mshana et al., 2000). 
Their methanolic extracts were screened for cy-
totoxic activities on three human cancer cell 
lines. 

 
MATERIALS AND METHODS 
Plant Material 
The plant materials used in this study (Table 1) 
were obtained from Mampong-Akwapem, the 
botanical gardens of KNUST and the medicinal 
plants garden of the Faculty of Pharmacy, 
KNUST. These materials were authenticated at 
the Centre for Scientific Research into Plant 
Medicine (CSRPM), Mampong-Akwapem, the 
Forestry Commission, Kumasi, and the Faculty 
of Pharmacy, KNUST, Kumasi, where voucher 
specimens are deposited. The materials were 
dried in the shade and comminuted into suitably 
sized particles for extraction. 

Extraction of Plant Material 
The methanolic extracts of the powdered plant 
parts were obtained by repeated cold maceration 
using 100g of each plant material. The extracts 
were pooled and concentrated to a syrupy mass 
under reduced pressure in a rotary evaporator. 
These extracts were then dried completely over 
silica gel in a vacuum chamber at room tempera-
ture. The dried extracts were stored in a refrigera-
tor until required for use. 
 

Biological Evaluation of the Extracts 
Human cancer cell lines, DLD-1 (colon), MCF-7 
(breast) and M14 (melanoma) were available at 
the University of Bradford. Cells were washed 
with Hanks Balanced Salt Solution (HBSS), cul-
tured in complete RPMI 1640 medium (37°C, 5% 
CO2, 95% air,  100% relative humidity), and used 
for bioasssays after the second passage but not 
beyond eight passages. Cells were grown in com-
plete RPMI 1640 medium and inoculated into 96-
well microtiter plates in 180µl medium at plating 
densities ranging from 5,000 to 40,000 cells/well 
depending on the doubling time of individual cell 
lines. After cell inoculation, the microtiter plates 
were incubated at 37°C, in an atmosphere of 5% 
CO2, 95% air and 100% relative humidity for 24 
hours prior to addition of experimental drugs. The 
experimental drugs/extracts were solubilized in 
dimethylsulfoxide (DMSO) at 400-fold the de-
sired final maximum test concentration and stored 
frozen prior to use. At the time of drug addition, 

Species and family Part tested 
Adenia lobata (Jacq.) Engl. (Passifloraceae) 
Croton membranaceus Mull. Arg. (Euphorbiaceae) 
Clerodendrum capitatum Willd. (Verbenaceae) 
Ficus asperifolia Miq.  (Moraceae) 
Garcinia kola  (Guttiferae) 
Paullinia pinnata Linn.  (Sapindaceae) 
Plumbago zeylanica Linn. (Plumbaginaceae) 
Thonningia sanguinea Vahl  (Balanophoraceae) 
Vernonia conferta  Benth. (Asteraceae) 
Zanthoxylum xanthoxyloides Lam.  (Rutaceae) 

Root 
Root 
Leaves 
Leaves 
Stem  Bark 
Root 
Leaves 
Root 
Root 
Bark 

Table 1: Species and parts of plants used in this study 

Evaluation of selected Ghanaian medicinal plants Bayor et al. 

Journal of Science and Technology, Vol. 27, No. 3, December 2007 17 



the frozen drug concentrates were thawed and 
diluted to 10-fold the desired final test concen-
trations with complete medium. The final con-
centrations of DMSO were not more than 0.1% 
(which was shown to have no effect on cell vi-
ability and growth). Aliquots, (20µl) of these 
different drug dilutions were added to the appro-
priate microtiter wells already containing cells 
and medium, resulting in the required final drug 
concentrations, while 20µl aliquots of complete 
medium were added to the blank and untreated 
control wells. Doxorubicin (adriamycin), 5-
fluorouracil and etoposide were used as positive 
control drugs. Following drug addition, the 
plates were incubated for an additional 4 days. 
After discarding the supernatant, 200µl of a 
0.1mg/ml solution of MTT [3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide) 
in saline, was added to each well, and the plates 
re-incubated for 4 hours (Carmichael et al., 
1987). Following this, the supernatants were 
discarded, the blue formazan crystals dissolved 
with 150µl of DMSO per well, and the absorb-
ance read on an automated plate reader at 
540nm. Graphical plots of percent cell growth 
compared to control culture wells against con-

centration of extract/drug were made from which 
the IC50 values for each extract/drug were ob-
tained through regression analysis of the results 
of at least five different concentrations of each 
extract/drug. At least three independent assays 
were conducted for each experimental agent. 
 
 

RESULTS AND DISCUSSION 
The effects of the plant extracts on the growth of 
the three cell lines are shown in table 2. The ex-
tract of A. lobata root, showed low cytotoxic ac-
tivities against the three cell lines used, giving 
IC50 values of 170, 230 and above 300µg/ml for 
DLD-1, MCF-7 and M14 respectively. A cyto-
toxic polyacetylene (gummiferol) was reported 
from the leaves of the related species A. gummif-
era with activity against KB human cell line and 
other human cancer cell lines (Fullas et al., 1995).  

C. membranaceus root extract exhibited activity 
on all the three cell lines. The IC50 values of the 
extract were; 16, 17.4 and 33.5µg/ml for DLD-1, 
MCF-7, and M14 respectively. Although the ac-
tivity of the extract on M14 cells (33.5µg/ml) 
differed slightly from those of DLD-1 (16µg/ml) 
and MCF-7 (17.4µg/ml), the results seem to sug-

  
Plant species/Drug 

[IC50, mg/ml ± SD] 
DLD-1 MCF-7 M 14 

Adenia lobata 
Croton membranaceus 
Clerodendrum capitatum 
Ficus asperifolia  
Garcinia kola  
Paullinia pinnata  
Plumbago zeylanica     
Thonningia sanguinea   
Vernonia conferta     
Zanthoxylum xanthoxyloides 
5-Fluorouracil 
Doxorubicin 
Etoposide 

170 ±3.5 
16.0 ±1.0 
86.5 ±5.2 
45 ±1.0 
112 ± 4.5 
52 ± 2.5 
68 ± 3.4 
40 ± 1.0 
92.5 ± 2.6 
16 ± 1.8 
1.5 ± 1.0 
0.6 ± 0.1a 
2.0 ± 1.0 

230 ±1.2 
17.4 ±1.6 
80 ± 4.0 
49 ± 3.2 
212 ±1.8 
55 ± 0.5 
84.5 ±3.8 
55 ±1.2 
235 ± 3.5 
43.3 ± 3.1 
2.5 ± 0.5 
0.4 ± 0.2a 
1.8 ± 1.4 

>300 
33.5 ± 0.5 
128 ± 2.0 
83.7 ± 1.6 
210 ± 3.7 
>100 
>100 
43.2 ± 2.0 
283 ± 1.5 
44.3 ± 1.5 
27.5 ± 1.2 
1.0 ± 1.5a 
5 ± 1.2 

a value in ng/mL 

Table 2: Cytotoxic activities of crude methanolic plant extracts and standard 
 cytotoxic drugs against DLD-1, MCF-7 and M14, cells 
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gest a general cytotoxicity and growth inhibitory 
activity against the cell lines, rather than a selec-
tive activity against DLD-1 and MCF-7. Several 
other species of Croton have been shown to have 
cytotoxic properties and a number of active 
diterpenes have been isolated including dehydro-
crotinin from the bark of Croton cajucara 
Benth., which has been reported to have antitu-
mour efficacy both in vitro and in vivo (Melo et 
al., 2004). Also, two halimane diterpenoids 
(crotohalimaneic acid and crotohalimoneic acid) 
from C. oblongifolius, have been reported to 
have potent cytotoxic activities against a panel 
of human tumour cell lines (Roengsumran et al., 
2004). 

The activity of the extract of Clerodendrum 
capitatum leaves, gave IC50 values of 86.5, 80 
and 128µg/ml against DLD-1, MCF-7 and M14 
respectively. Cytotoxic pheophorbide-related 
compounds obtained from the related species C. 
calamitosum and C. cyrtophyllum exhibited 
strong cytotoxicity against various human cancer 
cell lines as reported by Cheng et al (2001).  

The results obtained with the methanolic extract 
of Ficus asperifolia leaves, indicated modest 
activity especially against DLD-1 (45µg/ml) and 
MCF-7 (49µg/ml) and these species may merit 
further investigation especially as some other 
species of Ficus have shown interesting activi-
ties. Isolates from the leaves of F. septica exhib-
ited strong cytotoxic activity against two human 
cancer cell lines, NUGC and HONE-1 (Wu et 
al., 2002), and an extract of F. citrifolia was 
reported to modulate cancer cell multidrug resis-
tance which suggested that the latter species has 
therapeutic potential for improving the efficacy 
of cancer chemotherapy (Simon et al., 2001).  

The cytotoxic activities of Garcinia kola stem 
bark extract were weak (IC50 values of 112.5, 
212.5 and 210.8µg/ml for DLD-1, MCF-7 and 
M14 respectively), but it is possible that G. kola 
may act as a chemopreventive agent due to its 
antioxidant and scavenging properties on free 
radicals and active oxygen species (Farombi et 

al., 2002). The crude methanolic extract of the 
pericarp of G. mangostana showed potent anti-
proliferative and antioxidant activities and in-
duced apoptosis in human breast cancer (SKBR3) 
cells, exhibiting a similar potential for cancer 
chemoprevention (Moongkarndi et al., 2004a). 
Similarly, the polyphenolic compounds from the 
fruits of Garcinia strongly inhibited the growth of 
human colon cancer cells by GI/S arrest and 
apoptosis (Protiva et al., 2003). However, specific 
cytotoxicities have been reported for other species 
of Garcinia. Polyprenylated xanthonoids from G. 
gaudichaudii have been shown to exhibit signifi-
cant cytotoxicity against several cancer cell lines 
(Cao et al., 1998). Also, garcinone-E (a xanthone 
derivative) from G. mangostana, reportedly has 
potent cytotoxic effect on all human colon cancer 
cell lines as well as on other gastric and lung can-
cers (Ho et al., 2002). 

P. pinnata root extract produced activity fairly 
similar to those of F. asperifolia leaf extract, with 
IC50 values of 52, 55 and slightly above 100µg/ml 
for the respective three cell lines; DLD-1, MCF-7 
and M14. The results of the extract (especially on 
DLD-1 and MCF-7), may be sufficient to suggest 
some basis for its use traditionally. Similar inves-
tigations involving the aqueous extract of P. cu-
pana (guarana), evaluated for toxicity on Chinese 
hamster ovary (CHO) cells and bacterial cells 
(Photobacterium phosphoreum) indicated low 
cytotoxicity, requiring high doses of extract for 
cytotoxic activity (Santa et al., 1998). 
The IC50 values obtained from P. zeylanica leaf 
extract, against the three cell lines DLD-1, MCF-
7 and M14 were; 68, 84.5 and >100µg/ml respec-
tively. The low activity could however, be due to 
the fact that the cytotoxic constituents are less 
concentrated in the leaves compared to the roots, 
since plumbagin (a naphthoquinone) isolated 
from the roots is reported to have significantly 
suppressed the growth of Raji, Calu-1, HeLa and 
Wish tumour cell lines (Parimala and Sachdanan-
dam, 1993), and also exhibited anticarcinogenic 
properties (through induced tumour regression) 
against 3-methyl-4-dimethylaminoazobenzene-
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induced hepatoma in Wistar male rats (Lin et al., 
2003). 
The extract of T. sanguinea root, gave results 
with relatively similar IC50 values for all the 
three cell lines used, namely; DLD-1 (40µg/ml), 
MCF7 (55µg/ml) and M14 (43.2µg/ml). The 
extract therefore exhibited a non-selective cyto-
toxicity against the cell lines used and may be 
worthy of further investigation. This species has 
also been reported to have antioxidant activity, 
which protects against induced liver injuries and 
aflatoxin B-1-induced acute hepatotoxicity in 
rats (Gyamfi and Aniya, 1998). 
V. conferta root extract also exhibited little/low 
anticancer activity against all the three cell lines 
(IC50 values = 92.5µg/ml, 235µg/ml and 283µg/
ml for DLD-1, MCF-7 and M14 cells respec-
tively, although some other species of Vernonia 
have been reported to have cytotoxic properties. 
The water-soluble leaf extract of V. amygdalina 
was reported to be a potent inhibitor of DNA 
synthesis in MCF-7 cells (Izevbigie, 2003; 
Izevbigie et al., 2004). The activity of the V. 
amygdalina extract has been said to support the 
modulation of CYP3A4 expression in response 
to cancer treatment which is relevant to progno-
sis (Howard et al., 2003). Also, two elemano-
lides (epivernodalol and lasiopulide) isolated 
from V. lasiopus, have reportedly shown in vitro 
cytotoxicity against human cancer cell lines in 
culture (Koul et al., 2003). Similarly, the two 
novel sesquiterpene lactones, vernolide-A and 
vernolide-B, from V. cinerea have demonstrated 
potent cytotoxicity against human KB, DLD-1, 
NCI-661 and Hela tumour cell lines (Kuo et al., 
2003). 
The extract of Z. xanthoxyloides bark, showed 
some level of activity against all the three cell 
lines in the screen, with IC50 values of 16µg/ml 
(DLD-1), 43.3µg/ml (MCF-7) and 44.3µg/ml 
(M14). Therefore, the extract was 2-3 fold more 
active against DLD-1 cells than against the other 
two cell lines, giving some indication of a selec-
tive cytotoxicity. The petroleum ether extract of 
Z. rhesta (Monira et al., 2000) and the methano-

lic extract of the bark of Z. budrunga (Islam et 
al., 2001), exhibited significant toxic activity on 
brine shrimp (Artemia salina) nauplii. Also, iso-
lates from Z. pistaciiflorum (Chen et al., 2004) 
have shown effective cytotoxicities against P-388 
and HT-29 cell lines in vitro.  
In summary, the extracts of A. lobata root, C. 
capitatum leaves, G. kola stem bark, P. zeylanica 
leaves and V. conferta root, showed little cyto-
toxic activity with IC50 values of 68µg/ml or 
above. The extracts of F. asperifolia leaves, P. 
pinnata root and T. sanguinea root however, ex-
hibited moderate activities, giving IC50 values in 
the range of 40 – 55 µg/ml against at least one 
cell line. The extracts of C. membranaceus root 
and Z. xanthoxyloides bark displayed marked 
cytotoxic activities on at least one of the three cell 
lines with IC50 values from 16µg/ml to 44.3µg/
ml, with both extracts having the same value 
(16µg/ml) on DLD-1 cells. The extract of Z. 
xanthoxyloides bark indicated a rather selective 
activity towards DLD-1 cells, while the Croton 
membranaceus root extract had a general cyto-
toxic activity against all the three cell lines used 
in the screen. These results lend some support for 
the use of these species in traditional medicines 
for the treatment of cancer, especially C. mem-
branaceus and Z. xanthoxyloides; further work on 
these plants would be worthwhile. 
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Croton membranaceus is used by herbalists and traditional healers in Ghana for the management of various cancers, especially 
prostate cancers. A methanolic extract of the roots showed cytotoxic activities against two cancer cell lines, and bioassay-
guided fractionation of this extract revealed that the cytotoxic activity resided mostly in the ethyl acetate fraction. Six 
compounds were isolated from this fraction, including a new furano-clerodane diterpenoid (1), for which the trivial name 
crotomembranafuran is suggested. This compound exhibited an IC50 value of 4.1 µg/mL (10.6 µM) against human prostate 
(PC-3) cells, providing some support for the traditional use of C. membranaceus in the treatment of cancers. 
 
Keywords:  Croton membranaceus, crotomembranafuran, cytotoxicity, prostate cancer. 
 
 
 
Croton membranaceus Mull. Arg. (Euphorbiaceae) is 
among the plants used by herbalists and traditional 
healers in Ghana for the treatment and/or 
management of various cancers generally called 
“kokram” in the Twi language. The root extract is 
currently used at the Centre for Scientific Research 
into Plant Medicine (CSRPM), Mampong-Akwapem, 
in a number of dosage forms, for the treatment       
and management of prostate enlargement, as well as 
for prostate and other cancers, with indications of 
some success (Sam G. H., personal communication). 
However, the efficacies of these plant products as 
anticancer agents are ill-defined. 
 
In an earlier study [1], we evaluated the cytotoxic 
activities of the methanolic extracts of ten plant 
species against three human cancer cell lines, DLD-1 
(colon carcinoma), MCF-7 (breast carcinoma) and 
M14 (melanoma), using the MTT assay. The results 
showed that C. membranaceus root extract exhibited 
cytotoxic activities against the DLD-1 and MCF-7 
cells (IC50 = 16.0 and 17.4 µg/mL, respectively). 
These results lend some support for the use of this   
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species in traditional medicine for the treatment of 
cancer, and compound isolation was deemed 
worthwhile. In the current study, bioassay-guided 
fractionation of the methanolic extract of C. 
membranaceus root revealed that the cytotoxic 
activity resided mostly in the ethyl acetate fraction. 
Separation of this fraction using column 
chromatography resulted in the isolation of six 
compounds, including a new furano-clerodane 
diterpenoid [12-oxo-15,16-epoxy-3,13(16),14-
clerodatrien-17,18-dioic acid dimethyl ester] (1). In 
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Table 1: 1H and 13C NMR spectroscopic data (CDCl3) for 1. 
 

Position δC  mult. 3JCn→H
a δH (J / Hz) 1H–1H NOESYb 

1   18.4 CH2 10 1.50, dq (6.3, 12.2), 1α-H 
1.67, m, 1β-H 

19, 20 
8, 11 

2   27.0 CH2 1β, 10 2.20, dddd (19.7, 6.3, 4.8, 1.0), 2α-H 
2.04, m, 2β-H 

 

3 137.7 CH 1β, 2α, 2β 6.58, dd (2.8, 4.8)  
4 141.3 Cq 2α, 2β, 19   
5   37.5 Cq 1α, 1β, 10, 19, 20   
6   34.3 CH2 19 2.38, dt (13.4, 3.7), 6α-H 

1.20, dt (3.7, 13.4), 6β-H 
19 
8 

7   21.6 CH2 — 1.95, dq (3.7, 13.6), 7α-H 
1.70, dq (13.6, 3.7), 7β-H 

19, 20 

8   49.1 CH 11, 20 3.17, dd (3.7, 13.0) 6β 
9   40.4 Cq 1β, 10, 11, 20   
10   46.2 CH 1β, 2α, 11, 19, 20 2.00, dd (1.5, 12.2) 8 
11   47.7 CH2 20 2.93, s 1β, 16, 20 
12 194.3 C=O 11, 20   
13 129.3 Cq 14, 15, 16   
14 108.8 CH 15, 16 6.73, dd (0.9, 1.9)  
15 144.2 CH 14, 16 7.40, dd (1.5, 1.9)  
16 147.2 CH 14, 15 8.04, dd (0.9, 1.5) 11 
17 175.1 C=O 17-OCH3   
18 167.5 C=O 18-OCH3   
19   20.8 CH3 10 1.28, s 1α, 7α, 20 
20   19.6 CH3 10, 11 0.98, s 1α, 7α, 11, 19 
17-OCH3    51.29 CH3 — 3.60, s  
18-OCH3    51.27 CH3 — 3.65, s  

aHMBC, optimized for long range J = 8 Hz.  2J connectivities underlined; 4J, double underlined. b500 ms  mixing time. 
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Figure 1:  NOESY connectivities on (A) the α- and (B) the β-face of 1. 
 

addition, the known glutarimide alkaloid, [2,-N-     
(2-methylbutanoyl)-N-phenylethyl-glutarimide],
commonly called julocrotine, β-sitosterol, β-
sitosterol-3-O glucoside, the labdane diterpenoid 
[labda-8(17), 13E-dien-6α,15-di-O-glucopyranoside], 
commonly called gomojoside H, and DL-butane-
1,2,3,4-tetraol (DL-threitol), were isolated. The 
cytotoxic and growth inhibitory effects of these 
compounds were investigated against human prostate 
cancer (PC-3) cells.  
 
Compound 1 was isolated as a colorless semi-solid, 
readily soluble in chloroform. The mass spectrum 
(EI) gave a molecular ion peak at m/z 388 and the 
molecular formula was determined as C22H28O6 from 
accurate mass measurements.  The presence of a β-
substituted furan ring attached to a carbonyl group 
was suggested by the peak at m/z 95 (C5H3O2) in the 
mass spectrum [2]. 

The 1H NMR spectrum of 1 (Table 1), showed 
signals at δ 6.73 (1H, dd, J = 0.9, 1.9 Hz, H-14), 7.40 
(1H, dd, J = 1.5, 1.9 Hz, H-15) and 8.04 (1H, dd,       
J = 0.9, 1.5 Hz, H-16), indicating the presence of a 
furan ring, similar to that reported for 
crotocorylifuran isolated from Croton zambesicus 
[3]. Singlets at δ 0.98 (Me-20), 1.28 (Me-19), 3.60 
(OMe-17) and 3.65 (OMe-18) demonstrated the 
presence of four methyl groups, representing two 
quaternary bound methyl groups and two methyl 
esters. The 1H NMR spectrum also indicated an 
olefinic proton signal at δ 6.58 (H-3). 
 
The 13C NMR spectral data were consistent with the 
1H NMR results above. The signals at δ 147.2 (C-16), 
144.2 (C-15), 108.8 (C-14) and 129.3 (C-13) 
confirmed the 2-substituted furan ring structure. 
Other resonances at δ 19.6 (C-20) and 20.8 (C-19), as 
well as δ 51.29 and 51.27 (OMe-17 and OMe-18), 
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corresponded to the carbons of the two methyl and 
two methoxyl groups, respectively. Also, quaternary 
carbon signals at δ 167.5 and 175.1 (C-17 and C-18) 
indicated the presence of two ester carbonyl groups. 
The chemical shift of the latter suggested conjugation 
with a double bond (C-3, 4), as in crotocorylifuran 
[3]. In addition, a quaternary carbon peak at δ 194.3 
(C-12) suggested that the molecule contained a keto 
group. The 1H-1H COSY spectrum revealed the 
presence of two spin systems, H-3, 2, 1, 10 and H-6, 
7, 8, in addition to the protons of the furan ring. The 
CH3-20 signal at δ 0.98 showed a 2J H-C correlation 
with C-9 and 3J correlations with C-8, C-10 and      
C-11, thus establishing a link between the two 1H-1H 
spin systems, as well as with H-11, which showed a 
2J correlation with C-12. The CH3-19 signal at           
δ 1.28 showed a 2J H-C correlation with C-5 and      
3J correlations with C-6 and C-10 confirming the 
position of the C-19 methyl group at the ring 
junction. The remaining methylester group was 
assigned to C-8 on account of the 1H resonance of H-
8 at δ 3.17; the β-substituted furan ring was placed on 
C-11, confirmed by the observation of a NOE 
connection between H-11 and H-16 (Figure 1B).  
NOE connections were detected between CH3-20,   
H-7α and CH3-19 (Figure 1A), indicating that the two 
methyl groups have the same relative configuration, 
while connections between H-10 and H-8 are 
consistent with a trans ring junction and, therefore, 
this places the C-8 methylester in the same relative 
configuration as the 19- and 20- methyl groups 
(Figure 1B). 
 
Compound 1 was identified as the novel furano-
clerodane diterpenoid [12-oxo-15,16-epoxy-3,13(16), 
14-clerodatrien-17,18-dioic acid dimethyl ester],    
for which we propose the trivial name 
crotomembranafuran. Although this is the first report 
of 1, other furano-clerodane diterpenoids have been 
obtained from species of Croton [2, 4, 5, 6, 7]. In 
particular, 1 closely resembles 12-hydroxyhardwickic 
acid, a constituent of C. sonderianus [4] and, by 
analogy, the stereochemistry of 1 has been assigned 
as published for 12-hydroxyhardwickic acid. The 
identities of the five other compounds isolated were 
established by comparing their spectral data with 
those in the literature [8-11]. Julocrotine has 
previously been obtained from C. membranaceus [8], 
but this is the first report of β-sitosterol, β-sitosterol-
3-D-glucoside, gomojoside H and DL-threitol in this 
species. 
 

In cytotoxicity tests, 1 exhibited modest activity 
against human prostate cancer (PC-3) cells, (IC50 = 
4.1 ± 0.6 µg/mL; 10.6 µM), while the IC50 values of 
the other compounds isolated were > 5 µg/mL. In 
contrast to the crude extracts of C. membranaceus, 1 
was found to be inactive against both DLD-1 and 
MCF-7 cells (IC50 > 5 µg/mL) indicating that there 
are likely to be other cytotoxic compounds present in 
this species. 

 
Experimental  
 

General experimental procedures: 1H (600.17 MHz) 
and 13C NMR (150.91 MHz) spectra were recorded 
on a JEOL (ECA–600 NMR) spectrometer. 
Electrospray mass spectrometry (ESIMS) was 
conducted in methanol and DMSO on a Micromass 
QUATTRO Ultima (with the sample infused through 
a syringe pump). Electron-impact mass spectra 
(EIMS) and accurate mass determinations were 
conducted on a Micromass Autospec M Spectrometer 
at the Advanced Chemical and Materials Analysis 
Unit, University of Newcastle, Newcastle-upon-
Tyne, U.K. UV spectra were recorded on a Cary 400 
B10 spectrophotometer and optical rotation was 
measured on a Perkin Elmer 341 polarimeter. 
 
Plant material: Croton membranaceus root was 
collected in Mampong – Akwapem, Ghana (2004) 
and authenticated at the Centre for Scientific 
Research into Plant Medicine (CSRPM), Mampong-
Akwapem, Ghana, where a voucher specimen 
(CSRPM/011/03) has been deposited. The material 
was dried in the shade and comminuted into suitable 
particle-sized powder for extraction. 
 
Extraction and isolation: Powdered C. 
membranaceus root (500 g) was extracted with 
methanol (2.5 L) using a Soxhlet extractor and the 
extract obtained was concentrated to a syrupy mass 
under reduced pressure before drying completely 
over silica gel in a vacuum chamber at room 
temperature, thus producing a dark brown organic 
extract (15 g). The above was repeated and the 
combined dried extracts (30 g) were stored in a 
refrigerator until used further. The methanolic extract 
(25 g) was fractionated by column chromatography 
over silica gel 60 G (50 g, average particle size 5-40 
µm) (Merck) and sequentially eluted with n-hexane, 
ethyl acetate, and methanol, which were then 
concentrated under reduced pressure at 45oC to 
obtain n-hexane (2.6 g), ethyl acetate (14.4 g), and 
methanol (7.8 g) fractions. Cytotoxicity tests showed 
that the activity resided mostly in the ethyl acetate 
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fraction and column chromatography of this fraction 
eluting with n-hexane containing increasing amounts 
of ethyl acetate yielded eight fractions (FA-FH). 
Fraction FA (1.50 g) was re-chromatographed over 
silica gel eluted with n-hexane-ethyl acetate (4:1) and 
a sub-fraction FA2 further purified by repetitive 
chromatography on silica gel with n-hexane-ethyl 
acetate (4:2) to afford compound 1 (51 mg, 0.01% 
with respect to the dried plant material). Further 
column chromatography of the other fractions over 
silica gel led to the isolation of additional 
compounds, thus: FB (2.02 g) – julocrotine, (20 mg, 
0.004%), FC (2.07 g) - (β-sitosterol), (20.3 mg, 
0.0046%) and β-sitosterol-3-D-glucoside, (40 mg, 
0.008%), FD (1.56 g) - gomojoside H, (9 mg, 
0.0018%), FG (1.951 g) and FH (2.07 g) - DL-threitol, 
(132 mg, 0.026%). 
 
12-Oxo-15,16-epoxy-3,13(16), 14-clerodatrien-
17,18-dioic acid dimethyl ester (1)  
 

Colorless semi-solid. 
[α]20

D: +63.5 (c 0.22, CHCl3).  
UV (EtOH) λmax (log ε): 201 (4.11), 121 (sh) (2.98), 
248 (2.43) nm. 
1H NMR: Table 1. 

13C NMR: Table 1. 
MS (EI, 70 eV): m/z (%), 388 [M]+ (16), 357 (13), 
278 (63), 263 (42), 246 (58), 231 (100), 219 (10), 203 
(9), 187 (17), 171 (18), 159 (22), 143 (12), 119 (7), 
110 (32), 95 (46), 79 (8), 59 (6). 
HREIMS m/z calcd for C22H28O6: 388.1886 found: 
388.1901. 
 
Cytotoxicity assay: Human breast (MCF-7), colon 
adenocarcinoma (DLD-1) and prostate cancer (PC-3) 
cells were available at the Institute for Cancer 
Therapeutics, University of Bradford. Cytotoxic 
activities were assessed using the MTT method with 
a drug-cell exposure time of 96 h [12]. Doxorubicin 
was used as positive control against MCF-7 and 
DLD-1 cells with IC50 values of 73 and 80 nM, 
respectively.  Doxorubicin and 5-fluorouracil were 
used as standard anticancer agents against PC-3 cells 
and exhibited IC50 values of 10.7 µM and 1.17 µM 
respectively. 
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Summary Limited tumor penetrability of anti-cancer drugs
is recognized as one of the major factors that lead to poor anti-
tumor activity. SRJ09 (3,19-(2-bromobenzylidene)
andrographolide) has been identified as a lead anti-cancer
agent for colon cancer. Recently, this compound was shown
by us to be a mutant K-Ras binder. In this present study, the
penetrability of SRJ09 through the DLD-1 colon cancer mul-
ticell layer (MCL) was evaluated. The amount of SRJ09 that
penetrated through the MCL was quantitated by utilizing high
performance liquid chromatography (HPLC). Histopatholog-
ical staining was used to visualize the morphology ofMCL. A
chemosensitivity assay was performed to assess the anti-
cancer activity of SRJ09 in DLD-1 cells. SRJ09 was able to
penetrate through DLD-1 MCL and is inversely proportional
with the MCL thickness. The flow rates for SRJ09 through

MCL were 0.90±0.20 μM/min/cm2 and 0.56±0.06 μM/min/
cm2 for days 1 and 5, respectively, which are better than
doxorubicin. Histopathological examination revealed that the
integrity of the DLD-1 MCL was retained and no visible
damage was inflicted on the cell membrane, confirming the
penetration of SRJ09 was by diffusion. Short term exposure
(1 h) in DLD-1 cells demonstrated SRJ09 had IC50 of 41 μM
which was approximately 4-folds lower than andrographolide,
the parent compound of SRJ09. In conclusion, SRJ09 suc-
cessfully penetrated through DLD-1 MCL by diffusion and
emerged as a potential candidate to be developed as a clini-
cally viable anti-colon cancer drug.

Keywords Andrographolideanalogue .Coloncancer .Tumor
penetration . DLD-1 .Multi cell layer
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Introduction

Chemotherapy is viewed as a systemic therapy as the drug is
distributed through the circulatory system to eliminate cancer
cells, especially those that have metastasized to different parts
of the body [1].

In order to destroy the tumor cells, especially those of
clonogenic origin, also known as cancer stem cells, the drug
needs to penetrate through the tumor within its pharmacoki-
netic lifespan [2]. The inner core of solid tumor normally
contains areas which are transiently and sometimes chronical-
ly hypoxic, due to scarce supplies of blood vessels [3]. Hyp-
oxic conditions and low extracellular pH within the tumor [4]
proved to be the limiting factor that affects the efficacy of
chemotherapy, as the drug has to penetrate through blood
vessels and traverse through multiple layers of cells to reach
the inner core of the tumor. The hypoxic environment in solid
tumors is also normally associated with invasive and aggres-
sive phenotype of cancers [5].

Chemoresistance of cancer cells towards clinical anti-
cancer agents have been identified as one of the major factors
which contributes to the failure of chemotherapy, ultimately
leading to refractory to treatment in cancer patients [6]. Most
of the models proposing mechanism of resistance of cancer
cells focused on mutation or over-expression of the key me-
diator proteins in the signaling cascade such as Notch, NF-κB,
Akt and Raf [7–10]. Over-expression of cell surface receptors
such as epidermal growth factor receptor (EGFR), estrogen
receptor (ER), platelet derived growth factor receptor
(PDGFR) and insulin growth factor receptor (IGFR) have also
been identified as possible mechanisms of resistance towards
chemotherapy [11–15].

The drug efflux pumps in cancers are also critical factors
that are associated with diminished effect of chemotherapy
[16]. A perfect example of such pumps would be P-
glycoprotein (P-gp), which is widely studied and well-
defined. P-gp acts by inhibiting the accumulation of anti-
cancer drugs in cancer cells and its significance was substanti-
ated by the findings that usage of P-gp inhibitors, verapamil
successfully reversed the effect of P-gp on anti-cancer drugs in
leukaemia cell lines [17]. However, the relationship between
the P-gp and chemoresistance is not applicable on solid tumors,
whereby many clinical reports [18–20] have indicated P-gp
inhibitors failed to restore the chemoefficacy of anti-cancer
drugs in tumor expressing P-gp [21]. Interestingly, the expres-
sion of P-gp is also greatly influenced by the hypoxic and acidic
pH of the tumor microenvironment [22]. Furthermore, other
drug efflux pumps such as multidrug-resistance associated
protein 1 (MRP1) and breast cancer resistance protein
(BCRP) were also discovered as contributors towards
chemoresistance [23, 24].

Apart from the chemoresistance of cancer cells, the poor
penetrability of anti-cancer drugs in solid tumors is also one of

the factors that have contributed towards chemotherapy failure
[4]. It has been well known that drug penetration barriers exist
for some clinical anti-cancer agents that lead to diminished
efficacy of chemotherapy [3, 4, 25, 26]. For instance, doxo-
rubicin does not penetrate well through solid tumors in
exerting its anti-tumor activity. This could be explained by
the fact that doxorubicin exerts its anti-tumor activity by
generating reactive oxygen species (ROS), which required
the presence of oxygen. However, due to the hypoxic regions
that are commonly found in solid tumors, it prevented the
generation of ROS, greatly diminishing the anti-tumor activity
of doxorubicin [27]. Furthermore, acidic conditions in the
extracellular space of solid tumors decreases the anti-tumor
activity of doxorubicin; low pHwithin tumor spheres interfere
with the ability of doxorubicin to become ionized, which is
required for its anti-cancer activity [28].

3,19-(2-bromobenzylidene) andrographolide (SRJ09,
Fig. 1) is a new anti-cancer drug lead. It was derived
semisynthetically from andrographolide (AGP, Fig. 1),
the main bioactive compound isolated from the traditional
medicinal herb Andrographis paniculata [29]. SRJ09 was
selected for further evaluation upon testing against the 60
cancer cell lines of National Cancer Institute (NCI) of USA;
the compound displayed a pronounced difference in activity
compared with AGP and other semisynthetic derivatives [29].
Of particular interest was its tumor type-selectivity for breast
and colon cancers [29]. In our recent landmark study we
showed that the compound disrupts mutant K-Ras
oncoprotein activity by binding to it [30]. In this present
investigation, the penetrability of SRJ09 through the DLD-1
colon cancer multi cell layer (MCL) was evaluated to further
validate its potential as a new anti-cancer agent. In addition,
chemosensitivity of DLD-1 to AGP and SRJ09 is presented.

Materials and methods

Cell line

DLD-1 colon cancer cell line was purchased from American
Type Culture Collection (ATCC) (Manasass, Virginia, USA).

Fig. 1 Structures of AGP, SRJ09 and SRS07
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Chemicals and reagents

RPMI-1640, 0.5 % trypsin-EDTA (10X), penicillin (10,000
U/mL)-streptomycin (10 mg/mL), phosphate buffered saline
(PBS), bovine serum albumins, 3-[4, 5-dimethylthiazol-2-yl]-
2, 5-diphenyltetrazolium bromide (MTT) and Bouin’s fluid
were obtained from Sigma-Aldrich (St. Louis, Missouri,
USA). Dimethylsulfoxide (DMSO), methanol and glacial
acetic acid were supplied by Fisher Scientific (Loughborough,
Leicestershire, UK). AGP was isolated and purified from
A. paniculata [31], whereas the AGP derivatives were syn-
thesized from AGP [31].

Laboratory wares and consumables

T-75 cm2 tissue culture flasks, 10 mL serological pipettes, 96-
well flat bottom plates and Transwell-COL plastic inserts were
purchased from Corning Costar (High Wycombe, UK).
Whatman nylon membrane filters (0.45 μm) were obtained
from Whatman International Ltd (Maidstone, Kent, UK).
Disposable microtome blades, histowax and cassettes were
supplied by Leica Microsystem Nussloch GmbH (Nussloch,
Germany). Microscope slides and cover slips were purchased
from Marienfeld GmbH & Co. KG (Lauda-Konigshofen,
Germany).

Instrumentations

Leitz rotarymicrotome was purchased from Leica UK (Milton
Keynes, UK). Image analyzer used was obtained from
Seescan (Cambridge, UK). High performance liquid chroma-
tography (HPLC) systemwas supplied byWaters Corporation
(Milford, Massachusetts, USA). ZORBAX Eclipse XDB-C18
column (4.6×150 mm, 3.5 μm) was obtained from Agilent
Technologies (Santa Clara, USA). Filter holder was purchased
from Alltech Associates Incorporated (Deerfield, Illinois,
USA)

HPLC Method development

The HPLC system consisted of Waters 2695 Separation Mod-
ule equipped with autosampler and Waters 2487 Dual UV
Detector was utilized. The Empower 2 software was used for
data acquisition. The separation was performed using C-18
column operated at ambient temperature and the compounds
were detected at wavelength of 240 nm. For the assay, SRS07
was used as an internal standard throughout the HPLC anal-
ysis, as its structural and molecular weight were similar to
SRJ09. Detailed method development, stability study and
calibration curve are described in the Supplementary Methods
Section.

Cell culture

All tissue culture procedures were carried out in a sterile
environment using a Class II biohazard cabinet and asep-
tic techniques were practiced. Good cell culture practice
(GCCP) guidelines were followed during the whole pro-
cess. DLD-1 colon cancer line were maintained in RPMI
1640 culture medium, supplemented with 10 % heat-
inactivated FBS, 100 U/mL penicillin and 100 μg/mL
streptomycin. Cells were grown in 25 cm2 tissue culture
flasks and incubated in a humidified atmosphere contain-
ing 5 % CO2 at 37 °C.

A total of 2.5×105 cells in 200 μL of RPMI-1640 culture
medium were added to the top chamber of Transwell-COL
plastic insert [2]. The top and bottom chambers were separated
by a collagen-coated, microporous membrane (pore size
0.4 μm, diameter 6.5 mm, surface area 0.33 cm2). Transwell
vessels were incubated at 37 °C for 3 h to allow cells
to attach to the membrane before the addition of 2 mL
of RPMI-1640 to the bottom chamber. Cells were incubated
at 37 °C in an atmosphere containing 5%CO2 for up to 5 days
with daily changes of medium in both upper and lower
chambers.

Drug penetration assay

Medium was removed from the top chamber of the transwell
and replaced with 100 μL of medium (phenol red-free RPMI-
1640 medium supplemented with 10 % fetal calf serum)
containing SRJ09 at dose that represent peak plasma drug
concentrations in vivo, which is 30.4 μM [36]. The transwell
was then inserted into one well of a 24-well plate containing
600 μL of medium and incubated at 37 °C. At 5 min thereaf-
ter, 500 μL of medium was taken from the bottom chamber
and added to 1 mL of acetonitrile, mixed and stored at −20 °C
until required for analysis. The top chamber was replaced with
fresh 100 μL of medium containing 30.4 μM of SRJ09 and
placed in a new chamber containing 600 μL of medium. The
procedures were repeated at every 5 min for a duration of
35 min. At all stages of the process, medium in the bottom
chamber was agitated using a small magnetic stirrer. In the
case of SRJ09, drug penetration was assessed on days 1 and 5
of the growth curve in order to determine the relationship
between the thickness of the multi cell layer and the rate of
penetration. All experiments were repeated independently on
three occasions.

Sample extraction

The samples were thawed from −20 °C and injected into
HPLC for analysis. The sample extractionmethod is described
in Supplementary Methods Section.
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Data analysis

Drug concentrations in each sample were summated such that
a graph of total drug penetration against time could be plotted.
For example, drug concentrations at time point 1 were added
to drug concentrations at time point 2 in order to obtain the
total drug concentration in the lower chamber at time point 2.

Histopathological staining

At various time points, inserts were removed, fixed in Bouin’s
fluid for 1 h and washed in 70 % ethanol and left in 70 %
ethanol until processing. The membrane was detached from
the plastic insert by using sharp scalpel blade and placed in
automatic tissue processor for processing. After the process,
the membrane was embedded in paraffin wax and sectioned
(5 μm) using a Leitz rotary microtome (Leica UK, Milton
Keynes, UK). Sections were stained with haematoxylin and
eosin, and the average thickness of the multi cell layer deter-
mined by a Seescan image analyzer (Seescan, Cambridge,
UK). Three separate transwells per time point were sectioned
and the thickness of each multi cell layer was determined on
five sections from each transwell (20 measurements per
section).

Chemosensitivity assay

Briefly, DLD-1 cells were washed with PBS 2 times and
detached by incubating the cells with trypsin. The cells were
then transferred into 15mL centrifuge tubes and centrifuged at
1,200 rpm for 5 min. The cell concentration was determined
and approximately 2,000 cells in 200 μL were plated in flat
bottom 96-well plates. The plates were then incubated over-
night for the cell attachment.

On the day of treatment, 20 mM of each compound (AGP
and SRJ09) were prepared in DMSO. For 1 h exposure time
point, a final concentration range of 0.39–200.00 μM was
achieved in the culture, whereas for 96 h exposure time point,
a final concentration range of 0.039–20.00 μM was achieved
in the culture.

For 1 h treatment, the medium was removed from
each wells and replaced with 200 μL of RPMI containing
compounds (0.39 to 200.00 μM) and incubated for 1 h. The
media were removed from the wells and washed with HBSS
twice. Fresh RPMI (200 μL) was then added into each well
and incubated for 96 h. For 96 h treatment, the media
were removed from the wells and replaced with 200 μL of
RPMI containing compounds (0.039–20.000 μM) and incu-
bated for 96 h.

After 96 h of incubation, 20 μL of MTT solution
(5 mg/mL) was added into each well of plates and
incubated further for another 4 h. The supernatant was
carefully removed and 150 μL of DMSO was added into

each well to dissolve the formazan crystals formed in viable
cells. The absorbance of purple formazan was read at 550 nm
using a microplate reader and dose–response curves were
constructed to determine the IC50 values.

Statistical analysis

The data are represented as mean ± SD. Statistical Package for
Social Sciences (SPSS) version 20 was utilized for data anal-
ysis. Statistical comparisons were made using one-way anal-
ysis of variance (ANOVA). Avalue of p<0.05 was considered
to be significant.

Results

HPLC analysis

From the HPLC analysis, SRJ09 and SRJ07 had retention
times of 4.9 and 6.0 min, respectively. The stability study of
SRJ09 revealed that the compound was stable in acetonitrile,
acidified acetonitrile and phenol red free RPMI (Supplementary
data). The HPLC profiles of the compounds are described in
Supplementary data.

Tumor penetration of SRJ09

From the drug penetration assay, SRJ09 successfully penetrat-
ed through the DLD-1 MCL with different thicknesses. The
penetration of SRJ09 through the DLD-1 MCL was almost
linear in fashion (Fig. 2). The cumulative concentration of
SRJ09 that managed to penetrate through the control well was
approximately 15 μM whereas only approximately 6 μM
successfully penetrated through the DLD-1 MCL for day 1,
which is approximately 2.5 folds less when compared with
without cells (Fig. 2a). Similar trend was also observed for day
5 experiment, whereby the cumulative concentration of SRJ09
that managed to penetrate through the control well was ap-
proximately 14 μM whereas only approximately 4 μM suc-
cessfully penetrated through the DLD-1 MCL, which is ap-
proximately 3.5 folds less when compared with without cells
(Fig. 2b).

Based on these results, it was found that the penetration of
SRJ09 through the DLD-1 MCL was inversely proportionate
to the thickness of DLD-1, whereby there was approximately
2 folds difference between the cumulative concentration of
SRJ09 between day 1 and day 5 of the assay (Table 1).

The flow rate of SRJ09 was calculated based on the cumu-
lative concentration of SRJ09 obtained for days 1 and 5. The
flow rates of SRJ09 at day 1 and 5 were approximately 0.90
and 0.56 μM/min/cm2, respectively (Table 1). The difference
between the flow rates was significant and therefore, it
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can be concluded that the thickness of the DLD-1 MCL
affects the efficiency of SRJ09 penetration.

Histopathological section of DLD-1 MCL

The difference between the thicknesses of MCL at days 1 and
5 was slightly more than 2-fold (Table 1). Upon histological

examination of the samples, it was confirmed that MCL
formed on day 1, as shown in Fig. 3a (ii), whereby
nuclei of the DLD-1 cells were located at different levels
of the cells. Similarly, the thickness of the MCL at day
5 (Fig. 3b (ii)) was far greater than day 1, as indicated
by the numerous nuclei at different levels of the cells.
The integrity of the cell membrane of the DLD-1 MCL
membrane remained intact, as indicated from the smooth
surfaces of the MCL.

Chemosensitivity assay

The chemosensitivity of DLD-1 cells to AGP and SRJ09 was
assessed to characterize the compounds’ cytotoxicity profiles.
Two different exposure times were chosen, which were 1 and
96 h (Fig. 4b). The DLD-1 cells were exposed to various
concentrations for 1 h as this was approximately the time
needed for the completion of drug penetration assay.
From the results obtained, both compounds had a very
distinct cytotoxic activity (Table 2). AGP, being the parent
compound, had a weak cytotoxicity to DLD-1 cells,
with an IC50 value of approximately 151.4 μM. Whereas
SRJ09 had an IC50 value of approximately 40.7 μM,
which was approximately 4-folds less than that of AGP
(Table 2).

Discussion

Reduced blood supply to tumors has been a major reason for
poor outcome of chemotherapy. The cells that lie deep inside
the tumor are normally responsible for the recurrence of
cancer [4]. In order for the anti-cancer agents to exert
their effects, they need to penetrate deep inside the
tumor to eradicate tumor more effectively [4]. There-
fore, the ability of the clinical anti-cancer agents to
penetrate the tumor would ultimately improve the result
of the chemotherapy. However, based on the preclinical
studies, most of the clinical anti-cancer agents were
found to have poor penetrability [3]. Hence, the quest
to find a potential candidate with good anti-cancer ac-
tivities and improved tumor penetrability is on-going
and it proves to be a daunting task as not many successes
have been reported.

In the drug penetration assay, SRJ09 successfully penetrat-
ed through DLD-1MCL and its cumulative concentration was
inversely proportional to the thickness of MCL. The cumula-
tive concentration of SRJ09 could be correlated with the
thickness of the MCL, whereby an increment of 2 folds in
thickness will cause reduction of approximately 2 folds of
cumulative concentration of SRJ09 (Table 1). This is due to
the fact that an increase in the thickness of the MCL also
means that the distance of SRJ09 needs to traverse through the

Fig. 2 a Penetration of SRJ09 through DLD-1 multi cell layer at day 1
(average thickness: 15μm). b Penetration of SRJ09 throughDLD-1multi
cell layer at day 5 (average thickness: 31 μm)

Table 1 Thickness of DLD-1 MCL, cumulative concentration of SRJ09
that has penetrated throughDLD-1MCL and its flow rate on days 1 and 5

Day Thickness (μm) Cumulative
concentration (μM)

Flow rate
(μM/min/cm2)

1 13.2±1.0 7.4±2.7^ 0.90±0.20^

5 31.1±5.3* 3.1±1.1 0.56±0.06

Values represent mean ± SD of three independent experiments
* Value is significantly different (p<0.05) compared with day 1
^Values are significantly different (p<0.05) compared with day 5
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MCL becomes longer, hence less SRJ09 could penetrate
through the MCL at the end of the assay. Apart from that,
the integrity of the cell membrane of the DLD-1 MCL mem-
brane remained intact, as indicated from the smooth surfaces
of the MCL cell membrane in the micrographs, effectively
ruling out the possibility of the SRJ09 penetration was due to
damage of the MCL cell membrane. From the results, SRJ09
successfully penetrated the DLD-1 MCL without inflicting
any damage to the cell membrane integrity.

Interestingly, SRJ09 has better penetrability than doxoru-
bicin [32], a clinical anti-cancer drug. This finding could be
explained based on the lipophilicity and P-glycoprotein (P-gp)
theory. To reach the target cells which are located deep within
the tumor, anti-cancer drugs must diffuse through the extra-
vascular compartment [33]. The relationship between lipophi-
licity and plasma membrane for small molecules have been
well recognized and it is believed that lipophilic drugs or
compounds were allowed to pass through the cells by trans-
cellular transport, whereas the mode of transport of hydrophilic
drugs or compounds through the cells is limited to paracellular
transport [34]. SRJ09 is superior than doxorubicin in pene-
trating DLD-1 MCL very likely due to the fact that SRJ09 is
more lipophilic than doxorubicin, as indicated by its higher

log p value (5.5) compared with that of doxorubicin (−1.3)
[35].

In order to make an association between the penetrability
and cytotoxicity of SRJ09, the concentration of compound
that would be able to traverse the MCL for a specified time
period should be considered. The IC50 for 1 h was 40.7 μM
and therefore longer exposure would undoubtedly produce
IC50 of less than this value, as seen with 96 h. If the cells are
exposed to SRJ09 for 2 h, the concentration of compound that
would be able to traverse the MCL is approximately 36 μM
(0.9μM/min/cm2) X 120min X 0.33 cm2). This concentration
could exert cytotoxicity to cancer cells that lie deep inside the
tumor while penetrating through it within its pharmacokinetic
life span. A previous pharmacokinetic study in mice supports
this claim, whereby the availability of the compound, repre-
sented by area under the concentration versus time curve
(AUC0–2h), was found to be 37 μM.h [36].

P-gp is an ATP-dependent drug transporter which is re-
sponsible for multidrug resistance (MDR) for many clinical
anti-cancer drugs such as doxorubicin, vincristine, etoposide
[37]. P-gp reduces the therapeutic effect of the drugs by
actively pumping out doxorubicin within the cells to the
extracellular space and hence hindering the drug from

Fig. 3 a Histosection of blank transwell (i) and sample (ii) at day 1. b Histosection of blank transwell (i) and sample (ii) at day 5
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diffusing into the cells and exerting their effect [38]. P-gp was
previously found to be intermediately over-expressed in DLD-
1 cells [39] and hence this could possibly explain the reason
behind the poor penetration of doxorubicin in DLD-1 MCL
apart from being more hydrophilic.

The chemosensitivity assay of SRJ09 in DLD-1 cells was
conducted in order to evaluate the anti-tumor activity of
SRJ09 and AGP. Exposure of AGP on DLD-1 cells at the
highest concentration (200 μM) for 1 h was able to kill 50 %
of the cells at approximately 151.4 μM. However, SRJ09 was
able to achieve IC50 at much lower concentration (40.7 μM).
The possible explanation for this observation is SRJ09
is more lipophilic than AGP [40] after the hydroxyl

groups at position 3-C and 19-C of AGP were substituted
with a 2-bromobenzylidene moiety. This may have in-
creased the membrane lipid bilayer permeability of SRJ09
resulting in larger intracellular accumulation compared with
AGP, therefore reducing the time of action of SRJ09 onDLD-1
cells compared with AGP.

The enhancement of the anti-tumor activity of SRJ09 can
also be explained from the tumor biology perspective. Tumor
biology has revealed that cancer cells are known to exhibit
increased intrinsic oxidative stress. Compared with normal
counterparts, most cancer cells have inherently increased
amounts of reactive oxygen species (ROS), such as superox-
ide, hydrogen peroxide and hydroxyl radicals [41]. In the
drug penetration model, a 3D MCL has been developed
to mimic the actual tumor environment found in human
body, which is hypoxic due to scarce blood supply. These
conditions favorably create vast amount of ROS and this
has been associated with cell proliferations, metastasis,
angiogenesis and alteration of the cellular sensitivity to
anti-cancer agents [42]. The benzene ring present in SRJ09
itself is an electron-withdrawing group, which readily under-
go electrophic substitution reaction. This reaction is further
enhanced by the introduction of bromo-group at the benzene
ring, which is also an electron-withdrawing group that in-
creases the electron density of benzene ring, all of which
would increase the susceptibility of SRJ09 to undergo elec-
trophilic substitution reaction and form pharmacologically
active species [43]. This reaction could be catalyzed by the
presence of vast amount of ROS, which is normally found in
hypoxic region of tumors [44], in this case the DLD-1 MCL.

In order to correlate the potential clinical relevance of
the anticancer potential SRJ09, the characteristics of DLD-1
cell line are elaborated. This cell line is a colorectal ade-
nocarcinoma isolated from male cancer patients and staged
as Dukes’ Type C according to the Duke System [45].
According to this staging system, the cancer cells had
spread to at least one lymph node in the area near the
bowel. In addition to the metastasizing property, a few
tumor suppressor gene and oncogenes were also found to
be mutated in DLD-1 cells. Among these were p53, myc,
fos and Ras [46]. The coupling of these events made the
DLD-1 cells relatively quite resistant towards chemothera-
py. It is important to note that this tumor harbors mutant K-
Ras [47], an oncoprotein that has been suggested to be a
target of SRJ09 [30]. Taking into account of its better
tumor penetrability than doxorubicin and impressive
in vitro anti-tumor activity, SRJ09 has great potential to
be developed as an anti-cancer agent, particularly for the
treatment of colon cancer.
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Table 2 IC50 values of AGP and SRJ09 in DLD-1 cells at 1 and 96 h
time point

Compound IC50 (μM)

1 h 96 h

AGP 151.4±5.3 6.6±3.2

SRJ09 40.7±2.4* 4.5±1.5
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point for AGP

Fig. 4 a Dose–response viability curve of DLD-1 cells exposed to AGP
and SRJ09 for 1 h. b Dose–response viability curve of DLD-1 cells
exposed to AGP and SRJ09 for 96 h
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Andrographolide (AGP) is the main bioactive constituent isolated from the traditional medic-
inal,  Andrographis paniculata which contributes towards its various biological activities,
including anticancer property. In this study, a series of new AGP derivatives were semi-
synthesised and screened against the NCI in vitro 60 cell lines. From the screening results,
we  had identified SRS07 as the most potent AGP derivative, against breast and colon cancer
cell  lines. Subsequently, SRS07 was tested for its capability to induce cell cycle arrest and
apoptosis in MCF-7 and HCT116 cancer cells. SRS07 effectively induced G1 cell cycle arrest in
both cell lines and ultimately apoptosis by inducing DNA fragmentation in HCT116 cells. The
apoptotic cell death induced by SRS07 was confirmed via FITC Annexin-V double staining.
Western blot analysis of SRS07-treated HCT116 cells revealed that the compound induced
apoptosis be activating caspase 8 which in turn cleaved Bid to t-Bid to initiate cell death
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cascade. Prediction of the possible mode of action of SRS07 by utilising NCI COMPARE
analysis failed to reveal a distinct mechanism category. Hence, it is speculated that SRS07
possesses novel mechanism of action. In conclusion, SRS07 demonstrated superior in vitro
anticancer profiles and emerged as a potential lead anticancer candidate.

© 2014 Elsevier B.V. All rights reserved.

1.  Introduction

Andrographis paniculata,  commonly known as ‘king of bitters’,
is an important medicinal plant and played a significant role
in the history of traditional medicine in Asia, dating back to
its use in Ayurvedic medicine in India. This plant is widely
used in south and southeastern Asia, particularly in India, Sri
Lanka and China. AGP (Fig. 1), which is isolated from this plant,
is colourless, crystalline in appearance and has bitter taste. It
is a bicyclic diterpenoid lactone containing a !-lactone ring
connected to a decalin system via an unsaturated C12 moiety.
AGP, a major bioactive constituent, which contributes to var-
ious pharmacological activities, such as anti-inflammatory,
immunomodulatory, anti-viral, hypoglycaemic, hypotensive,
cytotoxic and cardioprotective actions (Siripong et al., 1992;
Matsuda et al., 1994; Chiou et al., 1998; Basak et al., 1999; Zhang
and Tan, 2000a,b; Shen et al., 2002; Puri et al., 2003; Woo et al.,
2008; Lee et al., 2010; Yang et al., 2010a,b; Jin et al., 2011), of A.
paniculata.  Perhaps the most important discovery, however, in
recent years regarding the pharmacological activities of AGP
was its anticancer and anti-inflammatory properties.

AGP has been reported, by us and others, to possess anti-
cancer properties in breast and colon cancer models in vivo
(Stanslas et al., 2001; Rajagopal et al., 2003). Our recent find-
ing suggested that AGP also is also active, not only against
solid tumours, but also in leukaemia by inducing cell differen-
tiation and subsequently apoptosis (Manikam and Stanslas,
2009). Many  studies have proven AGP was a potent inducer
of apoptosis in various cancer cell lines (Cheung et al., 2005;
Zhou et al., 2006; Yang et al., 2009, 2010a,b; Ji et al., 2011;
Sukumari-Ramesh et al., 2011; Wong et al., 2011), implying its
potential as a chemotherapeutic agent for cancer treatment
(Zhou et al., 2006). The anticancer property of this compound
is attributed to its ability in inducing different phases of cell
cycle arrest in different human cancer cell lines, (Li et al.,
2007; Zhou et al., 2008). Besides, anti-metastasis property of
AGP was recently reported, whereby AGP inhibits the metas-
tasis of human colorectal carcinoma Lovo cells (Shi et al., 2008,
2009; Lin et al., 2011a,b). Furthermore, AGP was also reported
to possess anti-angiogenic activity (Sheeja et al., 2007; Chao
et al., 2010; Lin et al., 2011a,b), which is an important dis-
covery as anti-angiogenesis is perceived by many,  as one of
the most promising strategies in cancer therapeutics. Various
studies have been conducted to decipher the mechanism of
action of AGP but no precise and definite conclusion can be
concluded. However, a landmark study has revealed a novel
mechanism of action of AGP, as it might act as an inhibitor of
v-Src and attenuate the ERK signalling pathway (Liang et al.,
2008). In our continuous effort to elucidate the exact molecular
target of AGP and its derivatives, we  recently made a break-
through discovery deciphering the anticancer mechanism of

these compounds, which is in part by binding the oncogenic
mutant Ras and abrogate its function (Hocker et al., 2013).
This is indeed invigorating as mutations of the Ras oncogene
products are found in 15–20% of human cancers, and more
specifically in 60–90% and 30–50% of pancreatic and colon can-
cers, respectively (Chin et al., 1999; Weinstein, 2002; Karnoub
and Weinberg, 2008).

The United States National Cancer Institute (NCI) 60 cell
line anticancer drug screen was established in the late 1980s,
as an effort to develop new generation of anticancer drugs,
with the aim of shifting the drug discovery focus from
leukaemia towards human solid tumours. The NCI 60 human
tumour cell lines consist of 9 distinct types of human tumours,
which are leukaemia, lung, colon, CNS, melanoma, ovar-
ian, renal, prostate and breast, respectively. Throughout the
entire operation of NCI anticancer drug screening, which has
spanned more  than 20 years, the work of NCI has gradu-
ally shifted from being model development and primary drug
screen operation, to a screening service for the research com-
munity worldwide. Between the years of 1999 and 2005, most
of the compounds, either synthetic or natural products, sub-
mitted to NCI for screening came from foreign academia,
which made up approximately 54% of 40,000 compounds
(Shoemaker, 2006). Through its role as a screening service
provider, NCI anticancer drug screening has identified many
novel compounds as anticancer drug leads, such as halichon-
drin B, Salicylihalamide and Bortezomib (Boyd and Paull, 1995).

With the numerous reports on the anticancer activity
of AGP, our group synthesised a variety of AGP deriva-
tives, through various chemical modifications, in order to
improve its anticancer activity (Jada et al., 2006, 2007). These
structural modifications of AGP have resulted in a substan-
tial improvement in its anticancer activities (Jada et al.,
2008). More recently, the 15-benzylidene substitution of AGP
was reported to possess anti-metastasis property in vari-
ous cancer cell lines (Wu  et al., 2013). In this paper, we
would like to report the in vitro anticancer activities of the
AGP derivatives against 60 cancer cell lines, by the NCI
screen and the possible mechanism of action of AGP and its
derivatives.

2.  Materials  and  methods

2.1.  Isolation  of  AGP  and  synthesis  of  AGP  derivatives

AGP was isolated and purified from A. paniculata and SRJ09
was synthesised from AGP as one of the starting materials
(Jada et al., 2006). The synthesis of the remaining compounds
(SRS06, SRS07, SRS11, SRS22, SRS33, SRS113) is reported in
Sagineedu (2012). The schemes and reaction conditions for the
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Fig. 1 – Structures of AGP and its semi-synthetic derivatives.

synthesis of compounds are presented in the supplementary
material.

2.2.  NCI  60  cancer  cell  lines  screen

The synthesised AGP derivatives were evaluated for their anti-
cancer activities at National Cancer Institute (NCI), Bethesda,
MD,  USA against a panel of 60 human cancer cell lines derived
from 9 cancer types (Shoemaker, 2006). The human cancer cell
lines of the cancer screening panel were grown in RPMI 1640
medium supplemented with 5% FBS and 2 mM l-glutamine.
For a typical screening experiment, cells were plated into 96-
well microtiter plates with different densities, depending on
the growth characteristics of each cell lines. After plating, the
plates were incubated at 37 ◦C, 5% CO2, 95% air and 100%
relative humidity for 24 h before the addition of experimen-
tal drugs. Two plates of each cell line were fixed in situ with
TCA, as a measurement of the cell population for each cell
line at the time of drug addition (Tz). The experimental drugs
were dissolved in dimethyl sulfoxide at 400-fold the desired
final maximum concentration and stored frozen prior to use.
The experimental drugs were tested at 5 concentrations to
evaluate their anticancer activities. Following addition of the
experimental drugs, the plates were incubated for a further
48 h under the same conditions. For adherent cells, the plates
were terminated by fixing the cells with 50 !L of cold 50% (w/v)
TCA (final concentration, 1% TCA) and incubated for 1 h at 4 ◦C.
The supernatant was discarded and plates were washed five
times with tap water and air dried. Sulphordamine B assay was
then used for assessing the cytotoxicity of the experimental
drugs. For suspension cells, the methodology was the same
except the plates were terminated by fixing settled cells at
the bottom of the wells using 50 !L of 80% TCA (final concen-
tration, 16% TCA). Using the seven-absorbance measurements
[time zero (Tz), control growth (C), and test growth in the pres-
ence of experimental drug at five concentration levels (Ti)],
the percentage growth was calculated at each of the drug

concentrations levels. Percentage growth inhibition is calcu-
lated according to the following equation:

!Ti − Tz
C − Tz

"
× 100 for concentrations for which Ti ≥ Tz

!Ti − Tz
Tz

"
× 100 for concentrations for which Ti < Tz

Three dose response parameters are calculated for each
experimental agent. Growth inhibition of 50% (GI50) is cal-
culated from [(Ti − Tz)/(C − Tz)] × 100 = 50, which is the drug
concentration resulting in a 50% reduction in the net protein
increase (as measured by SRB staining) in control cells during
the drug incubation. The drug concentration resulting in total
growth inhibition (TGI) is calculated from Ti = Tz. The LC50

(concentration of drug resulting in a 50% reduction in the mea-
sured protein at the end of the drug treatment as compared to
that at the beginning) indicating a net loss of cells following
treatment is calculated from [(Ti − Tz)/Tz] × 100 = −50. Values
are calculated for each of these three parameters if the level
of activity is reached; however, if the effect is not reached or is
exceeded, the value for that parameter is expressed as greater
or less than the maximum or minimum concentration tested.

2.3.  Cell  cycle  analysis

5 × 105 to 1 × 106 MCF-7 or HCT116 cancer cells were seeded in
25 cm2 tissue culture flasks (TPP, Trasadingen, Switzerland).
The cells were incubated overnight for cell attachment. The
cells were treated with SRS07 at 1, 3, and 10 !M for 24 and 48 h,
respectively. Control cells were treated with 0.01% DMSO  as
vehicle, which corresponded to the amount of DMSO present
in cells treated with 10 !M of SRS07. At each time point, both
the floating and adherent cells were pooled together in 1%
BSA-PBS (Sigma–Aldrich, St. Louis, MO, USA) and spun down.
The cells were further washed two times with 1% BSA-PBS
before staining with 40 !L of propidium iodide (2.5 mg/mL)
(Sigma–Aldrich, St. Louis, MO, USA) and also 20 !L of RNase
A (10 !g/mL) (Sigma–Aldrich, St. Louis, MO,  USA). The cells
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were incubated at 37 ◦C for 30 min  before being analysed for
DNA content using a FACS Calibur flow cytometer (Becton
Dickinson, USA). The DNA histograms were generated using
WinMDI 2.8 (Joseph Trotter, The Scripps Research Institute,
http://facs.scrips.edu) flow cytometry programme. For quan-
titation of percentage of cells in various phases, CylchredTM

(Terry Hoy, University of Wales, College of Medicine (UWCM))
flow cytometry software was used.

2.4.  Cell  morphology  study

3 × 104 MCF-7 or HCT116 cells were seeded in 24-well plates
and incubated for overnight. The cells were then treated
with SRS07 at 1, 3 and 10 !M for 24 h. At this time point,
the floating and attached cells were detached and pooled
together and spun down at 1200 rpm for 5 min. Control cells
were treated with 0.01% DMSO as vehicle, which corre-
sponded to the amount of DMSO present in cells treated with
10 !M of SRS07. The cells were stained with 20 !L of acridine
orange/propidium iodide (AOPI) (Sigma–Aldrich, St. Louis, MO,
USA) for 5 min  on ice. 20 !L of the cell suspension was viewed
under a fluorescence microscope and viable, apoptotic and
necrotic cells were quantified for each of the treatment groups.

2.5.  DNA  fragmentation  analysis

1 × 106 HCT116 cells were seeded in 25 cm2 tissue culture
flasks and incubated overnight for cell attachment. The cells
were then treated with SRS07 at 10 and 30 !M for 24 h. The
control cells were treated with a DMSO (Fisher Scientific,
Leicestershire, UK) concentration of 0.03% which corresponds
to the amount of DMSO present in the highest concentration
treatment group. The cells were then collected after trypsini-
sation and washed twice with PBS, followed by centrifugation
at 700 × g for 5 min. 40 !L of lysis buffer (10 mM Tris–HCl, 0.5%
Triton X-100, 20 mM EDTA, pH 7.5) was added, along with 5 !L
of 20 mg/mL  RNase (Sigma–Aldrich, St. Louis, MO,  USA), prior
to 20 min  of incubation at 37 ◦C. Then, 5 !L of 20 mg/mL  pro-
teinase K (Sigma–Aldrich, St. Louis, MO,  USA) was added to
each sample and incubated for 20 min. The DNA was pre-
cipitated by addition of 0.5× volumes of 10 M ammonium
acetate and 2.5× volumes of cold absolute ethanol before
incubating at −80 ◦C for 1 h. The DNA was pelleted by cen-
trifugation at 2600 × g for 5 min  at room temperature and
air dried briefly. The extracted DNA was dissolved in 40 !L
TE buffer (10 mM Tris–HCl, 1 mM EDTA, pH 8.0). The sam-
ples were electrophoresed on a 1.8% agarose gel containing
0.1 !g/mL ethidium bromide in TAE buffer (1×)  for 45 min  at
80 V. Ethidium bromide-stained DNA was visualised under
a UV transilluminator and photographed (Alpha Innotech,
AlphaImager, San Leandro, CA, USA).

2.6.  FITC  Annexin-V  double  staining  analysis

For confirmation of apoptosis in the cells treated with SRS07,
Annexin V-FITC apoptosis detection kit II was utilised (BD
Pharmingen, California, USA). 1 × 106 MCF-7 and HCT116 can-
cer cells were seeded in 25 cm2 tissue culture flasks and
incubated overnight for cell adherence. The cells were treated
with SRS07 at 1, 3, and 10 !M for 24 h. Control cells were

treated with 0.01% DMSO as vehicle, which corresponded to
the amount of DMSO present in cells treated with 10 !M of
SRS07. After 24 h, the cells were collected, washed twice with
cold PBS and the cell density determined (1 × 106 cells/mL).
The cells were resuspended in 1× binding buffer. For the
FITC Annexin-V staining, 100 !L of cell suspension (1 × 105

cells) was transferred into 5 mL  polystyrene round bottom
tubes (12 mm × 75 mm)  (BD Biosciences, California, USA). Five
!L of Annexin V-FITC and PI were added into the tube.
The tubes were then vortexed gently and incubated in the
dark at room temperature for 15 min. The samples were
then analysed using a FACS Calibur flow cytometer (Becton
Dickinson, Sunnyvale, USA). The data were analysed using
WinMDI 2.8 (Joseph Trotter, The Scripps Research Institute,
http://facs.scrips.edu) flow cytometry software.

2.7.  Western  blot  analysis

This assay was carried out as described previously (Jada et al.,
2008). Briefly, SRS07-treated HCT116 cells were collected in
PBS and lysed. Control cells were treated with 0.075% DMSO,
which corresponded to the amount of DMSO present in cells
treated with 7.5 !M of SRS07. The cell lysate was centrifuged
at 13,000 × g for 10 min  and the supernatant was used for
western blotting. Each sample (30 !g protein) was separated
by 10% SDS-PAGE and the protein was transferred to a nitro-
cellulose membrane, blocked overnight with non-fat dried
milk, reacted with mouse monoclonal primary antibodies
against caspase 8 (BD Biosciences, California, USA) (1:2000),
Bid (BD Biosciences, California, USA) (1:2000) or mono-
clonal anti-"-actin (Sigma–Aldrich, St. Louis, USA) (1:5000)
and washed. After reaction with horseradish peroxidase-
conjugated goat anti-mouse secondary antibody, the immune
complexes were visualised using the chemiluminescence
ECL PLUS detection reagents by following the manufac-
turer’s procedure. The reacted membrane was exposed to a
chemiluminescence detector (CHEMI-SMART-3126 WL/26MX,
Vilberlourmat, Marne la Vallee, France). Bands of interest were
analysed using Image  J software (http://rsbweb.nih.gov/ij/).

2.8.  NCI’s  COMPARE  analysis

The NCI COMPARE analysis was used to predict the probable
mechanistic categories of compounds screened in the NCI 60
cell lines. COMPARE analysis utilises in vitro anticancer data to
determine and express the degree of similarity, or lack thereof,
of mean-graph profiles generated on a similar compound or
different compounds. COMPARE searches the standard anti-
cancer agent database (171 in total) for those similar to a novel
compound and SAS (Statistical Analysis System) statistical
programme was used to determine the Pearson Correlation
Coefficient (PCC) values. Similarity in the activity pattern often
indicates similarity in mechanism of action, mode of resis-
tance and molecular structure (Jada et al., 2006).

2.9.  Statistical  analysis

Statistical analysis was performed on the data using Statistical
Package for Social Sciences (SPSS, Version 19) using one way
ANOVA.

dx.doi.org/10.1016/j.etap.2014.07.016
http://facs.scrips.edu/
http://facs.scrips.edu/
http://rsbweb.nih.gov/ij/


e n v i r o n m e n t a l t o x i c o l o g y a n d p h a r m a c o l o g y 3 8 ( 2 0 1 4 ) 489–501 493

Table 1A – Mean values of GI50 (!M) of AGP and its derivatives in NCI in vitro anticancer screening.

Cancer Compound

AGP SRS11 SRS22 SRS33 SRS113 SRS07 SRS06

Leukaemia 9.0 ± 9.0 1.4 ± 0.4 1.9 ± 0.8 2.7 ± 0.8 2.8 ± 0.3 0.4 ± 0.1 2.0 ± 1.0
NSCL 26.1 ± 8.5 7.4 ± 4.8 5.7 ± 3.8 8.9 ± 5.6 7.7 ± 5.2 1.6 ± 0.7 3.3 ± 2.4
Colon 14.2 ± 7.5 4.4 ± 3.9 2.8 ± 1.9 4.8 ± 2.3 4.3 ± 2.1 0.8 ± 0.6 1.9 ± 1.1
CNS 24.6 ± 14.4 5.1 ± 4.3 3.8 ± 3.3 7.7 ± 5.6 7.0 ± 5.5 1.5 ± 0.4 2.0 ± 0.9
Melanoma 16.1 ± 2.8 6.2 ± 3.8 6.8 ± 5.3 2.8 ± 1.3 6.7 ± 4.7 1.3 ± 0.5 1.8 ± 0.3
Ovarian 15.2 ± 6.4 5.9 ± 5.4 3.1 ± 1.4 4.6 ± 2.3 5.7 ± 3.1 1.1 ± 0.8 2.2 ± 1.1
Renal 27.7 ± 15.3 6.8 ± 4.8 3.9 ± 2.0 7.6 ± 5.9 8.0 ± 4.3 1.5 ± 0.2 2.2 ± 0.8
Prostate 29.9 ± 14.0 3.1 ± 0.1 2.6 ± 0.1 6.4 ± 3.0 10.4 ± 1.5 1.7 ± 0.1 2.0 ± 0.2
Breast 19.9 ± 10.9 4.4 ± 3.0 4.6 ± 2.5 3.1 ± 1.0 3.0 ± 0.7 1.4 ± 1.3 2.1 ± 1.1

Table 1B – Mean values of TGI (!M)  of AGP and its derivatives in NCI in vitro anticancer screening.

Cancer Compound

AGP SRS11 SRS22 SRS33 SRS113 SRS07 SRS06

Leukaemia 81.7 ± 27.3 4.1 ± 1.1 7.1 ± 4.9 12.4 ± 5.4 15.6 ± 8.2 2.0 ± 1.6 8.3 ± 2.9
NSCL 70.8 ± 24.5 19.7 ± 6.4 16.7 ± 10.3 22.5 ± 12.1 21.3 ± 8.7 4.5 ± 3.5 8.7 ± 7.3
Colon 31.7 ± 9.8 10.6 ± 7.6 7.6 ± 6.0 10.0 ± 5.1 9.5 ± 4.5 1.9 ± 1.0 5.0 ± 2.3
CNS 38.3 ± 8.8 14.9 ± 7.8 11.5 ± 7.6 17.6 ± 10.1 16.6 ± 10.6 3.4 ± 1.4 5.4 ± 4.6
Melanoma 41.0 ± 21.1 16.5 ± 7.4 18.2 ± 12.0 10.3 ± 6.0 16.1 ± 9.3 2.6 ± 1.0 3.9 ± 0.9
Ovarian 39.1 ± 19.1 15.8 ± 11.9 9.1 ± 6.2 12.1 ± 8.2 14.6 ± 11.5 2.7 ± 1.4 5.8 ± 3.5
Renal 30.5 ± 10.0 15.7 ± 9.6 9.2 ± 8.1 18.9 ± 12.9 20.5 ± 5.8 3.1 ± 0.5 5.7 ± 3.9
Prostate 89.7 ± 6.5 13.2 ± 4.2 9.4 ± 4.5 18.5 ± 6.2 26.8 ± 4.8 3.5 ± 0.7 3.9 ± 1.4
Breast 44.9 ± 23.4 17.2 ± 8.2 13.9 ± 9.7 12.3 ± 5.2 12.5 ± 3.6 2.9 ± 0.9 11.3 ± 6.4

3.  Results

3.1.  AGP  derivatives  had  improved  potency  compared
with the  parent  compound

From the NCI 60 cell lines screening, most of the derivatives
have improved potency over AGP, as indicated by the com-
parison of the GI50 values of AGP and its derivatives. The
GI50 values (Table 1A) of the derivatives ranged from 0.4 to
10.0 !M and the improvement in the potency of these deriva-
tives ranged from 3- to 23-fold compared with AGP. Among the
derivatives, SRS07 was the most potent compound, with GI50

values in the range of sub micromolar concentrations in all
the nine cancer types screened. This was followed by SRS06,
SRS22, SRS11, SRS33 and SRS113. Another parameter that can
be used as an indicator of the potency of the compound is the
TGI value. A similar pattern of results was also observed from
screening for this parameter, as all the derivatives have lower

TGI values (Table 1B) against AGP, with SRS07 being the most
potent compound followed by SRS06 and SRS22. The TGI val-
ues ranged from 3.0 to 26.8 !M. The final parameter used to
assess the potency of the compounds was LC50. Once again,
the derivatives had much lower LC50 values (Table 1C) com-
pared with their parent compound and the range of these
values ranged from 4.2 to 100.0 !M.  Interestingly, SRS06 and
SRS07, with low GI50 values, were found to have LC50 values of
more  than 100 !M in the leukaemia cell line. This important
finding suggests that these compounds do not cause death to
leukemic cells, which is highly indicative that they may  have
minimal cytotoxic effect towards normal haematological cells.
Interestingly, SRS07 was found to be more  selective towards
colon cancer cell lines at this level. The screening data could be
found in the supplementary material. For AGP, the screening
data was reported previously by Jada et al. (2007). The HCT116
and MCF-7 cells were relatively more  sensitive to SRS07 (refer
to GI50, TGI and LC50 in Fig. S6 in supplementary material).

Table 1C – Mean values of LC50 (!M)  of AGP and its derivatives in NCI in vitro anticancer screening.

Cancer Compound

AGP SRS11 SRS22 SRS33 SRS113 SRS07 SRS06

Leukaemia >100 35.1 ± 16.5 >100 >100 >100 >100 >100
NSCL >100 50.4 ± 11.4 48.9 ± 26.7 46.8 ± 17.5 56.8 ± 21.6 13.3 ± 6.9 25.5 ± 7.8
Colon 56.6 ± 7.5 33.0 ± 19.3 31.9 ± 16.4 21.4 ± 11.6 21.9 ± 17.4 4.2 ± 1.9 24.7 ± 10.5
CNS 56.6 ± 9.2 38.1 ± 13.3 33.0 ± 22.7 39.2 ± 18.8 35.8 ± 21.7 9.1 ± 6.6 15.4 ± 8.7
Melanoma 61.2 ± 12.1 39.8 ± 14.1 47.6 ± 28.9 33.2 ± 21.4 47.0 ± 22.1 5.1 ± 2.1 7.8 ± 4.4
Ovarian 53.4 ± 6.5 47.6 ± 15.6 37.0 ± 14.9 32.9 ± 16.7 39.0 ± 22.0 7.0 ± 4.4 20.8 ± 8.9
Renal 60.8 ± 19.9 37.2 ± 16.7 28.8 ± 22.5 46.2 ± 26.3 55.2 ± 19.7 7.0 ± 3.3 16.7 ± 8.8
Prostate >100 52.4 ± 28.3 44.3 ± 30.2 46.7 ± 13.5 72.2 ± 32.9 7.4 ± 2.5 10.9 ± 7.1
Breast 54.5 ± 7.5 59.8 ± 20.9 51.0 ± 21.4 56.6 ± 25.2 58.2 ± 14.6 16.6 ± 7.7 19.2 ± 8.9
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Fig. 2 – (A) DNA histogram of HCT116 cells treated with 1, 3 and 10 !M SRS07 at 0, 24 and 48 h. (B) DNA histogram of MCF-7
cells treated with 1, 3, and 10 !M SRS07 at 0, 24 and 48 h. (C) Cell cycle distribution of HCT116 cells treated with SRS07 at 24
and 48 h. (D) Cell cycle distribution of MCF-7 cells treated with SRS07 at 24 and 48 h.

Table 1D – Overall mean values of GI50, TGI and LC50 (!M) of AGP and its derivatives in NCI in vitro anticancer screening.

Parameter Compound

AGP SRS11 SRS22 SRS33 SRS113 SRS07 SRS06

GI50 20.3 ± 7.1a 5.0 ± 1.9 3.9 ± 1.6 5.4 ± 2.3 6.2 ± 2.6 1.3 ± 0.4 2.2 ± 0.4
TGI 52.0 ± 22.5a 14.2 ± 4.6 11.4 ± 4.0 15.0 ± 4.5 17.1 ± 5.1 3.0 ± 0.8 6.4 ± 2.5
LC50 71.5 ± 21.6a 43.7 ± 9.2 46.9 ± 8.7 47.0 ± 11.0 54.0 ± 15.7 18.9 ± 4.2 26.8 ± 6.2

a Values are significant for AGP compared with other derivatives

dx.doi.org/10.1016/j.etap.2014.07.016
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Hence, the subsequent preliminary experiments were per-
formed using these cell lines.

3.2.  AGP  derivatives  had  improved  selectivity
compared  with  the  parent  compound

Apart from assessing the potency of the AGP derivatives,
the NCI in vitro 60 cell line screening had also provided an
insight on improvement in selectivity of the derivatives, com-
pared with AGP, against the panel of 9 cancer cell lines.
For leukaemias, all the derivatives have improved selectivity
compared with AGP (Table 1A). Based on overall GI50 values
(Table 1D), all AGP derivatives have improved potency com-
pared with their parent compound.

3.3.  AGP  analogue  induced  G1 phase  cell  cycle  arrest  in
cancer cells

SRS07 induced G1 phase cell cycle arrest in both MCF-7 and
HCT116 cancer cells, in dose- and time-dependent manner
(Fig. 2A and B). SRS07 induced G1 cell cycle arrest effectively
at a low concentration (1 !M),  whereby the G1 DNA content
was higher in the treated cells as compared with control treat-
ment in both cell lines. At a higher concentration (10 !M),
sub-G1 population cells appeared in the DNA histogram, which
indicates the presence of apoptotic cells in both cell lines.
This effect was more  prominent at the 48 h time point, espe-
cially for HCT116 cell compared with MCF-7 (Fig. 2C and
D), as there was a tremendous increase in the sub-G1 cell
population.

3.4.  AGP  derivative  induced  apoptotic  cell  death  in
cancer cells

SRS07 induced apoptosis in MCF-7 and HCT116 cancer cells
in a dose- and time-dependent manner. From the histogram
(Fig. 3A and B), apoptotic cells began to appear in cells treated
with 1 !M of SRS07 and the percentage of apoptotic cells
increased with increasing treatment concentration in both
cell lines. The percentage of viable cells also decreased with
increasing concentration of SRS07 in both cell lines Fig. 4A and
B showed the fluorescent micrograph of MCF-7 and HCT116
cells treated with SRS07 at 10 !M for 24 h. Apoptotic cells,
stained with acridine orange, appeared as bright green fluo-
rescent in colour and were present in both cell lines of the
treatment group. DNA fragmentation, which is one of the
hallmarks in apoptosis is characterised by the appearance of
DNA fragments or “ladder: with different molecular weight
when analysed through agarose gel electrophoresis. The acti-
vation of endogenous endonucleases, such as caspases during
apoptosis, results in the cleaving of chromatin DNA into inter-
nucleosomal fragments, which in turn leads to the appearance
of a “laddering” effect in agarose gel. From the DNA fragmen-
tation analysis, HCT116 cells treated with SRS07 at 30 !M for
24 h demonstrated pronounced DNA “laddering” (Fig. 5) com-
pared with control cells, indicating apoptosis is the main mode
of cell death induced by the compound in HCT116. The apop-
totic cell death of the cells was confirmed with FITC Annexin-V
staining, whereby the percentage of apoptotic cells (Table 2,
Fig. 6A and B) showed a positive relationship with increasing

Fig. 3 – Induction of apoptosis and necrosis by SRJ09 in
MCF-7 (A) and HCT 116 (B) cells at various concentration
and time points. Results represent mean ± SD of three
independent experiments. In each experiment, three
replications were carried out.

treatment with SRS07, in both cell lines in comparison
with control. This was due to phosphatidylserine (PS) being
translocated into the outer membrane of the cells in a
dose–responsive manner, enabling the Annexin-V, to conju-
gate with FITC to bind to PS.

3.5.  SRS07  induced  apoptosis  via  activation  of
caspase  8  and  Bid

Increased level of cleaved caspase 8 was observed in 7.5 !M
SRS07-treated HCT116 cells at 12 h (Fig. 7). Similarly, cleavage
of Bid into t-Bid was also seen in the treated cells.

3.6.  Prediction  of  mechanism  of  action  of  AGP
derivatives  using  COMPARE  analyses

COMPARE algorithm compares and ranks compounds in the
order of similarity of the response of the 60-cell lines towards
the NCI standard agents. The response similarity of the com-
pound to the standard agents was expressed quantitatively in
the form of a Pearson Correlation Coefficient (PCC). A com-
pound which has a PCC value of more  than 0.6 indicates that
the compound may  have significant similarity in terms of
mechanism of action with the standard agents (Osdol et al.,
1994; Weinstein et al., 1997). From the COMPARE analysis, AGP,
as well as its derivatives, were found to have a different mode
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Fig. 4 – (A) Fluorescence micrograph of MCF-7 cells treated with vehicle control (0.01% DMSO, I) and 10 !M SRS07 (II) for 24 h.
(B) Fluorescence micrograph of HCT116 cells treated with vehicle control (0.01% DMSO, I) and 10 !M SRS07 (II) for 24 h. Viable
cell , Apoptotic cell , necrotic cell .

of action from each other, ranging from alkylating, antimitotic
and RNA/DNA antimetabolites. Table 3 displays the top three
PCC values of AGP and its derivatives which correspond to the
NCI standard agent bank. From the COMPARE analysis, AGP

and SRS07 were the only two compounds which have PCC val-
ues of more  than 0.6, as compared with other derivatives. AGP
was found to act most similarly with CCNU, which is an alkyl-
ating agent, followed by S-trityl-l-cysteine and methyl-CCNU,

Table 2 – Percentage of viable, early apoptotic and late apoptotic/secondary necrotic cells in control and SRS07-treated
HCT116 and MCF-7 cells. J1 – viable cells; J2 – early apoptotic cells; J3 – late apoptotic/secondary necrotic cells.

Concentration phase (!M)  Cell line

HCT116 MCF-7

J1 J2 J3 J1 J2 J3

Control 99.4 ± 0.1 0.5 ± 0.4 0.0 ± 0.0 99.8 ± 0.1 0.1 ± 0.1 0.0 ± 0.0
1 81.1 ± 2.5 3.9 ± 1.9 5.9 ± 2.7 82.5 ± 1.8 2.4 ± 1.7 6.1 ± 3.0
3 74.4 ± 3.7 8.6 ± 2.1 9.5 ± 2.8 81.2 ± 2.0 3.3 ± 1.2 5.6 ± 2.2
10 21.2 ± 4.5 42.9 ± 5.4 15.1 ± 3.2 39.2 ± 3.7 12.1 ± 4.5 25.5 ± 3.2
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Table 3 – COMPARE analysis of AGP and its derivatives.

Compound PCCa Standard agent Mechanism of action

AGP 0.69  CCNU Alkylating agent
0.67 S-trityl-l-cysteine Antimitotic agent
0.65 Methyl-CCNU Alkylating agent

SRS07 0.66 S-trityl-l-cysteine Antimitotic agent
0.63 Dichloroallyllawsone RNA/DNA antimetabolite
0.63 Hydrazine sulfate Unknown

SRS06 0.46 Cytembena Unknown
0.45 Largomycin Unknown
0.44 DUP785 RNA/DNA antimetabolite

SRS11 0.57 Macbecin II DNA antimetabolite
0.53 Rifamycin SV Unknown
0.49 Methyl-CCNU Alkylating agent

SRS22 0.60 Rifamycin SV Unknown
0.48 Rhizoxin Antimitotic agent
0.48 Largomycin Unknown

SRS33 0.56 Rifamycin SV Unknown
0.55 Caracemide Unknown
0.53 Macbecin II DNA antimetabolite

SRS113 0.58 Rhizoxin Antimitotic agent
0.56 Rifamycin SV Unknown
0.56 Dichloroallyllawsone RNA/DNA antimetabolite

a PCC – Pearson correlation coefficient and PCC values >0.6 are considered to indicate a significant similarity to known agents.

which are antimitotic and alkylating agents, respectively.
Meanwhile, SRS07, the most potent derivative, was found to
act in a similar manner to the antimitotic agent, S-trityl-
l-cysteine, followed by dichloroallyllawsone and hydrazine
sulphate ranked, which both, respectively, were RNA/DNA

Fig. 5 – Internucleosomal DNA fragmentation of HCT116
cells treated with 30 !M SRS07 for 24 h. Lane 1 – DNA
ladder; Lane 2 – Control; Lane 3 – DMSO control (0.01%);
Lane 4 – DMSO control (0.03%); Lane 5 – 30 !M SRS07.

antimetabolite with unknown mechanism of action. Inter-
estingly, rifamycin SV, a standard agent with an unknown
mechanism of action, appeared in the COMPARE analysis of
SRS11, SRS22, SRS33 and SRS113, suggesting that these com-
pounds may  share similarity with one another. These findings
infer that structural modification of AGP not only improves
the potency and selectivity of the derivatives, but also results
in producing different mechanism of actions than the parent
compound.

4.  Discussion

AGP was reported by various studies to possess antitumour
activities, both in vitro and in vivo models. However, some con-
cerns on potency and selectivity of the compound towards
several cancer cell lines were raised. Hence, in this study,
in order to improve its potency and selectivity as well as to
explore the structural–activity relationship (SAR), the pharma-
cophore was modified through various substitution reactions.
First, the influence of the electron-donating and electron-
withdrawing groups at different positions on benzene ring
in the benzylidene system of the new generation of benzyli-
deneandrographolides’ anticancer activities was investigated.
Secondly, the effect of 3-, 14-, and 19-O-acylation on the cyto-
toxicity of AGP analogues was also assessed. Lastly, the effect
of acetylation of C14-OH group on the potency and selectiv-
ity of the first generation of benzylideneandrographolides was
also evaluated.

From the NCI-60 cell line screening, most of our AGP ana-
logues have shown improved potency against the panel of
cell lines, particularly SRS07, which was the most potent
derivative, with GI50 values ranging from 0.8 to 1.7 !M.  In our
previous findings, the number of cell lines with GI50 values

dx.doi.org/10.1016/j.etap.2014.07.016


498  e n v i r o n m e n t a l t o x i c o l o g y a n d p h a r m a c o l o g y 3 8 ( 2 0 1 4 ) 489–501

Fig. 6 – Density plots of (A) HCT116 and (B) MCF-7 cells treated with 1, 3, and 10 !M SRS07 for 24 h. J1 – viable cells; J2 – early
apoptotic cells; J3 – late apoptotic cells; J4 – necrotic/damaged cells.

less than 1 !M for AGP and SRJ09 were 1 and 4, respectively
(Jada et al., 2008). SRJ09 was the lead anticancer compound
of our first generation AGP derivatives, whereas SRS07 was
acetylated product of SRJ09. For SRS07, the number of cell
lines with GI50 values less than 1 !M was 15, which was a
dramatic improvement in terms of potency compared with
AGP and SRJ09. From SAR analysis based on the GI50 values,
the presence of various electron-donating substituents such
as NH2, OCH3, and OSCH3 at different positions of the
phenyl ring as seen in SRS11, SRS22 and SRS113, respectively,
seemed to have increased the cytotoxicity of the analogues
compared with the parent compound. Although improvement
of potency has been observed with the analogues compared

with AGP, there was no difference in terms of cytotoxicity
among SRS11, SRS22 and SRS33, as indicated by their GI50 val-
ues ranging from 4.0 to 5.3 !M, which is very close to each
other. Encouragingly, the effect of acylation on the various
hydroxyl groups of AGP and first generation analogues seemed
to phenomenal compared with the influence of introduc-
tion of electron-donating and electron-withdrawing groups on
the benzylide moiety, as proven by the GI50 values of SRS06,
SRS07 and SRS33 which range from approximately 1.2–5.1 !M.
Among the acylated analogues, SRS06 and SRS07 stand out as
the most prominent compared with SRS33, as their GI50 values
(1.5 and 1.2 !M, respectively) are at least 15 times potent com-
pared with AGP, whereby SRS33 was approximately 4 times
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Fig. 7 – Western blot analysis of caspase 8 and Bid in 5 and
7.5 !M SRS07-treated HCT116 cells for 12 h. Lane 1: Control
cells treated with medium alone; Lane 2: Cells treated with
DMSO in medium (0.075%); Lane 3: Cells treated with 5 !M
SRS07; Lane 4: Cells treated with 7.5 !M SRS07.

more  potent than AGP. These findings provided evidence for us
that acylated derivatives are worthy for further investigation
on their anticancer properties. Indeed, from the NCI screening,
we identified SRS07 as the anticancer lead compound, as it
was selective towards breast and colon cancers cells. Hence,
SRS07 was selected for further cell cycle and apoptosis studies
in breast and colon cancer cell lines.

From the NCI in vitro screenings, GI50 values of SRS07 in
HCT116 and MCF-7 cancer cells were found to be 2.0 and
4.5 !M,  respectively (refer to Fig. S6 in the supplementary
material). Based on this information, we decided to assess the
biological responses of cancer cells when exposed to SRS07 at
a concentration range of 1–10 !M for 12–48 h period.

The in vitro anticancer profile of SRS07 was characterised by
testing its potential to induce cell cycle arrest in MCF-7 breast
and HCT116 colon cancer cells. From the cell cycle analysis,
SRS07 induced G1 phase cell cycle arrest in both cells, in a
dose- and time-dependent manner, due to the low GI50 as well
as LC50 values in both cell lines. Hence, at low concentration,
the cells were blocked at G1 phase and subsequently undergo
apoptosis. This observation was tallied with the findings in the
cell morphology study. As indicated by AOPI staining, apop-
totic cells were identified in MCF-7 and HCT116 cells treated
with SRS07. Apoptosis in the SRS07-treated MCF-7 and HCT116
cells was confirmed through the FITC Annexin-V staining,
whereby the percentage of apoptotic cells increased in a
dose dependent manner. Through this assay, we  noted that
HCT116 cells were more  sensitive towards SRS07, as compared
with MCF-7 cells. From Table 1, the percentage of apoptotic
cells in HCT116 cells treated with SRS07 at 10 !M was higher
(51.3%) as compared with SRS07-treated MCF-7 cells at same

concentration (15.3%). Interestingly, SRJ09, the parent com-
pound of SRS07 also induced G1 cell cycle in MCF-7 cells.
However, no cell cycle study of SRJ09 has been done in HCT116
cells (Jada et al., 2008).

Western blot analysis revealed that 12 h treatment with
SRS07 induced apoptosis in HCT116 cells via activation of
caspase 8 and Bid, suggesting that SRS07 is a fast acting com-
pound in inducing apoptosis. This is very likely be due to
acetylation of SRS07 increased the lipophilicity of the com-
pound, leading to larger intracellular accumulation of the
compound and hence, swift acting time. It has been well
established that caspase 8 mediates Bid cleavage to t-Bid and
subsequently t-Bid induces mitochondria alteration (Li et al.,
1998), leading to cell death cascade.

Numerous anticancer activities of AGP have been reported
over the last decade. AGP was previously reported to induce
apoptosis in cancer cells via an extrinsic pathway, through
the activation of Bid and Bax, which are pro-apoptotic Bcl-2
proteins (Cheung et al., 2005). A recent study has found that
AGP has synergistic effects with the clinical standard anti-
cancer drug, by enhancing doxorubicin-induced apoptosis in
cancer cells through the suppression of JAK-STAT3 signalling
pathway (Zhou et al., 2010); suggesting AGP can be used in
combination with chemotherapeutic agents to enhance the
cell-killing effect. Additionally, AGP was reported to be a novel
radio-sensitising agent, as the compound was able to sensi-
tise Ras-transformed cells to radiation, both in vitro and in vivo,
through the suppression of Akt and NF-"B signalling pathways
(Hung et al., 2010).

Despite their promising in vitro anticancer activities, the
underlying mechanism of action of AGP and its derivatives
have yet to be elucidated. Hence, we utilised the NCI’s COM-
PARE analysis to predict the mechanism of action of these
compounds. A self organising anticancer map  grouped the
tested agents into regions which share the same pattern of
growth inhibition. This will reflect the molecular targets and
possibly mechanisms of action. However, the exact mecha-
nism of action of the compound cannot be predicted using
COMPARE analysis.

COMPARE analysis indicated AGP could possibly act as
alkylating agent or antimitotic agent. As such, the exact
mechanism of action of AGP is inconclusive. Our previous
finding of AGP through the Self Organizing Anticancer map
(SOM) anticancer map  also revealed that AGP resides in the
region Q which has yet to be assigned with possible molec-
ular targets (Jada et al., 2008). This is further supported
by findings of Liang and colleagues, whereby AGP was first
time reported to inhibit v-Src and subsequently attenuate
ERK signalling pathway in cancer cells (Liang et al., 2008).
Furthermore, AGP was also reported to regulate receptor
trafficking by down-regulation of epidermal growth factor
receptor (EGFR) and by affecting the degradation of EGFR
and transferring receptor in A-431 epidermoid cancer cells
(Tan et al., 2010). Similarly, COMPARE analysis of SRS07 was
also inconclusive. From the SOM anticancer map  (Jada et al.,
2008), SRJ09 was also located in the same region as AGP,
which indicated that AGP and SRJ09 have similar novel mode
of action. Hence, we  a have strong reason to believe SRS07
acts via novel molecular target as it was derivatized from
SRJ09.
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In conclusion, AGP derivatives, especially SRS07, showed
promising in vitro anticancer activities by inducing G1 phase
cell cycle arrest, eventually leading to cell death via apopto-
sis by activating caspase 8 and Bid in cancer cells. All of these
strongly suggest SRS07 is a potential lead anti-cancer agent.
Moreover, AGP and its derivatives were postulated to have
novel molecular target or mechanism of action, thus further
studies are warranted to elucidate the underlying molecular
action of AGP and its derivatives.
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a b s t r a c t

Cannabinoids have been used for many centuries to ease pain and in the past decade, the endocannabinoid
system has been implicated in a number of pathophysiological conditions, such as mood and anxiety dis-
orders, movement disorders such as Parkinson's and Huntington's disease, neuropathic pain, multiple
sclerosis, spinal cord injury, atherosclerosis, myocardial infarction, stroke, hypertension, glaucoma, obesity,
and osteoporosis. Several studies have demonstrated that cannabinoids also have anti-cancer activity and as
cannabinoids are usually well tolerated and do not produce the typical toxic effects of conventional che-
motherapies, there is considerable merit in the development of cannabinoids as potential anticancer
therapies. Whilst the presence of psychoactive effects of cannabinoids could prevent any progress in this
field, recent studies have shown the value of the non-psychoactive components of cannabinoids in activating
apoptotic pathways, inducing anti-proliferative and anti-angiogenic effects. The aforementioned effects are
suggested to be through pathways such as ERK, Akt, mitogen-activated protein kinase (MAPK) pathways,
phosphoinositide 3-kinase (PI3K) pathways and hypoxia inducible factor 1 (HIF1), all of which are important
contributors to the hallmarks of cancer. Many important questions still remain unanswered or are poorly
addressed thus necessitating further research at basic pre-clinical and clinical levels. In this review, we ad-
dress these issues with a view to identifying the key challenges that future research needs to address.

& 2016 Elsevier B.V. All rights reserved.
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1. Introduction

It is known that cannabinoids, the active components of Can-
nabis sativa, act by mimicking the endogenous substances (the
endocannabinoids anandamide and 2-arachidonoylglycerol (2-
AG)) by activating specific cell-surface cannabinoid receptors
(Devane et al., 1992). Currently, the cannabinoid receptor ligands
are generally divided into three main categories known as phy-
tocannabinoids, endogenous cannabinoids and synthetic canna-
binoids (Fig. 1). After the clarification of the chemical structure of
(-)-Δ9-tetrahydrocannabinol (Δ9-THC) which is the primary psy-
choactive component of the cannabis plant (Gaonia and Mechou-
lam, 1964a, 1964b), other chemically related terpenophenolic
compounds were identified in Cannabis sativa, including canna-
bichromene (CBC) (Gaoni and Mechoulam, 1966) and cannabigerol
(CBG) (Gaoni and Mechoulam, 1964c). Although the pharmacology
of most of the cannabinoids is unknown, Δ9-THC is the most
widely studied owing to its high potency and abundance in can-
nabis (Pertwee et al., 2010). Among the herbal cannabinoids, other
relevant plant-derived cannabinoids include Δ8-THC, which is al-
most as active as Δ9-THC but less abundant and cannabinol (CBN),
which is produced in large amounts but is a weak cannabomimetic
agent. Cannabidiol (CBD), CBG and CBC are devoid of psychoactive
potential. The chemical structures of some cannabinoids are
shown in Fig. 1.

So far, two cannabinoid-specific receptors CB1 and CB2 have
been cloned and characterized from mammalian tissues (Howlett
et al., 2002). Mouse CB1 receptor and CB2 receptor share 66%
overall homology and 78% in the transmembrane region (Shire
et al., 1996). Human CB1 receptor and CB2 receptor share an overall
homology of 44%, and 68% in the transmembrane region respec-
tively (Munro et al., 1993). Homology (96%) has been reported
between human and mouse CB1 receptor (Chakrabarti et al., 1995),
whilst human and mouse CB2 receptors share 82% homology
(Shire et al., 1996). Many central and peripheral effects have been
associated with the activation of CB1-receptors (Matsuda et al.,
1990; Munro et al., 1993; Pertwee, 2006; Pertwee et al., 2010). The
CB2 receptor, originally thought of as being exclusively present in
the immune system, is highly expressed in B and T lymphocytes,
macrophages and in tissues such as the spleen, tonsils and lymph
nodes (Herkenham et al., 1991; Howlett et al., 2002; Porter and
Felder, 2001; Pertwee et al., 2010). Recently CB2 receptors have
been shown to be also located in the brain stem (Van Sickle et al.,
2005). Further studies using CB1 knockout mice demonstrated that
CB1 receptors are involved in a variety of different behavioural
disorders such as depression, anxiety, feeding and cognition as
well as pain at the peripheral, spinal and supraspinal levels (Val-
verde et al., 2005). Such studies using CB1 knockout mice also
revealed the interactions between different systems such as
opioids, gamma aminobutyric acid (GABA) and cholecystokinin
(CCK) via CB1 receptors (Valverde et al., 2005). CB2 knockout mice
have also been developed and revealed/confirmed the involve-
ment of CB2 receptors in a variety of different systems such as
immune system, inflammation, apoptosis, chemotaxis, bone loss,

liver disorder, pain and atherosclerosis (Buckley, 2008).
Both CB1 and CB2 receptors are metabotropic and belong to the

G-protein coupled receptor family (Howlett et al., 2002). Activa-
tion of CB1 and CB2 receptors stimulates cellular signalling via
alpha subunit of G protein (Gi/o), leading to inhibition of adenylate
cyclase and the subsequent activation of many other pathways
such as mitogen-activated protein kinase (MAPK) pathways,
phosphoinositide 3-kinase (PI3K) pathways, modulation of ion
channels (through CB1 receptors), protein kinase B (Akt), ceramide
signalling pathways in tumour cells and modulation of cycloox-
ygenase-2 (COX-2) signalling pathway (Demuth and Molleman,
2006; Galve-Roperh et al., 2000; Glass and Northup, 1999; Guz-
man et al., 2001; Qamri et al., 2009).

There is also pharmacological evidence that non-CB1 and non-CB2
receptors mediate the actions of cannabinoids located in the brain
(Breivogel et al., 2001; Di Marzo et al., 2000). The hypothesis that
putative CB3 or non-CB1/CB2 receptor exist is supported by the fact that
some of the anandamide (AEA)-mediated effects were neither in-
hibited by selective CB antagonists nor fully abolished in knockout mice
lacking CB1 receptors (De Petrocellis and Di Marzo, 2010). Recent ad-
vances suggest, at least for AEA, that the transient receptor potential
vanilloid 1 receptor (TRPV1) channel may be considered as the “third”
receptor involved in endocannabinoid signalling (Di Marzo et al., 2001;
Ross, 2003). For example, it has been shown that the endocannabinoids
exert their apoptotic effect by binding to TRPV1, a non-selective cation
channel targeted by capsaicin, the active component of hot chilli pep-
pers (Smart and Jerman, 2000). However, the precise role of this re-
ceptor in cannabinoid signalling is still unclear and this uncertainty
extends into the cancer field where its potential role in cancer biology
(proliferation and migration of cancer cells) and cancer pharmacology
(resistance to chemotherapeutic agents) needs further investigation
(Lehen'kyi and Prevarskaya, 2011; Liberati et al., 2013). Evidence also
exists supporting a role for peroxisome proliferator-activated receptors
(PPARs) in the actions of cannabinoids (Sun and Bennett, 2007). More
recent studies have provided evidence for the interaction of cannabi-
noids with the orphan receptors such as G protein receptor 55 (GPR55)
(Andradas et al., 2011; Pineiro et al., 2011). Thus in addition to CB1 and
CB2 receptors other targets might be involved in mediating an effect to
cannabinoids and endocannabinoids.

The potential of cannabinoids to alleviate pain has been re-
cognised for many centuries. The antinociceptive actions are
mediated via both the CB1 and CB2 receptors (Pacher et al., 2006).
This does not negate a role for other receptors such as TRPV1,
transient receptor potential cation channel A1(TRPA1), orphan
GPCR (i.e. GPR55) or PPAR-γ (Maione et al., 2006, 2013; Perez-
Gomez et al., 2013; Moreno et al., 2014). For a long time, the de-
velopment of cannabinoids as anticancer agents has been re-
stricted to two therapeutic avenues (antiemetic and analgesic).
They have therefore been evaluated in terms of palliative care as
cannabinoids can play an important role in the relief of pain,
nausea, vomiting, and stimulation of appetite in cancer patients.
However, the involvement of CB receptors in pain and their use in
the palliative care in cancer patients are not the focus of this re-
view. In the present review, the aim is to focus on the anti-tumour
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effects of cannabinoids, identify potential mechanisms by which
cannabinoids induce anti-tumour effects and discuss the potential
and challenges for the future development of this class of
compound.

2. Anti-tumour effects of cannabinoids

Whilst cannabinoids exert palliative effects in cancer patients
by preventing nausea, vomiting and pain and by stimulating ap-
petite, they have also been shown to inhibit the growth of tumour
cells in culture and animal models by modulating key cell-sig-
nalling pathways. In 1975, Munson and collaborators were the first

to report the anti-proliferative properties of cannabis compounds
(Munson et al., 1975). They showed that Δ9-THC inhibits lung-
adenocarcinoma cell growth in vitro and after oral administration
in mice. It was not until the late 1990s however that further stu-
dies on the anti-cancer effects of cannabinoids were carried out.
Several plant-derived (for example, Δ9-THC and CBD), synthetic
(for example, WIN-55, 212–2 and HU-210) and endogenous can-
nabinoids (for example, AEA and 2-AG) are now known to exert
anti-proliferative actions on a wide range of tumour cells in vitro
(Guzman et al., 2002). The involvement of CB1 and/or CB2 re-
ceptors in the anti-tumour effects of cannabinoids has been shown
by various biochemical and pharmacological approaches, in par-
ticular by determining cannabinoid-receptor expression and by

Phytocann
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HU 210     
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D)   
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Fig. 1. Chemical structures of some cannabinoids.
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using selective cannabinoid-receptor agonists and antagonists
(Guzmán, 2003; Sarfaraz et al., 2008; Pisanti et al., 2013 ;Velasco
et al., 2012). Such studies have shown that cannabinoids can
prevent proliferation, metastasis, angiogenesis and exert pro-
apoptotic effects in a variety of cancer cell types such as lung,
breast, prostate, skin, intestine, glioma, lymphoma, pancreas and
uterus (Blazquez et al., 2006; Carracedo et al., 2006b; Casanova
et al., 2003; Cianchi et al., 2008; Galve-Roperh et al., 2000; Guz-
mán, 2003; Pacher et al., 2006; Sánchez et al., 2001a, 2001b). Si-
lencing CB2 receptors with specific small interfering RNA (siRNA)
in prostate cancer cells (PC-3) revealed the involvement of CB2
receptors in the growth inhibition of prostate cancer cells (Olea-
Herrero et al., 2009) via stimulation of autophagy. Cannabinoid-
induced AMPK activation of autophagy was also confirmed in vivo
(Vara et al., 2011). The over expression of cannabinoid receptors
and elevated endocannabinoid levels have also been reported in a
variety of different cancer types such as prostate, skin, hepato-
cellular carcinoma, colon, endometrial sarcoma, glioblastoma
multiforme (GBM), meningioma and pituitary adenoma (see Ta-
ble 1) (Blazquez et al., 2006; Xu et al., 2006; Pisanti et al., 2013).
CB1 receptors are also up-regulated in Hodgkin lymphoma cells
and also in chemically induced hepatocarcinoma (Benz et al., 2013;
Mukhopadhyay et al., 2015). Also the expression of CB1 and CB2
receptors was found to increase in mantel cell lymphoma and fatty
acid amide hydrolase (FAAH) expression was reduced when
compared to non-malignant B-cells (Islam et al., 2003; Ek et al.,
2002; Wasik et al., 2014). It has also been shown in both the
mouse model of metastatic melanoma and in humans that the
circulating endocannabinoid levels have been associated with an
increase in disease progression (Sailler et al., 2014). Indeed many
reports have shown that an increase in the level of en-
docannabinoids and their receptors correlates with tumour ag-
gressiveness (Malfitano et al., 2011) and that cannabinoids can
inhibit the growth of xenograft tumours (Blazquez et al., 2006;
Carracedo et al., 2006b; Sánchez et al., 2001a).

In neoplastic cells cannabinoids have also been shown to in-
hibit angiogenesis and directly initiate apoptosis or cell cycle ar-
rest (Blazquez et al., 2006; Carracedo et al., 2006b; Sánchez et al.,
2001a). Other studies have shown the ability of cannabinoids to
affect cellular signalling pathway/s essential for cell survival and
growth (Bifulco et al., 2008; Kogan, 2005). Some studies have also
demonstrated and suggested the involvement of autophagy in the
mechanism of cannabinoid-induced cytotoxicity (Armstrong et al.
2015; Vara et al., 2011; McAllister et al., 2015). Cannabinoids have
also been reported to inhibit nerve growth factor (NGF)-induced

proliferation of PC-3 cells (Melck et al., 2000) through interaction
with CB1 receptors and synthetic endocannabinoid-vanilloid hy-
brids via stimulation of TRPV1 channels. However, other studies
demonstrate that cannabinoid-induced anti-tumour activity was
only marginally dependent upon the interaction between canna-
binoid and TRPV1 receptors (Massi et al., 2004; Torres et al., 2011;
Vaccani et al., 2005). On the other hand, cannabinoids have also
been shown to actively induce apoptosis in these cells via a CB1
receptor-independent mechanism as the Δ9-THC-induced apop-
tosis was not reversed by the CB1 receptor antagonist, SR141716
(Ruiz et al., 1999).

The effects of cannabinoids in modulating cell cycle and sig-
nalling pathways are diverse (Fig. 2) and may depend on the type
of tumour cells. Whilst there is evidence showing that some
cannabinoids induce anti-proliferative effect on tumour cells in
vitro (Hart et al., 2004; White et al., 1976; Velasco et al., 2015),
there is evidence to suggest that the effects may depend upon the
disease context with differential effects seen in different tumour
types. The subsequent sections focus specifically on the evidence
of cannabinoid induced anti-tumour effects in specific cancer
types with the aim of exploring the mechanism of action of non-
psychoactive components of cannabinoids in a disease specific
context.

3. Cannabinoids and breast cancer

The first report on the antineoplastic property of cannabinoids
in breast cancer are in the late 1990s, when it was shown that pre-
treatment with the endocannabinoid anandamide inhibited pro-
lactine- and nerve growth factor-induced proliferation of two
hormone-sensitive, estrogen and progesterone (ERþ/PRþ) breast
cancer cell lines (EFM-19 and MCF-7 cell lines). In this case,
treatment reduced the levels of prolactin receptor (PRLr) and
nerve growth factor receptors via CB1 receptor activation. Thus,
the inhibition of adenylyl cyclase activity that in turn induced
prolonged activation/stimulation of the RAF1-MEK-ERK cascade,
leads to a down-regulation of the PRL receptor and levels of TrkA
NGF receptors (De Petrocellis et al., 1998; Melck et al., 2000, 1999).
Of interest, other studies showed that in both MCF-7 cells and
tamoxifen-resistant MCF-7 (TAMR-MCF-7) tumour cells, anti-an-
giogenesis effects exerted by novel synthetic hexahydrocannabinol
analogueues was through the suppression of VEGF (Thapa et al.,
2011). It should be noted that both MCF-7 and TAMR-MCF-7 cells
have shown a strong association between enhanced VEGF

Table 1
Tumours, which are sensitive to cannabinoid-induced growth inhibition.

Tumour type Experimental system Effect Receptor Ref.

Lung carcinoma In vivo (mouse) Decreased tumour size N.D. Munson et al. (1975)
In vitro (isolated lewis lung cells) Cell-growth

inhibition
Glioma In vivo (mouse, rat) Decreased tumour size CB1, CB2 Galve-Roperh et al. (2000), Sánchez et al. (2001a) and Ja-

cobsson et al. (2000)In vitro (C6 glioma cells) Apoptosis
Thyroid epithelioma In vivo (mouse) Decreased tumour size CB1 Bifulco et al. (2001)

In vitro (KiMol cells) Cell-cycle arrest
Lymphoma/leukaemia In vivo (mouse) Decreased tumour size CB1/CB2 McKallip et al. (2002) and Gustafsson et al. (2006)

In vitro (MCL cells; Jurkat cells; Molt-4 cells;
Sup-T1 cells)

Apoptosis

Skin carcinoma In vivo (mouse) Decreased tumour size CB1, CB2 Casanova et al. (2003)
In vitro (PDV.C57 cells; HaCa4 cells) Apoptosis

Uterus carcinoma In vitro (HeLa cells) Cell-growth inhibition N.D. Mon et al. (1978), Blevins and Smith (1980)
Breast carcinoma In vitro (MCF-7 cells) Cell-cycle arrest CB1 DE Petrocellis et al. (1998), Melck et al. (2000)
Prostate carcinoma In vitro (LNCaP cells; DU-145 cells; PC3 cells) Apoptosis CB1/CB2 Mimeault et al. (2003), Melck et al. (2000), Ruiz et al. (1999),

Sarfaraz et al. (2005)
Neuroblastoma In vitro (CHP100 cells) Apoptosis Trpv1 Maccarrone et al. (2000)

N.D., not determined; TRPV1, type 1 vanilloid receptor.
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production and more aggressive phenotype (Kim et al., 2008,
2009). The anti-angiogenesis activity afforded by the novel syn-
thetic cannabinoids were shown to be independent of CB1 and CB2

receptor activity and through an inhibition of NF-κB transcrip-
tional activity which in turn plays an important role in VEGF
regulation and angiogenesis (Thapa et al., 2011). Further studies
demonstrated that the proliferation of EVSA-T, a hormone-sensi-
tive (ER!/PRþ) breast cancer cell line, was also inhibited by TCH
via CB2 receptor activation. This caused the activation of the
transcription factor JunD, the up-regulation of gene expression
and subsequent translocation of protein to the nuclear compart-
ment (Caffarel et al., 2008). Thus, it seems that cannabinoids do
activate many cell-specific pathways, however not all pathways
are simultaneously stimulated (Fig. 3). In addition to their anti-
mitogenic property, cannabinoids have been also shown to play a

role in hormone-sensitive breast cancer cell migration and inva-
sion. Specifically, CB2 has recently been found to modulate breast
tumour growth and metastasis by inhibiting signalling of the
chemokine receptor CXCR4 and its ligand CXCL12 in both in MCF7
overexpressing CXCR4 and NT2.5 injected immune-competent
syngenic FVB mice (Nasser et al., 2011). However, other studies
showed that Δ9-THC enhanced breast cancer growth and metas-
tasis although specifically in cells expressing low levels of canna-
binoid receptors (i.e. mouse mammary carcinoma 4T1 cells) by
suppressing the antitumour immune response (McKallip et al.,
2005). Such studies showed that exposure to Δ9-THC led to an
increase in the level of cytokines such as IL-4 and IL-10, suggesting
that Δ9-THC exposure may specifically suppress the cell-mediated
Th1 response by enhancing Th2-associated cytokines (McKallip
et al., 2005). Among the hormone-sensitive histopathological
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Fig. 2. Schematic representation showing some examples of pathways activated following the activation of cannabinoid receptors.

     Agonists/endocannabinoids binding at cannabinoid receptors 

CC 

NN 

cAMP                    erbB           Ras                                   loss in Cdk2 activity              Cox-2            Chk1 activation and             
                              Cdc25A proteolysis 

PKA                   RAF1                                                                    p2/waf                      PGE2                       dephosphorylation 
                                    through RAF1/MEK/ERK            cyclin E/Cdk2 kinase                                                of Thr14/Tyr15                                            
                                    cascade activation 

MAPK                   PRL and trk level                                                                                                   prevention of Cdk2 activation 
activation 

Anti-proliferative 
effect 

Anti-proliferative 
effect at the S 

phase 

Angiogenesis 
& apoptosis 

Cell arrest in S phase of 
the cell cycle 
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subtypes, it should be mentioned that in breast tumours that ex-
press the tyrosine kinase receptor HER2, cannabinoids have been
shown to be very effective. In fact, in addition to the correlation
between tumour aggressiveness and CB2 receptor expression in
breast cancer, a significant correlation between CB2 receptor and
ErbB2 has been recently demonstrated (Caffarel et al., 2010). In
particular, this study showed that the selective agonist JWH-133
was as effective as Δ9-THC (a CB1/CB2-mixed agonist) in reducing
tumour growth and progression through inhibition of the pro-
tumourigenic kinase Akt pathway. Moreover, in vivo studies re-
ported that Δ9-THC was efficacious in reducing tumour growth,
tumour number, and the amount/severity of lung metastases in
MMTV-neu mice (Caffarel et al., 2010).

Another group of clinically important breast tumours are triple-
negative tumours. These tumours are characterized by the total
lack of expression in ER, PR or HER2. Numerous pieces of evidence
both in vitro and in vivo, demonstrate that cannabinoids (acting
through a plethora of different mechanisms) can be considered as
promising candidates for the treatment of ER!/PR!/HER2! breast
cancer. The metabolically stable anandamide analogueue (Met-F-
AEA), significantly affected adhesion and migration of both the
highly invasive human breast carcinoma cell line (MDA-MB-231)
and murine breast cancer cell line (TSA-E1) by reducing FAK tyr-
osine phosphorylation/activation and Src phosphorylation via CB1
receptor (Grimaldi et al., 2006). Interestingly, the same group re-
ported that pre-treatment with SR141716 could also inhibit tu-
mour growth or induce apoptosis possibly through an inhibition of
ERK1/2 signalling in lipid rafts and caveolae (Sarnataro et al.,
2006). Both are highly implicated in tumour growth and metas-
tasis in breast cancer (Sloan et al., 2004; Williams et al., 2004).
Later studies reported an over- expression of cannabinoid re-
ceptors in primary human breast tumours compared with normal
breast tissues, as well as in breast cancer cell lines MDA–MB231
and MDA–MB468 (Qamri et al., 2009). Such studies have shown
that stimulation of both CB1 and CB2 receptor by their agonists,
WIN-55,212–2 and JWH-133, respectively inhibited cell prolifera-
tion and migration in breast cell lines. The results were in line with
in vivo findings where in mammary gland tumours in the polyoma
middle T onco-protein (PyMT) transgenic mice model, a geneti-
cally engineered model of triple negative breast cancer, WIN-
55,212–2 or JWH-133 showed a reduction in tumour growth and
lung metastasis. Inhibition induced by the agonists was sensitive
to antagonism by CB1 and CB2 antagonists AM 251 and SR144528,
suggesting involvement of CB1 and CB2 receptors.

In terms of signal transduction pathways, cyclooxygenase-2
and prostaglandin E2, via the regulation of GTPases and tran-
scription factors, have been implicated in the action of cannabi-
noids on breast cancer growth and metastasis (Qamri et al., 2009).
Such studies also reported a significant reduction in angiogenesis
(CD31 staining) and attenuation of proliferation (Ki67 staining). A
reduction in the level of Cdc42 activity and nuclear expression of
transcription factors c-Jun and c-Fos in MDA–MB231 cells were
also reported (Qamri et al., 2009).

The involvement of CB1 as well as TRPV1 receptors on the in-
vasiveness of MDA-MB-231 cells has been recently discussed. Se-
lective agonists were shown to reduce cell invasion and accord-
ingly MMP-2 expression (Farsandaj et al., 2012). In addition, a
down-regulation of vascular endothelial growth factor and con-
comitantly over-expression of COX-2 were also reported (Farsandaj
et al., 2012). In addition, phytocannabinoids were shown to be as
effective as synthetic compounds (Ligresti et al., 2006). Particu-
larly, CBD was reported to be effective at inhibiting cell prolifera-
tion of both hormone-sensitive (MCF-7 ) and hormone-negative
(MDA-MB-231) cells showing a combination of cell type depen-
dent mechanisms of action which include either direct or indirect
activation of CB2 and TRPV1 receptors and induction of oxidative

stress, all contributing to induce apoptosis. The efficacy of CBD was
also corroborated with in vivo data in athymic mice injected with
human MDA-MB-231 breast carcinoma cells (Ligresti et al., 2006).
Indeed, it was also shown that in MDA–MB231, a human breast
cell line, CBD induced endoplasmic reticulum stress, inhibition of
AKT/mTOR pathway, and up-regulation of autophagy-mediated
cell death (Shrivastava et al., 2011). Recent studies indicated an
anticancer activity induced by a quinone/cannabinoid derivative
through the activation of CB2 receptors and oxidative stress me-
chanism to induce apoptosis in triple-negative breast cancer, a
highly aggressive type of breast cancer (Morales et al., 2015). Other
recent studies indicated that CBD significantly inhibits epidermal
growth factor (EGF)-induced proliferation and chemotaxis of
breast cancer cells. In addition, it was shown that CBD inhibits
EGF-induced activation of EGFR, ERK, AKT and NF-kB signalling
pathways as well as MMP2 and MMP9 secretion (Elbaz et al.,
2015). CBD also inhibited tumour growth and metastasis in dif-
ferent mouse model systems. Analysis of molecular mechanisms
revealed that CBD significantly inhibits the recruitment of tumour-
associated macrophages in primary tumour stroma and secondary
lung metastases (Elbaz et al., 2015). Fig. 3 summarizes the im-
portant pathways in cannabinoid induced cytotoxicity.

4. Cannabinoids and brain cancer

Both CB1 and CB2 receptors have been identified in the CNS
(Ameri, 1999; Benito et al., 2007; Herkenham et al., 1991; Nunez
et al., 2004; Skaper et al., 1996). High density of CB1 receptors has
been reported in different areas of the brain such as in the cortex,
cerebellum and hippocampus (Herkenham et al., 1991; Hoffman
et al., 2010; Sullivan, 2000; Tsou et al., 1998). The CB1 receptor
protein is mainly localised in astroglial cells and neurones whereas
CB2 receptors are located on microglial cells (Held-Feindt et al.,
2006; Stella, 2004) with possible neuroprotective activity (Cabral
and Griffin-Thomas, 2008; Kreitzer and Stella, 2009) and in some
benign paediatric astrocyte tumours (Ellert-Miklaszewska et al.,
2007). The anti-tumour effect of cannabinoids on gliomas, glio-
blastoma multiforme or astrocytoma that are the most frequent
class of malignant primary brain tumours, will be discussed below.
Although the downstream events by which cannabinoids exert
their action are not completely elucidated, it can be generally as-
sumed that they act at least through two mechanisms: induction
of apoptosis of tumour cells and/or inhibition of tumour angio-
genesis and migration.

The anti-tumour action of two cannabinoid receptor agonists,
Δ9-THC and WIN-55,212–2, was shown to be mediated by an in-
crease in the level of ceramide leading to the activation of extra-
cellular signal-regulated kinase (ERK1/2) in C6 glioma cells (Galve-
Roperh et al., 2000; Guzmán, 2003). In addition, positive actions of
CP 55–940 include a selective induction of cell death in a hybrid
cell line of neuroblastoma plus glioma where consistent anti-
proliferative effects were observed (Tomiyama and Funada, 2011).
It was of interest to note that CP 55–940 had a selective and dif-
ferential action on C6 compared to the U373 astrocytoma cell lines.
Results showed that C6 cells were dying faster than the U373 cells
mainly via necrotic mechanisms after being exposed to CP 55–940,
whilst U373 cells underwent early apoptosis and displayed a more
defined laddering pattern (Ortega et al., 2015). This illustrates that
the effects of cannabinoids on cancer cell lines in vitro is context
specific.

Other studies (Ellert-Miklaszewska et al., 2005) also showed a
down regulation of phosphoinositide 3-kinase (PI3K), protein ki-
nase B (Akt), and ERK signalling pathways, and activated pro-
apoptotic function of Bad protein, which lead to induction of
apoptosis. In similar experiments using the CB2 receptor agonist
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JWH-133, apoptosis was induced in glioma cells via enhanced
ceramide synthesis de novo (Sánchez et al., 2001a; Sarfaraz et al.,
2008). However, in addition to ceramide pathway, other pathways
such as stress-regulated protein p8 which leads to the activation of
activating transcription factor-4 (ATF-4) and cell death-inducible
kinase (TRB3) were shown as mechanism/s of the anti-tumour
action of cannabinoids (Carracedo et al., 2006a). Other studies
have demonstrated that CBD, via receptor-independent manner,
triggers apoptosis of human glioma cells by a cellular mechanism
that involves an early production of reactive oxygen species (ROS),
depletion of glutathione (GSH), and concomitant activation of
caspase cascade with no effect in non-transformed cells (Massi
et al., 2006). Moreover, the same group, reported that CBD can
inhibit proliferation and invasion of different glioma cell lines
through a multi-target mechanism affecting the most relevant
pro-tumour ERK and PI3K/Akt signalling pathways, as well as the
expression of the transcription factor HIF-1α which was down
following a treatment with CBD. Such experiments were con-
ducted under ‘pseudo-hypoxic conditions’ (Solinas et al., 2013).
This raises the possibility that these compounds could have ac-
tivity against hypoxic cells but to the best of our knowledge, no
studies of this nature have been conducted.

Remarkably, the cannabinoid-mediated anti-proliferative ac-
tion appears to be selective for brain-tumour cells as the survival
of normal brain cells astrocytes (Gomez Del Pulgar et al., 2002),
oligodendrocytes (Molina-Holgado et al., 2002) and neurons
(Mechoulam et al., 2002) are unaffected or even favoured by
cannabinoid challenge. Accordingly, a pilot phase I clinical trial, in
a cohort of recurrent glioblastoma multiforme tumour patients
expressing cannabinoid receptors reported an anti-proliferative
action for Δ9-THC on tumour cells with an acceptable safety profile
(Guzman et al., 2006). Further phase 1b/2a clinical trials are un-
derway and await publication.

Based on these findings, other studies evaluated the expression
of cannabinoid receptors in surgical material of solid astrocytomas,
gliomas and glioma cell lines. Whilst CB1 expression was slightly
increased in astrocytomas and gliomas, the CB2 expression was
similar in both tumour and normal brain tissue. The authors found,
in accordance with this receptor subtype expression in situ, that
agonists selective for CB1 or active on both subtypes reduced
elevated cyclic AMP levels and cell proliferation, but failed to in-
duce apoptosis in glioma cells in vitro (Held-Feindt et al., 2006).
Further experiments described opposite changes in CB1 and CB2

receptor protein expression in human gliomas (López-Moreno
et al., 2010). The reduction in the level of CB1 receptor expression
or mRNA in glial tumours is suggested to be related to the neu-
ronal loss (Canoll and Goldman, 2008). The reduction in CB1 re-
ceptor expression was in line with a reduction in the WIN 55,212–
2 stimulated [35S]GTPγS binding to glioblastoma multiforme
membranes. This suggested a reduction in the number of available
receptors in the glioblastomas. Similar observations were reported
in the brain of aged rats (Romero et al., 1998). It should be noted
that similar reductions were also observed in neurodegenerative
diseases such as Alzheimer, Parkinson and Huntington diseases,
and also in normal aging (Glass et al., 1993; Hurley et al., 2003;
Richfield and Herkenham, 1994; Westlake et al., 1994). In parti-
cular the up-regulation of CB2 receptors has also been reported in
other disorders such as Alzheimer, Huntington diseases, en-
cephalitis and multiple sclerosis (Benito et al., 2007, 2003; Fer-
nandez-Ruiz et al., 2007). It is suggested that reduction in the level
of CB1 receptors occurs as a result of neuronal loss, possibly si-
multaneous to the enhanced brain gliosis that appears with nor-
mal aging. In addition to an up-regulation of CB2 receptors in
malignant tumours, the level of anandamide was reported to in-
crease in glioblastomas (Petersen et al., 2005). It can then be
suggested that the endogenous anandamide will bind to CB2

receptors to mediate an anti-tumour activity. This is in line with
studies by Sánchez et al in 2001 who reported a considerable re-
gression of malignant glioma cells by the local administration of a
CB2 selective agonist (Sánchez et al., 2001a). In such studies ad-
ministration of JWH-133 to an immunocompromised mice model,
Rag-2!/! mice inoculated with rat glioma C6-cells caused a 71%
reduction in the tumour growth as compared to the control group
and was found to be prevented by co-administration of the CB2
receptor antagonist, SR144528 but not the CB1 receptor antagonist,
SR141716. Further experiments by the same group indicated that
the anti-tumour effects induced by the activation of CB2 receptors
by JWH-133 initiated apoptosis via ceramide synthesis and ERK1/2
activation (Sánchez et al., 2001a). In later studies by Blazquez and
colleagues in 2003 using the same mouse model, intra-tumour
administration of JWH-133 showed a significant reduction in
mRNA expression of the pro-angiogenic factors, vascular en-
dothelial growth factor and angiopoietin 2 (Blazquez et al., 2003).
Additional data to support the importance of CB2 receptors in
glioblastoma came from studies that showed an increase in the
level of CB2 receptors in the endothelial cells of human glio-
blastoma vessels (Schley et al., 2009). Whilst the mechanism of
action of CB agonists against glioblastoma is still not fully under-
stood, it has been shown in the rat C6 glioma cells that the high
affinity glycine transporter (GLYT1) has been attenuated via pro-
tein kinase C alpha (PKC-α) (Morioka et al., 2008). Attenuation of
GLYT1 would increase the inhibitory action of glycine transmitter
in the synapse. Other studies showed that PKC inhibitors could
impair the CB effects in neuroblastoma cells (Rubovitch et al.,
2004). The above data suggest the involvement of downstream
PKC and GLYT1 regulation in mediating an anti-glioblastoma ac-
tivity by cannabinoids. Thus, the accumulated data suggest that
the anti-tumour activity of cannabinoids could be mediated via
ERK1/2, AKt and/or PI3K pathways as well as PKC and glycine
transporters. The change in the levels of cannabinoid receptor
expression and the levels of endocannabinoids depend on the
stages of cancer. For example, the levels of CB2 receptors and
anandamide increase in advanced tumours.

5. Cannabinoid and lung cancer

The first evidence of the antineoplastic activity of cannabinoids
against lung cancer dates back to 1975 when Munson et al de-
monstrated a dose-dependent retardation in tumour growth in the
Lewis lung adenocarcinoma animal model (Munson et al., 1975).
Later on, further studies were carried out in order to elucidate the
possible mechanism of action(s) of this class of molecule although
controversial evidence about the anti-tumour action of cannabi-
noids were reported for this particular type of cancer. In fact, it has
been reported that Δ9-THC suppresses the host immune reactivity
against lung cancer and that the augmentation of tumour growth
acts through inhibition of anti-tumour immunity by a CB2 re-
ceptor-mediated, cytokine-dependent pathway (Zhu et al., 2000).
Δ9-THC, although without the modulation of EGFR expression or
FAK phosphorylation previously reported by others (Hart et al.,
2004), has been also shown to attenuate the EGF-induced migra-
tion and invasion of epidermal growth factor receptor-over-
expressing lung cancers, which are often highly aggressive and
resistant to chemotherapy (Preet et al., 2008). Furthermore, in
in vivo experiments, administration of Δ9-THC suppressed metas-
tasis and subcutaneous tumour growth in severe combined im-
munodeficient mice (Preet et al., 2008). The anti-invasive effect of
cannabinoids has also been reported (Ramer and Hinz, 2008; Ra-
mer et al., 2010). In these studies, a cannabinoid receptor and
TRPV1-triggered expression of tissue inhibitor of matrix metallo-
proteinases-1 (TIMP-1) was identified as an important mediator of
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the anti-invasive action of cannabidiol. Impaired invasion driven
by CBD links the cannabinoid and TRPV1 receptors to the activa-
tion of MAPK pathways and subsequent TIMP-1 induction. Ad-
ditionally and in line with its in vitro anti-invasive action, in vivo
studies in thymic-aplastic nude mice revealed a significant in-
hibition of A549 lung metastasis in cannabidiol-treated animals as
compared to vehicle-treated controls (Ramer and Hinz, 2008;
Ramer et al., 2010).

The expression of CB1 and CB2 receptors has been reported in
non-small cell lung cancer (NSCLC) patients and also the NSCLC
cell lines, A549 and SW-1573 (Preet et al., 2011). Pre-treatment of
A549 and SW-1573 cells with WIN 55,212–2 and JWH-015 reduced
chemotaxis and chemo-invasion as well as migration and these
were sensitive to blockade by the CB1 and CB2 receptor antago-
nists, AM251 and AM630 respectively. Furthermore both agonists
revealed a reduction in tumour growth in vitro, inhibited in vivo
tumour growth and lung metastasis that again were sensitive to
antagonism of CB1 and CB2 receptors (Preet et al., 2011). Me-
chanistic studies revealed an inhibition of phosphorylation of Akt
and MMP-9 expression/activity upon exposure to the CB1 and CB2
receptor agonists in NSCLC (Preet et al., 2011). On the other hand,
the involvement of cannabinoid receptor is not the only me-
chanism through which cannabinoids exhibit their anti-tumour
proprieties. In fact, as demonstrated by Gardner et al. these mo-
lecules can exert some of their biological effects via modulation of
prostaglandin production. This study has shown that administra-
tion of methanandamide at 5.0 mg kg!1 in murine lung cancer
could increase the rate of tumour growth (both in vitro and
in vivo). Such studies also showed an increase in the level of
prostaglandin (PG) E2 and COX-2 which were sensitive to blockade
by the COX-2-specific inhibitor, SC58236, the p38/MAPK inhibitor,
SB203528, and the p42/44 inhibitor, PD98059 but not to CB1 and
CB2 receptor antagonists. The results confirmed an up-regulation
of COX-2 which was independent of cannabinoid receptor activa-
tion (Gardner et al., 2003). Recently studies have shown an up-
regulation of COX-2 induced by CBD in two different lung cancer
cell lines (A549, H460) and primary cells from a patient with lung
cancer (Ramer et al., 2013). Such studies showed a pro-apoptotic
and tumour-regressive action by CBD through an initial up-reg-
ulation of COX-2 and PPAR-γ and a subsequent nuclear transloca-
tion of PPAR-γ by COX-2-dependent prostaglandins, PGD2 (Ramer
et al., 2013). Such studies also indicated that incubation of the cells
with PGD2 but not PGE2 was associated with a concentration-
dependent loss of cell viability. This highlighted how different
cannabinoids could induce differential effects, which are CB1 and
CB2 receptor-independent pathways and also dependent on the
type of PG being produced.

In further recent studies, it was demonstrated that cannabi-
noids induced up-regulation of intercellular adhesion molecule 1
(ICAM-1) on lung cancer cells to be responsible for increased
cancer cell lysis by lymphokine-activated killer (LAK) cells (Haus-
tein et al., 2014). This recent study suggested a new mechanism for
anti-tumour activity of cannabinoids. Further experiments by Ra-
mer et al also indicated that cannabinoids induce anti-angiogenic
effect in endothelial cells via the release of TIMP-1 from lung
cancer cells (Ramer et al., 2014).

Thus, the likely pathways involved in mediating anti-tumour
activity induced by cannabinoids are CB1, CB2 and TRPV1 receptors
as well as MAPK and TIMP-1 pathways. However, this does not
negate a role for PPAR-γ and COX-2-dependent prostaglandins.

6. Cannabinoids and intestinal cancer

Endocannabinoid signalling has been proved crucial for certain
aspects of gastrointestinal homoeostasis. It also plays an essential

role in the regulation of intestinal tumour growth. Recent studies
have demonstrated an up-regulation of anandamide and its me-
tabolite arachidonic acid in cancer tissues of patients with colon
cancer with lymphatic metastasis (Chen et al., 2015). In addition,
CB1 receptor expression was elevated (Chen et al., 2015). Another
recent study also demonstrated that the level of expression of CB2
receptors correlates with cancer progression and can predict pa-
tient survival in colon cancer patients. Such studies showed that
high levels of CB2 receptors correlate with poor prognosis in pa-
tients with tumours in advanced stages or with vascular invasion
(Martinez-Martinez et al., 2015).

There are however several controversies regarding the role of
the cannabinoid receptors in colorectal cancer (Izzo and Camilleri,
2009). In adenomatous polyposis coli (APC) gene knock-out
models (mutation of the gene leads to colon cancer), mice with an
additional deletion in the cannabinoid receptor 1 (CNR1) gene or
subjected to pharmacological blockade of the CB1 receptor, de-
monstrated a higher colonic tumour burden than their littermates
whereas activation of CB1 attenuated intestinal tumour growth by
inducing cell death via down-regulation of the anti-apoptotic
factor survivin (Wang et al., 2008). In contrast to these findings,
the CB1 antagonist rimonabant inhibited the growth of cancer cells
and the development of precancerous lesions in mice (Santoro
et al., 2009). Other studies showed that non-selective cannabinoid
receptor agonists such as anandamide, 2-AG and HU-210, and an
inhibitor of anandamide inactivation, potently inhibited human
epithelial colorectal adenocarcinoma cells (CaCo-2 cell) prolifera-
tion (Ligresti et al., 2003). This effect was less prominent in a less
aggressive human colon carcinoma cell line (DLD-1 cells). The cell
proliferation effect afforded by HU-210 was inhibited by the CB1
and CB2 receptor antagonists, rimonabant and SR144528 respec-
tively, only in DLD-1 cells and not in CaCo-2 cells. This suggested
the involvement of both CB1 and CB2 receptors in mediating an
inhibition of cell growth (Ligresti et al., 2003). The differential
effects observed in the two different cell lines might be due to
differences in the level of cannabinoid receptor expression. Indeed,
it was noted that CaCo-2 cells express CB1 receptors but not CB2
receptors and DLD-1 cells express both CB1 and CB2 receptors,
with CB1 receptor less expressed than in CaCo-2 cells. Later studies
suggested that cells with high expression of cyclooxygenase-2
(COX-2) might be a target for the inhibitory action of anandamide
on cell death in colorectal carcinoma cells (Patsos et al., 2005).
Indeed CB2 receptor expression has been reported in human
adenomatous polyps and carcinomas and in human colonic epi-
thelial cell lines (Greenhough et al., 2007; Ihenetu et al., 2003;
Ligresti et al., 2003; Wright et al., 2005). Interestingly the normal
epithelial cells do not express CB2 receptors (Wright et al., 2005).
This suggests that the CB2 receptors are inducible in inflamed
tissues or tumour cells. This suggestion is in line with other studies
which reported an increase in the level of CB2 receptor expression
associated with increased differentiation, proliferation, disease
and malignancy (Fernandez-Ruiz et al., 2007; Mallat and Lo-
tersztajn, 2008). Ceramide synthesis following an increase in the
level of tumour necrosis factor (TNF)-α and activation of epidermal
growth factor receptor have been identified as the possible mo-
lecular mechanism following the activation of CB2 receptors in
colon cancer (Cianchi et al., 2008; Hart et al., 2004). Thus since
activation of CB2 receptors seem to be beneficial in cancer therapy,
further studies are needed to investigate the dual role for CB2
receptors in intestinal regeneration and anti-tumour activity. It is
also possible that different subtypes of CB2 receptors mediate
different roles, however no evidence has yet been reported.

Cannabinoids have been also reported to exert chemopreven-
tive effects in an experimental model of colon cancer, an effect
associated with down-regulation of phospho-Akt and up-regula-
tion of caspase-3 (Aviello et al., 2012). In vitro studies by the same
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group on colorectal carcinoma cells demonstrated that anti-pro-
liferative effects were exerted through multiple mechanisms, in-
cluding involvement of CB1 receptors, TRPV1 and PPAR-γ (Aviello
et al., 2012). Moreover, studies by Notarnicola and collaborators
firstly described the up-regulation of CB1 expression by 17β-es-
tradiol as a further mechanism by which estrogens control colon
cancer cell proliferation (Notarnicola et al., 2008). Proto and col-
leagues confirmed these findings and reported an interaction be-
tween the endocannabinoid system and steroid hormones in the
growth of colon cancer cells. Such studies revealed that both
anandamide and 17β-estradiol inhibited proliferation of human
colorectal cancer cell lines, SW620 and DLD-1 via interaction with
CB1 receptors. Both agonists increased the CB1 receptor expression
in both cell lines by acting at the same CNR1 gene. Interestingly
the up-regulation of CB1 receptors induced by anandamide ana-
logueue was through PPAR-γ and RXRα, (Proto et al., 2012). The
data suggested that CB1 receptor is a target for 17β-estradiol and
that the endocannabinoid system could present a tool to improve
treatment in patients with colorectal cancer.

7. Cannabinoids and reproductive system cancer

During the last decade, increasing evidence has pointed to-
wards the relevance of endocannabinoids in both female and male
fertility. This association has been supported by the tightly
modulated expression of cannabinoid receptor found in gonadal
tissues. Along the male reproductive tract, CB receptors have been
detected in the testis, Sertoli cells, prostate and vas deferens (Gye
et al., 2005; Maccarrone et al., 2003; Pertwee et al., 2002; Rossato
et al., 2005). CB receptors have also been found in various parts of
the mammalian female reproductive system. In the mouse re-
productive tract, CB receptors were expressed in the uterus, ovi-
duct and also in pre-implantation embryos (Das et al., 1995; Paria
et al., 2001; Wang et al., 2004). Moreover, this localisation has also
been described in the human uterus (Dennedy et al., 2004; Iuvone
et al., 2008) and placenta during pregnancy (Habayeb et al., 2008;
Helliwell et al., 2004; Park et al., 2003).

The influence of cannabinoids on the proliferation of human
cervical adenocarcinoma cells and on macromolecular biosyn-
thetic events associated with the proliferative process were re-
ported in the late 1970s when cannabinoids induced growth in-
hibition of HeLa cells, human cervical cancer cell lines (Blevins
et al., 1980; Mon et al., 1978). More recently, an up-regulation of
both cannabinoid receptors in human ovarian cancer cells OVCAR-
3 and SKOV-3 compared to normal Chinese hamster ovarian (CHO)
cells was found. These findings led to the suggestion that these are
targets for new therapies for ovarian cancer (Afaq et al., 2006).
Recently studies also showed that CB1 receptor levels are also in-
creased and correlate with disease severity in human epithelial
ovarian tumours and this has been proposed to be an important
factor of bad prognosis following surgery in stage IV colorectal
cancer (Messalli et al., 2014; Jung et al., 2013). WIN-55,212–2 was
shown to exert, via CBR dependent manner, a decrease in cell
viability, G1 arrest in cell cycle progression, induction of apoptosis
and down-regulation of the expression of PCNA and VEGF (Afaq
et al., 2006). An abnormal expression of CB2 receptor has also been
reported in biopsies of women affected by endometrial carcinoma.
Interestingly, the up-regulation was only found in transformed
malignant cells and the staining of CB2 was completely absent in
the normal endometrial tissue from the same biopsy (Guida et al.,
2010). These findings, together with previous evidence that the
endocannabinoid system controls cell survival/death decisions
(Guzman et al., 2002) by inhibiting or stimulating cell growth,
suggest that CB2 receptors might play an important role in the
growth of endometrial carcinoma. The study revealed that the

complete endogenous machinery for CB2 activation was altered in
endometrial adenocarcinoma, because the levels of 2-AG, the most
efficacious endogenous CB2 agonist, were elevated, possibly as a
result of the decrease in the expression of monoglycerol lipase
(MAGL) an important enzyme necessary for 2-AG breakdown. On
the other hand, CB1 receptors and AEA, a more selective en-
dogenous agonist for CB1, as well as FAAH, the most important
AEA-metabolising enzyme, although expressed in healthy en-
dometrial tissues, remained unchanged after cell transformation
(Guida et al., 2010).

Additional proteins other than cannabinoid receptors have
been considered as possible targets in reproductive cancers. Mul-
tidrug resistance-related protein 1 (MRP1) or ATP-binding cassette
(ABC) transporter, ABCC1, is a membrane-bound, ubiquitously
expressed energy-dependent efflux transporter. In terms of phy-
siological function, it is involved in transporting a range of glu-
tathione, glucuronide, sulphate conjugates and cancer drugs, in-
cluding folate based anti-metabolites, anthracyclines, plant-de-
rived vinca alkaloids and anti-androgens (Cole et al., 1994; Flens
et al., 1996; Hooijberg et al., 1999; Keppler et al., 1997). Whilst the
transportation of metabolites by ABCC1 leads to attenuation of the
toxicity of such metabolites might be beneficial, efflux of cancer
drugs would however reduce intracellular concentrations in tu-
mour cells and hence induce drug resistance (Karászi et al., 2001;
Norris et al., 1996; Wijnholds et al., 2000, 1998). It has been shown
that phytocannabinoids are modulators of the ABC transporters,
ABCG2 and P-glycoprotein (Holland et al., 2007; Zhu et al., 2000).
It was also shown in the human ovarian carcinoma cell line that
cannabinoids such as cannabinol, cannabidiol and Δ9-THC in-
creased the intracellular accumulation of two ABCC1 substrates,
Fluo3 and the cancer drug, vincristine, in 2008/MRP1 cells (the
human ABCC1 transduced subline) (Holland et al., 2008). In such
experiments cannabidiol was shown to be the most potent and Δ9-
THC to be the least potent cannabinoid. The rank order of potency
for ABCC1 inhibition was independent of the substrate assayed
(Holland et al., 2008). Further pre-clinical studies are required to
establish if inhibition of ABC transporters by cannabinoids can
alter the disposition and efficacy of therapeutic drugs that are
substrates for these transporters.

With regard to the male reproductive system and its physiol-
ogy, the antagonising effect of cannabinoids can be dated back to
1974 where experimental models in male rats showed depression
of spermatogenesis (Dixit et al., 1974) and decrease in circulating
testosterone levels (Kolodny et al., 1974). Endocannabinoids,
through interaction with CB1 receptors and synthetic en-
docannabinoid-vanilloid hybrids via stimulation of TRPV1 chan-
nels have been shown to inhibit nerve growth factor (NGF)-in-
duced proliferation of human prostate PC-3 cells (Melck et al.,
2000). However, THC was suggested to induce apoptosis of these
cells via a receptor-independent mechanism (Ruiz et al., 1999), but
also increase the production of the pro-proliferative factor, NGF
(Velasco et al., 2001). Later studies showed an increased expres-
sion of both CB1 and CB2 receptors in cultured prostate cancer cells
when compared with normal prostate cells. Moreover, treatment
of prostate cancer cells with WIN-55,212–2 resulted in a dose and
time dependent decrease in cell viability, increased apoptosis
along with decrease in androgen receptor protein expression, PSA
expression, and secreted PSA, suggesting that cannabinoids should
be considered as agents for the management of prostate cancer
(Ruiz-Llorente et al., 2003; Sanchez et al., 2003; Sarfaraz et al.,
2005). It was also found that a high level of CB1 receptor im-
munoreactivity (CB1IR) in prostate cancer tissues is associated
with the severity and outcome of the disease (Chung et al., 2009).

It was then suggested that the effect of cannabinoids on pros-
tate cancer cells depends on the concentration of cannabinoids
used and the incubation time. Cannabinoids used at
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concentrations lower than micromolar induced androgen receptor
expression whilst at higher concentrations induced apoptosis or
cell-cycle arrest (Mimeault et al., 2003; Sanchez et al., 2003; Sar-
faraz et al., 2006). It was also shown that CB1 receptor antagonists
prevented/blocked the anti-tumour activity of agonists whilst a
longer incubation time failed to reveal any antagonist effect (Mi-
meault et al., 2003; Sarfaraz et al., 2005).

Other studies have also indicated an important role for CB2 but
not CB1 receptors in the anti-proliferative effect of cannabinoids
(Olea-Herrero et al., 2009). Such studies have shown that in PC-3
cells pre-treated with rimonabant failed to reduce the effect of
methanandamide on cell cycle and apoptosis. However, pre-
treatment with the CB2 receptor antagonist, SR 144528 attenuated
the number of apoptotic cells and the number of sub-G1 cells in-
duced by methanandamide and apoptosis afforded by the CB2
receptor agonist, JWH-015. Furthermore, when CB2 receptor ex-
pression was significantly reduced by siRNA, apoptosis afforded by
JWH-015 was completely antagonised thus further indicating an
involvement of CB2 receptors in apoptosis (Olea-Herrero et al.,
2009).

Recent studies have focused on the role of non-selective, cal-
cium permeable cation channels of the transient receptor potential
(TRP) channels in prostate cancer initiation and progression.
Capsaicin, a natural ligand for TRPV1, has been reported to elicit
both pro-proliferative and pro-apoptotic effects on prostate cancer
cell lines (Czifra et al., 2009; Malagarie-Cazenave et al., 2009, 2011;
Sánchez et al., 2006, 2005; Ziglioli et al., 2009). Moreover, it has
been suggested that TRP channels of melastatin-type 8 (TRPM8)
are over-expressed in androgen-dependent prostate cancer cell
lines in a manner dependent on androgen receptor (AR) activation
(Bidaux et al., 2007, 2005; Henshall et al., 2003; Tsavaler et al.,
2001; Zhang and Barritt, 2004). Several studies have shown that
cannabinoids antagonise TRPM8 channels and activate and sub-
sequently desensitise TRPV2 and TRPV1 channels (De Petrocellis
et al., 2011, 2008; Qin et al., 2008). Further recent studies showed
an inhibition of cell viability and induction of apoptosis by can-
nabinoids when tested in serum protein-deprived medium sug-
gesting an intracellular target for the cannabionids (De Petrocellis
et al., 2013). However, the molecular mechanism of action was
demonstrated to be due not uniquely to a direct TRPM8 antag-
onism, but rather to AR down regulation, which in turn can lead to
TRPM8 down-regulation. As it has been suggested that estrogens
are involved in the survival of prostate cells, the authors also ex-
amined the involvement of those receptors and they found that
GPR30, rather than estrogen metabolic enzymes or ERα or ERβ,
may be one of the intracellular targets through which cannabi-
noids stimulate the ER branch of the intrinsic pro-apoptotic
pathway Δ9-THC (De Petrocellis et al., 2013).

In addition, the expression of a potential cannabinoid receptor,
GPR55 has been also shown at the mRNA and protein level in both
ovarian and prostate cancer cell lines (Pineiro et al., 2011). Al-
though the physiological role of this receptor is not fully under-
stood, it is suggested to have important roles in regulating pro-
liferation and growth (Pineiro et al., 2011). This novel receptor is
suggested to be associated with lysophosphatidylinositol (LPI) to
induce calcium mobilisation and activation of Akt and extracellular
signal-regulated kinase (ERK)1/2 in ovarian and prostate cell lines.
Blockade of this receptor might have novel therapeutic potential in
managing ovarian and prostate cancer. All these findings indicate
that cannabinoids can retard proliferation and cause apoptosis of
PCC via a combination of cellular and molecular mechanisms
(cannabinoid receptor-mediated and/or independent). These stu-
dies are encouraging and they support the development of clinical
studies on these molecules as a therapy for human prostate car-
cinoma, either as single agent or in combination with existing
compounds.

8. Conclusion and future direction

The substantial knowledge of palliative and anti-tumour ac-
tions of cannabinoids gained by the scientific community in the
last few years has raised the profile of these molecules and many
are promising candidates for cancer treatment. However, the use
of cannabinoids in medicine is limited by their psychoactive ef-
fects, thus cannabinoid-based therapies that are devoid of un-
wanted side effects or with a safe profile/pharmacological window
are required. A further aspect which complicates the practise of
cannabinoid-based therapies is the lack of detailed understanding
of their mechanisms of action. There is plenty of evidence in lit-
erature, mostly of them reported in this review, about the ability of
cannabinoids to induce different pathways of cell death depending
on the neoplastic cell type under investigation. On the other hand,
the effect of these compounds on several distinct hallmarks of
cancer rather than on one single process is potentially desirable.
Even though the resolution of the conflicting evidence around
cannabinoid action still remains a high research priority, some key
points need to be emphasised. Despite a small number of reports
that state their inefficacy, the vast majority of independent pre-
clinical studies report a sustained anti-tumour activity for canna-
binoids. Moreover, an important feature of cannabinoid pharma-
cology that can have important clinical implications is the lack of
toxicity frequently reported on non-tumour cells. Cannabinoid-
based medicines have been already proven to be safe in thousands
of patients enroled in clinical trials for cancer patients (Gro-
tenhermen, 2007; Portenoy et al., 2012; Robson, 2011). This
highlights a need for the identification of the molecular mechan-
isms which confer sensitivity to this class of drugs. Another ap-
pealing possibility consists of adding to a standard therapy a
mixture of molecules able to directly or indirectly target the en-
docannabinoids system in order to enhance anti-tumour actions of
chemotherapy and attenuate unwanted iatrogenic side effects.
Indeed it is interesting to note that the administration of THC and
CBD enhanced the radio-therapeutic effect in an orthotopic mur-
ine glioma model (Scott et al., 2014). It is proposed that CBD could
alleviate the THC-induced side effects such as convulsion, dis-co-
ordination, and psychotic episodes, thus it was suggested that the
administration of CBD in combination with THC may help to im-
prove the tolerability to cannabinoids (Pertwee, 2009). Finally,
only the improvement of basic research will lead to the identifi-
cation of the most appropriate patient population for a cannabi-
noid-based therapy and will facilitate the acceptance of cannabi-
noid use in the clinic.
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Abstract
An increasing number of manuscripts focus on the in vitro evaluation of established and novel anti-tumor agents in experi-
mental models. Whilst the design of such in vitro assays is inherently flexible, some of these studies lack the minimum 
information necessary to critically evaluate their relevance or have been carried out under unsuitable conditions. The use of 
appropriate and robust methods and experimental design has important implications for generating results that are reliable, 
relevant, and reproducible. The Pharmacology and Molecular Mechanisms (PAMM) group of the European Organization for 
Research and Treatment of Cancer (EORTC) is the largest group of academic scientists working on drug development and 
bundle decades of expertise in this field. This position paper addresses all researchers with an interest in the preclinical and 
cellular pharmacology of anti-tumor agents and aims at generating basic recommendations for the correct use of compounds 
to be tested for anti-tumor activity using a range of preclinical cellular models of cancer.

Keywords Cellular pharmacology · Anticancer agents · Guidelines

Introduction

Pharmacology is a complex multidisciplinary science 
that acts in concert with sister sciences including medici-
nal chemistry, cell biology and physiology, medicine, and 
pharmaceutics aiming at identifying useful agents for dis-
ease treatment. Over the years, the interest of researchers in 
pharmacology, particularly those working at the preclinical 
level, has increased dramatically in several fields including 
research against cancer. In contrast, in the past few decades, 
researchers at several start-up companies, in particular small 
biotech, and molecular biologists neglected pharmacology in 
drug development and had to learn the hard way the impor-
tance of insight in drug pharmacology. A key player in the 
preclinical evaluation of novel compounds and established 
anticancer drugs is the use of cellular models of cancer for 
chemosensitivity studies. This methodology plays a funda-
mental role in experimental oncology studies designed to (1) 
identify new potential therapeutic agents, (2) determine the 
mechanism of action (MOA), and (3) understand pharmaco-
logical factors that control the cellular response. The design 
of in vitro tumor cell sensitivity assays is inherently simple 
and flexible allowing a wide range of variables to be tested. 
However, this simplicity and flexibility is a “double-edged 

 * Paola Perego 
 paola.perego@istitutotumori.mi.it
1 Molecular Pharmacology Unit, Department of Applied 

research and Technological Development, Fondazione 
IRCCS Istituto Nazionale dei Tumori, Via Amadeo 42, 
20133 Milan, Italy

2 Institut für Pharmazeutische und Medizinische Chemie, 
-Klinische Pharmazie, Westfälische Wilhelms-Universität 
Münster, 48149 Münster, Germany

3 Department of Medical and Health Sciences, Linköping 
University, 751 85 Linköping, Sweden

4 Department of Oncology-Pathology, Karolinska Institute, 
171 76 Stockholm, Sweden

5 School of Pharmacy, University of Nottingham, 
Nottingham NG7 2RD, UK

6 Cancer Biology and Therapeutics, Centre de Recherche 
Saint-Antoine, INSERM U938 and Sorbonne Universités, 
75012 Paris, France

7 Laboratory Medical Oncology, VU University Medical 
Center, Amsterdam, The Netherlands

8 School of Applied Sciences, University of Huddersfield, 
Huddersfield HD1 3DH, UK

http://crossmark.crossref.org/dialog/?doi=10.1007/s00280-017-3502-7&domain=pdf


428 Cancer Chemotherapy and Pharmacology (2018) 81:427–441

1 3

sword” and may generate results that cannot always be accu-
rately interpreted or easily reproduced in other laboratories. 
There are many examples of cases where basic errors are 
made in experimental design that can lead to misleading 
or even erroneous results. Furthermore, basic researchers 
sometimes produce results that have little real pharmacologi-
cal relevance, a consequence of using drug exposure condi-
tions that cannot be achieved in an organism [1–3]. In fact, 
there are examples from the literature showing that different 
mechanisms are activated in response to drug treatment in 
cell lines depending on the drug concentrations [4].

Applying proper test conditions was a joint collabora-
tive effort of several EORTC groups, the Pharmacology 
and Molecular Mechanisms group (PAMM), Screening 
and Pharmacology group (SGP), New Drug Development 
group, the Cancer Research Campaign (CRC, now CRUK), 
and the Development Therapeutics Program (DTP) of the 
National Cancer Institute (NCI) in Bethesda, MD, USA [3]. 
In this joint program, the so-called NCI-compounds group, 
a workflow was developed to test new compounds coming 
from the NCI-60 cell line program of the NCI, which was 
based on using proper pharmacology tools to speed up selec-
tion of potentially active new chemical entities (NCE). The 
purpose of this article is to provide a series of suggestions 
to ensure that scientific integrity in the conduct of in vitro 
chemosensitivity testing using cellular models is maintained 

at the highest possible standards. This paper will effectively 
be segregated into two key areas of activity: (1) in vitro 
evaluation of anticancer drugs that are in clinical trial or are 
approved for use in humans and (2) novel compounds that 
are entering preclinical testing for the first time. In addition, 
this manuscript will also discuss some of the experimental 
models that are being used to evaluate novel and established 
anticancer agents.

This article presents the views of members of the 
EORTC-PAMM group. PAMM comprises researchers work-
ing in the fields of pharmacology, pharmacokinetics–phar-
macodynamics, pharmacogenetics–pharmacogenomics, 
molecular mechanisms of anticancer drug effects, and drug-
related molecular pathology (http://www.eortc.org/research-
field/pharmacology-molecular-mechanisms). Our views are 
designed to present general criteria for preclinical studies in 
which compounds with potential anticancer activity or well-
known anti-tumor agents are tested, whilst respecting the 
fact that the design of in vitro tumor cell sensitivity testing 
is inherently flexible.

Design of in vitro tumor cell sensitivity assay: 
general principles

The basic design of in vitro tests for the evaluation of tumor 
cell sensitivity is simple and is illustrated in Fig. 1. For 

Fig. 1  Basic experimental design for the conduct of in vitro chemo-
sensitivity assays using adherent cell lines. The central bar is a time 
line and the key steps are placed on this time line. The procedures 
for conducting continuous and timed drug exposures are presented 
in panels a and b, respectively. The procedures for suspension cul-
tures are the same with the exception of the conditioning period in 
culture plates which is not required. The endpoint here refers to non-

clonogenic assays as clonogenic assays usually require longer times 
for colony formation to occur. Readings should be performed at the 
time of drug addition and at the endpoint. Intermediate time-points 
can be very informative, since they give insight in the dynamics of 
drug response. With several of the novel assays, that do not require 
addition of a dye, it is possible to do these measurements

http://www.eortc.org/research-field/pharmacology-molecular-mechanisms
http://www.eortc.org/research-field/pharmacology-molecular-mechanisms
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adherent cell lines, cells are plated into cell culture dishes 
and allowed to ‘adhere and adapt’ to the culture environment 
for a period of time (typically overnight or 24 h). Follow-
ing this time period, cells are treated with the therapeutic 
agent in question for either (1) a defined, short duration of 
exposure followed by a recovery period to allow cells to 
respond or (2) continuous drug exposure. Following drug 
exposure to the test agent, cellular response can be assessed 
by a variety of endpoints, and these can be broadly divided 
into (1) clonogenic or (2) non-clonogenic endpoints [5–7]. 
Collectively, such tests can be referred to as chemosensitiv-
ity assays, although originally, the prefix “chemo” denoted 
chemical agents that kill microbes or tumor cells. However, 
in real life, similar assays can be employed for multiple tests 
including chemotherapeutic agents and radiotherapy [8]. It 
should be noted that in this paper, “chemotherapy” indicates 
any chemical entity foreign to the human body, including 
the “classical” cytotoxic compounds (e.g., antimetabolites, 
nitrogen mustards, platinum compounds, tubulin antago-
nists, anti-tumor antibiotics, etc), as well as novel so-called 
targeted drugs, such as tyrosine kinase inhibitors (TKI), 
anti-angiogenesis drugs, proteasome inhibitors, etc. Each 
endpoint has its own advantage and disadvantage and the 
choice of which one to use is generally based on individual 
researcher’s preferences or specific objectives (measuring 
growth inhibition, cell kill, cell survival, or effects on cell 
population growth, for example). For suspension cultures, 
the procedure is effectively the same except for the initial 
conditioning phase which is not mandatory. It is important 
to recognize that not one single assay should be performed 
as a stand-alone test from which to draw firm conclusions 
regarding in vitro activity against cells.

Whilst the basic design of in vitro assays is straightfor-
ward, the simplicity of this approach obscures a multitude 
of factors that can influence cellular response and, therefore, 
affect the quality and interpretation of the data obtained. A 
good understanding of these factors is essential to the design 
of all in vitro chemosensitivity experiments, but is particu-
larly so for those addressing specific aspects of tumor biol-
ogy and drug pharmacology. The following sections high-
light some of these issues in the context of enhancing good 
experimental design and avoiding poor practice.

The use of pharmacologically relevant drug concentrations 
for established drugs

Two key pharmacological parameters that determine cellular 
response are the concentration (C) of a drug and the duration 
of drug exposure (T). For the majority of cytotoxic drugs, 
cellular response is usually proportional to the product of C 
× T with the exception of drugs that are cell cycle phase-
specific, where cellular response above a certain threshold 
C is typically proportional to T. In this case, extending the 

duration of drug exposure allows more cells to enter the 
sensitive phase of the cell cycle. For drugs where phar-
macokinetics data are available (i.e., those that have been 
approved for use in humans or are in advanced preclinical or 
early clinical trial), it is essential that drug exposure condi-
tions do not exceed those that are pharmacologically achiev-
able in humans. In general terms, therefore, the selection 
of exposure parameters for use in vitro should not exceed 
the total plasma exposure parameters (i.e., area under the 
curve) achieved in vivo, and the concentrations in preclinical 
cell-based models should aim to be in the same range as the 
plasma concentrations achievable in vivo (Fig. 2). This rule 
is best applicable to haematological malignancies where the 
target organ is the blood itself, whereas less is known about 
the C × T parameters achieved in solid tumors.

A series of examples where the effects of using drug 
exposure parameters that are not pharmacologically rel-
evant is given below. Concentrations of anticancer drugs in 
patients vary over several orders of magnitude. The choice 
of adequate concentrations for in vitro experiments is criti-
cal, because killing cancer cells can be achieved with almost 
every compound if the concentration is high enough. The 
results of preclinical experiments using very high concentra-
tions can be misleading and often result in false conclusions. 
For example, as a result of using non-pharmacologically rel-
evant concentrations in such experiments, there is great con-
fusion about the mechanism of action of anthracyclines in 
the literature. As pointed out by Gerwitz [9] almost 20 years 
ago, many of the proposed mechanisms for both cytotoxic-
ity and cardiotoxicity of anthracyclines are not relevant in 
patients because of exorbitant high drug concentrations used 
in the preclinical experiments, even exceeding the high peak 
plasma concentrations achieved during short-term infusion 
of anthracyclines. Nevertheless, mechanisms such as free 
radical formation for the anti-tumor effects of anthracyclines 
are still mentioned in many textbooks. To complicate the 
scenario about the concentrations of anthracyclines in the 
tumor, a high and variable tumor-to-plasma concentration 
ratio of doxorubicin was found in breast cancer patients [10]. 
Indeed, a high tumor-to-plasma concentration ratio is a result 
of enrichment of the drug within the tumor cells, not in the 
interstitium, and this is the case for doxorubicin.

Drug penetration barriers (consisting of influx and efflux 
pumps) exist for a number of anticancer drugs and this—
combined with the effect of high interstitial fluid pressure 
on drug penetration into tumors—significantly modifies 
the C × T parameters experienced by tumor cells [11]. The 
presence of a poor and inefficient vascular supply to tumors 
leads to the establishment of a hypoxic microenvironment 
where drug delivery is significantly impaired [12]. It is 
technically feasible to measure drug concentrations within 
a tumor, but practically, this was rarely done [13], but is 
getting more common, both for standard cytotoxic and novel 
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TKI therapy. In fact, in many current clinical protocols, tak-
ing tumor biopsy specimens is mandatory and often drug 
concentrations and other parameters are measured [14]. 
Basically, several methods are available to measure drug 
concentrations in tissues and include (1) quantification in 
homogenized tumor tissue after surgical excision; (2) micro-
dialysis by inserting a microdialysis needle directly into the 
tumor; (3) the use of radioactively labelled drugs (e.g., short-
lived radiolabels, such as 18F); (4), the use of imaging tech-
niques such as NMR and more recently mass spectrometry-
based assays. All methods have many drawbacks limiting 
their applicability. Therefore, the plasma concentration has 
remained the golden standard, because it has been estab-
lished for most drugs. Plasma concentrations certainly do 
not give any information on intra-tumoral heterogeneity in 
drug distribution, and do not give any information of drug 
sequestration, both in the tumor and in normal tissues. For 
instance, a high lysosomal accumulation of sunitinib was 
found in tumors, due to sequestration in lysosomes [15, 

16]. Since lysosomes are less abundant in normal cells, the 
total cellular accumulation is less. In addition, for the clas-
sical anticancer drug 5-fluorouracil (5FU), high concentra-
tions (1–10 pmol/mg tumor tissue) have been reported in 
the tumor, even days after administration, in contrast to the 
rapid plasma half-life with sub nM concentrations after 2 
days [17]. The latter is due to sequestration in polar metabo-
lites and high-molecular-weight molecules such as RNA. 
It should also be recognized that many of the novel drugs 
(e.g., all TKI) are > 95% protein bound [18], or due to their 
physico-chemical properties are trapped in tissues. In animal 
models, it is usually easier to determine drug concentra-
tions (and their retention) in the target tissues (tumor and 
normal tissues) and get a better indication of the C × T. 
With novel tools such as Positron Emission Tomography 
(PET), it is currently possible to determine the drug concen-
tration in several tissues [19, 20]. In several studies, serum 
concentrations are reported. It should be noted that serum 
and plasma are often exchanged, while serum concentrations 

Fig. 2  Criteria for selecting 
drug concentrations and solvent 
choice for in vitro cell sensitiv-
ity assays. The two main condi-
tions, i.e., use of established 
drugs or novel compounds, are 
represented, besides a summary 
of the possible solvents
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are sometimes higher than plasma, since some drugs tend 
to accumulate in platelets, which are lysed during serum 
preparation. A relative easy alternative for drug trapping is 
the measurement of drug accumulation in red blood cells, 
in which drugs such as the above-mentioned sunitinib and 
5FU tend to be retained longer than in plasma. Despite this, 
plasma concentrations after administering therapeutic drug 
concentrations in humans still remain a suitable guide for the 
selection of conditions for preclinical experiments to ensure 
the most relevant parameters to be used in vitro.

In the absence of accurate information on the concentra-
tion of anticancer drugs in tumors, investigators should be 
encouraged to study putative mechanisms of action of drugs 
on cultured cells at concentrations that impact a therapeu-
tic response (e.g., concentrations that inhibit cell growth/
survival by 50–90%,  IC50–IC90, Fig. 2). The number of cell 
lines used for these studies could vary depending on the 
molecular hetetogeneity of the tumor type as well as on rar-
ity or frequence of the disease.  IC50 values are sometimes 
reported as  GI50 (test agent concentration which inhibits 
growth by 50%, e.g., in data from the NCI-60 panel), while 
TGI represents total growth inhibition, and  LC50 (“lethal 
concentration”, concentration leading to death of 50% ini-
tially seeded cells—or its equivalent) response parameters 
(see for detailed definitions: https://dtp.cancer.gov/discov-
ery_development/nci-60/methodology.htlm). By including 
a simple end-point (surrogate for cell count) at the time of 
test agent addition, one can easily ascertain cell growth, test 
agent concentrations which inhibit net cell growth and con-
centrations which cause net cell death [21, 22]. Thus, one 
can begin to distinguish cytotoxic agents/agent concentra-
tions from cytostatic ones. The response parameter often 
adopted to evaluate cytostasis is TGI (concentration that 
totally inhibits the net cell growth but do not kill cells)—the 
test agent concentration able to exert total growth inhibi-
tion. Very high drug concentrations are unfortunately fre-
quently used in the field of anticancer drug research. There 
are numerous examples of the use of cisplatin at concen-
trations of 10–50 μM (see [23] for a discussion) and 5FU 
at concentrations > 500 μM [24]. However, in these cases, 
the drug exposure should be short, since, for instance, 5FU 
will reach these concentration in plasma after a short bolus 
injection [25], but has a half-life of 10–15 min, while also in 
the FOLFOX and FOLFIRI protocols, high concentrations 
are reached, even for a longer period. Similarly at standard 
doses of 50–100 mg/m2 cisplatin, concentrations may peak 
between 10 and 20 μM [26, 27], but rapidly decline (half-
life < 1 h). The average  IC50 values for both these drugs are 
1–10 μM in the cell lines in the NCI60 panel at 48 h expo-
sure, but for 5FU increase to 200–400 μM and for cisplatin 
up to 200 μM at a short 1-h exposure [28]. This means that 
in vitro experiments with these drugs at high concentration 
should be limited to a short exposure time. Microtubule 

interacting agents such as paclitaxel are also occasionally 
used at concentrations 100-fold more than their  IC50 values 
[29]. The use of high drug concentrations for a prolonged 
period is convenient, since massive apoptosis of cultured 
tumor cells is generally induced within 24 h, a time frame 
that is ideal for conducting in vitro experiments. Induction 
of acute apoptosis by DNA damaging drugs using high drug 
concentrations is the subject of a large number of studies. 
A PubMed search for cisplatin, apoptosis, and mechanism 
generates 1618 hits (June 2017). The rate of publication of 
papers examining cisplatin-induced apoptosis has increased 
dramatically during recent years and these studies may rep-
resent a questionable use of valuable research resources. 
This problem has been pointed out by different investigators 
over the years [30–32], but the discussion has had limited 
impact on research directions. At even higher drug concen-
tration, DNA damaging drugs have been reported to result 
in a phenomenon referred to as “programmed necrosis” [33]. 
The relevance of this death mode has been disputed [34].

The use of high drug concentrations will also accentu-
ate alternative target effects that are unlikely to occur at 
drug concentrations that can be achieved in vivo at oral 
administration or a slow-release form. Cisplatin shows con-
siderable reactivity with proteins due to its electrophilicity 
toward methionine, cysteine and histidine residues; protein 
adducts may, therefore, constitute the vast majority of cispl-
atin adducts in exposed cells [35, 36]. Protein adducts, usu-
ally irreversible, are expected to induce changes in cellular 
homeostasis only when accumulating over a certain thresh-
old. The use of cisplatin concentrations that induce exten-
sive formation of protein adducts is likely to lead to effects 
that are irrelevant to the therapeutically relevant mechanism 
of action of this drug. Although such mechanisms may be 
of academic interest in terms of understanding apoptosis 
modes, they will not be relevant to understanding intrinsic 
and acquired cisplatin resistance.

The final-take home message coming from a critical anal-
ysis of the literature is that working with plasma drug con-
centration is more biologically reliable than working with 
high concentrations; and this appears to be true for different 
compounds.

The use of pharmacologically relevant drug concentrations 
for novel compounds

Whilst the use of pharmacologically relevant drug exposure 
parameters is easily defined for established drugs or drugs 
in advanced stages of preclinical/clinical evaluation, this 
is clearly difficult or even impossible for novel compounds 
entering the drug discovery process for the first time. In this 
case, the design of the experiments should simply be the 
determination of the  IC50/GI50 values and this is typically 
done using continuous drug exposures (48–72 h) in the first 

https://dtp.cancer.gov/discovery_development/nci-60/methodology.htlm
https://dtp.cancer.gov/discovery_development/nci-60/methodology.htlm
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instance. The initial purpose is to reject compounds that do 
not have activity. Various selection criteria can be applied 
depending on the drug discovery strategy being pursued. For 
example, in the case of targeted anticancer drug develop-
ment, drugs should be selected with cells expressing the tar-
get over those that do not.  IC50 values should be comparable 
or lower than that of the existing therapeutics (if they exist) 
or compounds with closely related mechanisms are key deci-
sion point. However, it should be considered that mutation 
of the target may lead to resistance to the targeted therapy.

For compounds following the phenotypic drug discovery 
route, comparable activity to clinically approved reference 
anticancer drugs (that are chemically related for example) 
together with evidence of selectivity towards the tumor as 
opposed to non-cancer cell lines is appropriate [37, 38], 
although it has to be acknowledge that most cytotoxics do 
not discriminate between tumor and normal cells. In both 
cases, the purpose of the in vitro chemosensitivity assay is 
to generate sufficient evidence to select a small number of 
compounds to progress into the next phase of testing and in 
this case, the use of pharmacologically relevant drug expo-
sure parameters assumes less significance.

The identification of appropriate exposure times

It is important to define exposure time of compounds under 
study. Adequate exposure times need to consider both the 
known mechanism of action of the drug and pharmacoki-
netic parameters. The cytotoxic activity of certain drugs 
depends mainly on DNA replication, but it may not been 
necessary to treat cells for a period corresponding to one 
doubling time. This is the case for camptothecins and anthra-
cyclines, DNA topoisomerase I and II inhibitors that rapidly 
stabilize the enzyme–DNA cleavable complex, leading to 
interference with normal DNA functions. The antiprolifera-
tive activity of taxanes (e.g., paclitaxel) is due to stabili-
zation of microtubuli, resulting in inhibition of the mitotic 
process. Prolonged treatment times are, therefore, required 
to achieve exposure in the critical G2/M phase of the cell 
cycle. For cisplatin, a short-term exposure (1 or 2 h) is suffi-
cient to generate DNA mono-adducts that are then stabilized 
or repaired over time. In experiments with targeted agents, 
a durable inhibition of the target is usually needed, so that 
prolonged exposure times are mandatory.

This additional level of complexity to the problem of 
exposure time is presented by issues of drug uptake and 
metabolism. For instance, lipophilic drugs are usually rap-
idly taken up by cells and can accumulate intracellularly. 
For most drugs, especially investigational drugs, it is recom-
mended that different exposure times are tested. In addition, 
when making comparisons between tumor cell lines, it is 
advisable to consider treating cells according to a number of 
doubling times, especially if isogenic pairs of cell lines are 

used to investigate the role of a potential gene or pathway in 
the mechanism of action of the drug.

The correct use of solvents to reconstitute pure compounds

All drugs whether established or novel unknown compounds 
have to be dissolved in an appropriate solvent and appropri-
ately diluted for use in in vitro chemosensitivity assays. Ide-
ally, this should be an aqueous-based buffer, but currently, 
many novel compounds are insoluble in aqueous buffers. 
Therefore, dimethylsulphoxide (DMSO) or ethanol is widely 
used. It has been recently pointed out that this simple but 
fundamental issue in pharmacology has been neglected 
when performing preclinical studies, some of which are 
reported in high impact peer-reviewed journals. One can 
classify compounds as follows: (1) soluble and solutions 
can be made in aqueous buffers; (2) insoluble and the drug 
can be solubilised in either DMSO or ethanol; (3) insoluble 
and it is recommended that the drug is prepared as a suspen-
sion. One should refrain from DMSO or ethanol when the 
drug is water soluble. A case in question concerns cispl-
atin that according to a recent paper by Hall et al. [39] has 
been incorrectly dissolved in DMSO providing results that 
are misleading and clinically irrelevant. When dissolved in 
DMSO, cisplatin generates adducts that are different from 
those generated upon saline dissolution or when the drug 
is formulated for clinical use. Thirty years ago, Sundquist 
et al. reported about the species generated when cisplatin 
was dissolved in DMSO [40]. This observation was cor-
roborated later in a publication in which adducts structurally 
distinct from those generated by correctly dissolved cisplatin 
are described [41]. In principle, cisplatin can be dissolved 
in water, but this generates species with altered cytotoxic-
ity. Early evidence was presented about the possible use of 
“aquated” cisplatin in an attempt to increase the delivery of 
cisplatin to tumors [42]. However, such an approach resulted 
in increased nephrotoxicity in preclinical animal models. 
Thus, it appears reasonable that some discrepancies in the 
literature regarding platinum drugs might be dependent on 
the wrong choice of solvent, suggesting the need for minimal 
standard information of drug preparation for all papers in 
which drugs are used.

An important point in making solutions in pharmaco-
logical studies is protein binding, which can be reversible 
and irreversible. Sometimes, protein binding is an advan-
tage, but more often a disadvantage. In addition, the type 
of protein is important. Protein binding can be promiscu-
ous or specific. An excellent example which clearly affected 
drug development is the binding of UCN-01 to alpha-acid 
glycoprotein, which is not present in culture media, while 
it is abundant in human blood, where UCN-01 is almost 
completely inactivated. This means that in the early phase 
of drug development, protein binding (human and animal 
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albumin, alpha-acid-glycoprotein, etc.) should be quantified. 
On the other hand, proteins seem important in the intestinal 
uptake of several of the novel TKI as was demonstrated in 
the CaCo-2 model [43]. In the clinic, this is seen with sev-
eral drugs that show a better bioavailability when taken with 
food. For most TKI, protein binding is > 95%, but seems 
reversible.

The use of pharmaceutical compounds versus pure com-
pounds is also an important point that should be considered, 
because clinical preparations may contain excipients that 
may affect cell response to the active compound.

For the clinically available anti-tumor agents, solvents 
and solubility have been optimized during the course of pre-
clinical and clinical development studies. Drug development 
efforts have highlighted that the effect of the solvent on the 
activity of the drug under study is crucial, and it should be 
mandatory to provide details about the proper use of drugs 
in those manuscripts where in vitro or in vivo drug activity 
is tested; this includes a clear description of the source of 
serum. This would be helpful to improve the quality of the 
published literature as well to increase the translatability of 
the preclinical findings.

Compound stability in vitro

A frequently underestimated aspect of pharmacology is drug 
stability throughout the duration of the in vitro assay [11, 
44], especially those that use continuous drug exposures 
[12]. The stability of a number of cytotoxic drugs in cell 
culture media has been documented in the literature [44], but 
is frequently ignored with potentially relevant consequences. 
As an example, the selection of novel compounds for further 
evaluation is often based upon potency, but if continuous 
drug exposures are used, the most active in a series of com-
pounds may not necessarily be the most potent. In this hypo-
thetical example, consider two compounds, one of which is 
stable in vitro over a prolonged period (compound A) and 
the other is highly unstable in vitro (compound B) with a 
half-life of less than 1 h. Following continuous drug expo-
sure, compound A had a lower  IC50 value and this would 
naturally be selected in preference to compound B, but this 
conclusion is potentially misleading as compound B may 
actually be the most potent compound in vitro based upon 
C × T parameters for the active principle. Taking compound 
stability into consideration early on in the drug develop-
ment process does, however, introduce logistic and technical 
challenges, but it is important to acknowledge the potential 
limitations of interpreting structure activity relationships 
when continuous drug exposures are used. The impact of 
this problem can be reduced if other decision points such as 
selectivity for cancer versus non-cancer cells are taken into 
account as drug instability caused by chemical breakdown 
should be the same in both cell types. In addition, a simple 

approach to examine drug stability may be represented by 
wash out experiments. Another example constitutes the 
chemical instability of 5-aza-2′-deoxycytidine (Decitabine). 
To avoid decreased activity during repetitive freeze-thawing, 
this compound should be frozen in aliquots. Finally, it should 
also be stressed that breakdown of compounds in vitro does 
not always lead to inactive products (Fig. 3). In the case of 
the alkylating agent ThioTEPA for example, it breaks down 
in vitro to the product TEPA which is just as active as the 
parent compound [45, 46].

This example leads us to comment on the in vitro use of 
pro-drugs. Irinotecan or carboplatin is often used in cellular 

Fig. 3  Structure of selected drugs, pro-drugs, and their active metab-
olites. The alkylating agent ThioTEPA breaks down in vitro to TEPA 
which is equally active as the original compound. Cisplatin and car-
boplatin form identical DNA adducts. SN-38 is the active metabolite 
formed from irinotecan by carboxylesterases. Cyclophosphamide is 
converted to 4-hydroxycyclophosphamide by P450
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studies, and since they are pro-drugs, they are not really 
suitable for in vitro experiments. A good choice would be 
to employ SN38 instead of irinotecan as the former is the 
active metabolite of irinotecan generated upon the action 
of carboxylesterases, unless investigating mechanisms of 
resistance to irinotecan, to which reduced levels of carbox-
ylesterase can be a contributory factor [47]. Furthermore, 
cisplatin should be used instead of carboplatin, because the 
two compounds form identical adducts [48], but carboplatin 
has a lower rate of activation than cisplatin. With regard to 
aza-2′-deoxycytidine, the intrinsic instability of the com-
pound has been addressed by developing stable pro-drugs 
such as SGI-110.

Bio-activation is fundamentally essential for cyclophos-
phamide to exert its cytotoxic effects. Cytochrome P450s, 
(CYPs) mainly 2B6 and 3A4, oxidize cyclophosphamide to 
4-hydroxycyclophosphamide (Fig. 3) in the liver and this 
metabolite can subsequently enter cells and decompose to 
phosphoramide mustard, the ultimate active agent [49]. 
Therefore, for investigating the effects of cyclophosphamide 
in vitro, the 4-perhydroxyderivatives must be used, which 
spontaneously release 4-hydroxycyclophosphamide, which 
is not stable. Accordingly, for ifosfamide, 4-perhydroxyi-
fosfamide must be used in cell culture experiments. Many 
publications on cyclophosphamide do not explicitly state if 
cells were incubated with the perhydroxyderivative or cyclo-
phosphamide itself [50].

Tumor microenvironmental factors

It is widely recognized that cell culture conditions do not 
mimic the complexity of tumor biology and it is question-
able as to whether or not this is the real purpose of in vitro 
testing. The inherently flexible design of in vitro assays does 
allow the influence of tumor biology on pharmacology to 
be explored systematically in a controlled manner. This is 
particularly true for the tumor microenvironment. Together 
cellular heterogeneity, the physiological changes induced by 
a poor and inefficient blood supply and elevated interstitial 
fluid pressure can modify various aspects of anticancer drug 
pharmacology [11]. Understanding these factors is important 
in the design of in vitro assays that determine the impact 
of the tumor microenvironment on drug activity and cel-
lular response. Three-dimensional models may play a role 
in this context, but it is important to acknowledge that two-
dimensional models can also provide valuable information 
regarding the impact of specific microenvironmental fac-
tors on the pharmacology of anticancer drugs. Numerous 
examples exist in the literature where the effects of physi-
ological factors such as hypoxia and acidosis on drugs have 
been evaluated [51, 52], but it is again important to stress 
that physiologically relevant parameters should be used. For 
example, the extracellular pH (pHe) in tumors is generally 

acidic (pHe typically ranges from 6.6 to 7.1), whereas an 
intracellular pH (pHi) of 7.4 is slightly higher than that in 
normal cells (pHi around 7.2) [53, 54]. This shift in pH gra-
dients in cancer cells has profound biological and pharma-
cological implications [55–58], and it is, therefore, essential 
that physiologically relevant pH conditions are employed. 
Studies using more acidic pH values, therefore, need to be 
interpreted with caution.

Based upon the points raised in the above paragraphs, 
the following recommendations can be made. These are as 
follows:

• When data are available concerning the pharmacokinetic 
parameters achievable in humans or rodents, they should 
be used to guide the selection of concentrations to use in 
the in vitro setting.

• For novel compounds where pharmacokinetic data are 
not available, determination of  IC50,  GI50, TGI, or  LC50 
following continuous drug exposure is an appropriate 
starting point.

• For compounds that are designed to target specific bio-
chemical pathways, the use of cell lines where the target 
is well characterized or has been genetically manipulated 
is appropriate.

• For compounds where the mechanism of action is not 
known, comparison of the activity of the test compound 
against a chemically related standard agent (reference 
compound) and/or comparative activity against cancer 
as opposed to non-cancer cells is desirable. Often, the 
NCI-60 cell line panel is a good starting point to find 
efficacy of drugs with similar structure. Data on all drugs 
tested by the NCI (a few 100,000) are available or will 
shortly become available. The COMPARE program often 
gives a suitable first insight in mechanism of action.

• Appropriate solvents should be employed to ensure 
complete solubility and the maintenance of the original 
chemical structure of the compound. Reporting of the 
preparation of compounds for use in vitro should be clear 
and precise in all publications.

• Characterization of physico-chemicals properties will 
help to define the appropriate solvent, but can also pre-
dict several important pharmacokinetic properties, such 
as drug penetration and volume of distribution [59].

• Compound stability should be taken into consideration 
when interpreting chemosensitivity data and the use of 
additional endpoint apart from potency to select com-
pounds for further analysis should be considered. Freshly 
prepared compound stocks and dilutions should be used 
in assays, but where compound supply is limited; the 
preparation of stocks that are batched out and maintained 
at − 20 °C or lower is desirable.

• Pro-drugs cannot be investigated in the same way as 
other drugs in experiments with the cell lines. Instead, 
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the active metabolite itself or compounds spontaneously 
releasing the active metabolite must be used.

• The endpoints used to measure cellular response can be 
tailored to the type or number of compounds under devel-
opment; assay and assay conditions (length of drug expo-
sure, day of drug addition, and correction for absorbance/
fluorescence/cell count at day of drug addition) should 
be included. Just mentioning the commercial name of an 
assay is not sufficient.

• With regard to testing the effects of specific features 
of the tumor microenvironment (e.g., acidic pHe and 
reduced oxygenation conditions), it is important to use 
physiologically relevant conditions in two-dimensional 
culture systems.

• A number of consideration points to optimize the experi-
mental design are listed in Table 1.

The experimental model: general issues

Over the years, there has been an increased tendency to vali-
date the experimental models to achieve specific objectives. 
The most recent example being the use of authenticated cell 
lines to eliminate the possibility of cross-contamination of 
cultures by cells such as the HeLa cell line [60]. In contrast, 
evaluation of the appropriate use of anti-tumor compounds 
has been left behind and continues to rely on researcher 
choice and, ultimately, on the judgement of reviewers. Such 
phenomena need to be addressed, as we have long since 

moved from a time when pharmacological preclinical 
research was conducted by a relatively small number of sci-
entists carrying out preclinical drug development to a scien-
tific context where many academic and commercial groups 
employ multiple pharmacological approaches designed to 
target biological alterations associated with tumor patho-
genesis, progression, and aggressiveness.

Thus, given the heterogeneous background of researchers 
employing drugs in their experiments, there are some impor-
tant issues related to the experimental model that should be 
taken into account. When assaying cell sensitivity to cer-
tain drugs, it may be desirable to employ proliferating cells 
unless the experimental design implies that cells should not 
proliferate under the tested conditions. Cell proliferation is 
necessary for the cells to process the damage done to them 
by drugs, although this may depend on the type of dam-
age. When DNA damage is not processed, the cells may 
turn out to be resistant to the drug (or become tolerant of 
drug-induced lesions), because they do not grow or undergo 
only a limited number of cell divisions during the time of 
the experiment. This is particularly important both for the 
conventional anticancer agents inhibiting DNA-related 
functions or cell division and for agents targeting altera-
tions associated with cell proliferation (e.g., EGF receptor). 
Low cellular proliferation rates and quiescence are, how-
ever, physiologically relevant conditions within hypoxic 
and poorly perfused tumor microenvironments. In the case 
of drug design, it is desirable that new compounds target 
the hypoxic tumor microenvironment and activity against 

Table 1  Suggestions in the design of preclinical in vitro testing experiments

Choice of the compound concentration
After testing a wide range of concentrations, am I carrying out the relevant experiments using clinically meaningful concentrations?
Choice of the exposure and recovery time
Do I allow the cells to proliferate long enough to assess the treatment outcome?
Did I consider cell doubling time?
Did I match the drug exposure time to the retention of the drug in vivo, a high concentration only for a short time?
Choice of solvent
Is the compound water or fat soluble (lipid and non polar solvents)?
Is the solvent (e.g., DMSO or ethanol) used at concentrations that are non-toxic for the cells?
Is the dissolved compound stable, so that it can be stocked at low temperature (− 20, − 80 °C)?
Does the compound show protein binding; is that reversible?
Choice of the compound
Is the compound stable?
Is the compound a pro-drug?
If I am using a pro-drug in vitro, can I substitute it with the active metabolite?
Choice of cell sensitivity assay
Does the endpoint of the assay addresses the experimental question correctly?
Does the method recommend and allow to correct for the number of cells at the time of drug addition?
Choice of experimental model
Does the experimental model express the target of interest?
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slowly proliferating cells [52, 61]. An additional caveat is 
represented by cells that do not proliferate rapidly, such 
as chronic lymphocytic leukemia cells. Whilst these cells 
replicate very slowly, they are resistant to apoptosis as a 
consequence of MCL-1 expression. Agents which down-
regulate MCL-1 expression (e.g., CDK9 inhibitors) impact 
cell survival and so measurement of apoptosis induction 
becomes the critical assay endpoint [62]. Similarly, normal 
tissues will contain a mix of proliferating undifferentiated 
cells and non-proliferating differentiated cells and, therefore, 
studies reporting the response of non-cancer cells need to be 
carefully interpreted. When interpreting observations where 
the  IC50 of novel agents against tumor cells is compared to 
normal cells, it is important to include standard agents in 
the study to serve as a “yardstick” against which the activity 
of new agents can be measured. If the new agent performs 
better than the established drug under identical experimental 
conditions, then there is a reasonable case for selecting this 
compound for further development.

An experimental model that has attracted major attention 
in recent years is represented by cancer stem cells (CSCs), 
a cell fraction endowed with self-renewal, differentiating, 
and tumor initiating properties being responsible for tumor 
initiation, invasive growth, metastasis, and drug resistance 
[63]. Although CSCs have been identified in several tumor 
types, the precise phenotypic and functional features of CSC 
have been well defined only in a limited number of studies, 
predominantly leukemia [64, 65], so that the use of pre-
clinical models of CSCs, especially in vitro, requires major 
attention (see below).

Testing cell sensitivity to drugs in in vitro assays: 
a variety of tests

As mentioned earlier, several end points are widely used to 
measure the effects of treatments on cell lines in vitro, and 
these can be broadly divided into clonogenic and non-clo-
nogenic assays. These assays do not only differ in technical 
nature, but also measure different cell fates. The clonogenic 
assay is a classical method to measure the response of cells 
following drug exposure [4]. The advantage of this assay is 
its ability to integrate different outcomes (apoptosis, necro-
sis, mitotic catastrophe, and senescence) into colony form-
ing ability as a measure of replicative potential. Although 
one is testing the ability of single cells/small cell numbers 
to survive brief exposure and retain proliferative capacity, 
the obtained data may resemble the scenario post-tumor 
resection. The most commonly used type of endpoint assay, 
however, is the non-clonogenic assays, largely because 
these can be semi-automated [5]. These assays (described 
in more detail in the next paragraph) are often referred to as 
determining the “cytotoxicity” of drugs which is not entirely 
correct; the results reflect the difference in cell number (or 

surrogate for cell number) between treated and control cul-
tures due to effects on cell growth/proliferation and/or cell 
death. Again, each endpoint has its own advantages and dis-
advantages, and a detailed discussion of these can be found 
elsewhere [66].

With regard to non-clonogenic assays, a variety of assays 
exist whose suitability can be tailored to the specific objec-
tive of the study. Commonly used assays include the MTT 
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide] [5], its derivatives (such as the XTT and WST), 
and Alamar Blue assay and the Sulforhodamine B (SRB) 
assay [6, 64]. In the MTT/XTT assays, the tetrazolium salts 
are reduced in the mitochondria of viable cells to generate 
formazan products. Following solubilization of insoluble 
formazan products in organic solvents (MTT assay), the 
absorbance of the resulting solution can be determined and 
this is proportional to the number of metabolically viable 
cells within the culture. Similarly, in the Alamar Blue assay, 
resazurin is metabolically reduced to resorufin by viable 
cells [67]. As these assays provide a measure of metabolic 
activity, the use of these assays to evaluate compounds that 
target cell metabolism should be carefully interpreted and 
validated using alternative endpoints. Furthermore, differ-
ences in the pHe of control and treated cultures led to a 
significant underestimation of cell survival in cells treated 
with interferon using the MTT assay [68] and it is strongly 
recommended that the conditioned culture medium used to 
culture the cells is replaced with fresh medium immediately 
prior to the addition of MTT. This will apply to all assays 
that depend upon metabolic read outs to measure cellular 
response. In the SRB assay [6], it is possible to measure the 
dye binding to cellular proteins, again providing an indica-
tion of cell growth inhibition by treatment. MTT, Alamar 
blue, and SRB assays provide surrogate indications/biomark-
ers of cell number. Many other assays are also available to 
assess cell sensitivity to drugs, e.g., the CellTiterGlo lumi-
nescent cell viability assay based on quantitation of the ATP 
present, a further indicator of metabolically active cells. It 
should be recognized that due to their metabolic properties 
quite a few drugs increase the intracellular concentration of 
ATP. An example is gemcitabine [69]. A simple alternative 
is staining with crystal violet, which is very useful in 96-well 
plate assays, as well as to count stained colonies.

In the past, the activity of many compounds has been 
tested by microscopically counting viable cells using Trypan 
blue which is taken up by dead cells, but excluded by intact 
membranes of viable cells. As mentioned above, the clo-
nogenic assay [5] is adopted to determine the effects of 
short-term exposure on cell survival and colony formation. 
However, the clonogenic assay is time-consuming and less 
suitable to large-scale screenings, but remains very useful 
to detect cell death. Finally and crucially, an irrefutable 
measure of how a test agent may affect net cell numbers can 
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be determined by simply cell counting after fixed exposure 
periods; cell counting allows direct determination of inhibi-
tion of cell growth, and when carried out with an automatic 
machine can provide very reproducible results.

Testing cell sensitivity to drugs in in vitro assays: 3D 
models

The vast majority of studies of the response to anticancer 
drugs are carried out using subconfluent monolayer cultures, 
conditions quite distinct from the situation in solid tumors 
in vivo. One strategy to attempt to mimic in vivo condi-
tions is to use multicellular tumor spheroids (MCTS) [70, 
71], aggregates of tumor cells formed in vitro. An alter-
native assay employed V-bottomed plates, in which cells 
form aggregates as well and resemble three-dimensional 
spheroids. The advantage of such a system is that it can be 
evaluated using standard MTT and SRB assays [72]. The 
drug sensitivity properties resemble that of MCTS, as well 
as drug penetration. The sensitivities of MCTS and V-bot-
tom cultures to anticancer drugs are generally lower than the 
sensitivities of monolayer cultures [73, 74]. This is true both 
for DNA damaging drugs and microtubule interacting agents 
[70, 75]. The major effect of cisplatin exposure of MCTS is 
senescence, whereas apoptosis is only observed in proliferat-
ing cell populations in peripheral cell layers [75]. The gen-
eral insensitivity of MCTS to cisplatin and other anticancer 
drugs is likely a consequence of limited drug penetration and 
the presence of hypoxic, non-proliferating cell populations. 
The MCTS model has been technically improved, allowing 
spheroids of homogeneous size to form in multiwell plates 
[70], and the model is, in our opinion, attractive for studies 
of the response of solid tumor cells to anticancer agents.

Three-dimensional models have been employed for 
in vitro assays using CSCs or putative CSCs. Indeed, the set-
ting up of reliable drug sensitivity assays is critical, because 
the true nature of CSCs is their tumor initiating ability that 
can be truly assayed only in vivo and due to the fact that the 
best condition would be to use tumor specimens as a source 
of cells maintaining stem-like features. However, isolation of 
CSCs from clinical specimens is not always successful [76]. 
In principle, once the stemness of a peculiar model has been 
established, drug sensitivity can be assessed by testing drug 
effects on spheres [77]. In fact, CSCs are capable of growing 
independently of anchorage (i.e., as spheres) in serum-free 
medium added with growth factors. In this context, there 
are several caveats to consider. For example, growth factors 
activate survival pathways that may influence response to 
drugs of different classes. Therefore, it remains difficult to 
standardize cell sensitivity assays of CSCs.

Alternatively, organoid cultures represent an appealing 
experimental model for testing anti-tumor agents because of 
the potential to model cancer in vitro, somehow respecting 

the complexity of the disease and recapitulating the three-
dimensional tumor organization [78]. The use of this appeal-
ing technology is still at its infancy, although it appears 
that it can be developed for drug testing by the concomi-
tant employment of different tests to assess cell viability or 
growth.

3D models: drug penetration

A major limiting factor in the effectiveness of chemotherapy 
is poor and inadequate extravascular penetration of antican-
cer drugs [11]. Whilst drug penetration barriers have been 
identified using drugs that are naturally fluorescent or radio-
actively labelled [11], the development of the multicell layer 
cell culture models has enabled the kinetics of drug penetra-
tion to be determined using routine analytical techniques 
[79]. Whilst good penetration of drugs into avascular regions 
of tumors is desirable in all cases, it is an absolute require-
ment for drugs that are designed to target the hypoxic frac-
tion of tumors [52, 61, 80]. The kinetics of drug penetration 
has been combined with mathematical modelling to generate 
in silico models that can help drug development pathways in 
terms of selecting and designing compounds that can pen-
etrate into such regions of tumors [81, 82].

Testing of drug combinations

A common goal of preclinical researchers is to discover syn-
ergistic interactions between drugs. The postulated ration-
ale for the use of combination treatment regimens includes: 
reduction of single agent doses to minimize adverse systemic 
toxicity and spare normal tissues [83, 84]; target more tumor 
cells, bearing in mind the heterogeneous nature of malig-
nant disease; avoid or delay emergence of acquired drug 
resistance. However, in combination therapies, it is often 
neglected that a reduction of the dose of a drug invariably 
results in a decreased efficacy, while the efficacy of a com-
bination is often not compared to the efficacy of a single 
drug at its maximal tolerated dose (MTD). This means that a 
combination does not make sense when its efficacy is similar 
or less than that of each single drug at its MTD. Moreover, 
in a combination, the drugs may not only enhance the anti-
tumor effect, but also the toxicity. Therefore, toxicity of the 
combination should also be compared to that of the single 
drug at its MTD.

Nevertheless, there are many combinations, which fulfil 
these criteria and have successfully been translated from the 
cell culture to the mouse model to the patients and clearly 
improved the efficacy compared to the single drugs [85]. 
Many approaches have been described over the years aimed 
at the identification of synergistic interactions, including the 
simple Bliss independence method re-proposed by Kern in 
1989 [86], the Loewe isobologram, Webb fractional product 
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concept of synergy, and the median drug effect methodology 
developed by Chou and Talalay [83, 87]. In this method, 
a combination index (CI) is calculated at various fraction 
affected (FA) in which a FA of 0 is no effect and a FA of 1 is 
complete growth inhibition. The Chou and Talalay method 
is widely used for determination of synergy, additivity, or 
antagonism between drugs in combination. However, the 
method is often used incorrectly; e.g., it does not make sense 
to demonstrate synergism at a total of 25% growth inhibition 
level (FA = 0.25), since that means that the tumor still grows 
at a 75% rate compared to untreated; even an increase to 50% 
inhibition (FA = 0.5) still means 50% growth of a tumor. The 
normal application of the method is limited to 95% growth 
inhibition (FA = 0.95) and cell kill cannot be included in the 
formula, since it does not allow negative values nor values 
of FA > 1.0. It is recommended that in the application of this 
method, only FA values between 0.5 and 0.95 are included 
[84], while an adaptation of the methods also allows evalu-
ation of cell kill.

Unfortunately, there are still papers published where 
the improved effect of the combination in vitro has been 
assessed in the absence of adequate mathematical analysis, 
or an incorrect use of mathematics. Although discussion 
of the best method to evaluate drug interaction is out of 
the scope of this manuscript, we would like to highlight the 
importance of a correct application of one of the available 
methods for assessing synergism in in vitro tests for drug 
interactions. With few exceptions (outlined above), such 
studies should not rely merely on statistical analyses by (for 
example) Student’s t (or similar) tests.

Concluding remarks

The current scenario of pharmacological science implies 
both pharma-driven efforts and academic contribution to 
innovate drug development and to optimize therapeutic 
approaches toward the path of personalized medicine. The 
translatability of preclinical research on anti-tumor agents is 
only in part successful for several reasons, including issues 
related to changes in strategies in academic anticancer drug 
discovery [3] and experimental models and experimental 
design applied in the preclinical setting [88]. A pertinent 
example is provided by EGF-R inhibitors finally discovered 
to act on the mutant receptor [89]. An improvement in terms 
of preclinical research translatability may be provided also 
by the application of more stringent criteria and transpar-
ency throughout preclinical phases of testing.

A recent publication authored by Alan Eastman has high-
lighted the importance of the appropriate use of cytotoxic-
ity assays and combination models to improve anticancer 
drug development [90]. The author highlights the high fail-
ure rate of anticancer agents, considering possible drug or 

experimental model-related reasons. The latter issue is still 
forefront, also taking into account that murine models only 
in part mirror the complexity of human tumors.

In addition, an important point is the development of 
compounds with a high therapeutic index, capable of kill-
ing cancer cells while sparing normal ones. Recently, non-
cancer cells from different tissues have become available and 
their use in in vitro testing is helpful, especially when cells 
are derived from tissues normally involved in dose-limiting 
toxicities.

There is an urgent need to improve the quality of pre-
clinical results obtained with new compounds and with clini-
cally available agents. Researchers in the field of pharma-
cology generally know by virtue of their training about the 
relevance of solvents, concentrations, use of drugs versus 
pro-drugs, inclusion of pertinent controls and stringent, and 
reproducible assay conditions in cellular pharmacology stud-
ies. However, researchers in other related fields often lack 
this background. In this context, attention should be paid (in 
addition to cell culture conditions) to cell behavior and to 
reagents used for cell culture [91]. In fact, the most widely 
used cell culture supplement (fetal bovine serum) is very 
complex; its bioactive compounds vary between batches and 
may affect the outcome of cell sensitivity tests. However, 
it should not be difficult for beginners to consider all the 
possible sources of variability and to set up anti-tumor phar-
macology experiments properly, given that all the scientific 
community can access a lot of information about compound 
solubility, stability, and sensitivity assays through multiple 
web-available sources. We hope that the issues raised herein 
offer the opportunity to reflect upon relevant points and act 
as “pocket” guidelines to motivate good practice in design of 
pharmacology experiments, and to include in their articles 
the necessary information for the tested agents.
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A diverse library of cationic silver complexes bearing bis(N-heterocyclic carbene) ligands have been
prepared which exhibit cytotoxicity comparable to cisplatin against the adenocarcinomas MCF7 and
DLD1. Bidentate ligands show enhanced cytotoxicity over monodentate and macrocyclic ligands.

Introduction

Over the past two decades metal complexes of N-heterocyclic
carbenes (NHCs) have become extremely important in catalytic
processes such as cross-coupling, metathesis, C–H bond acti-
vation and polymerisation.1–4 To a much lesser extent they have
been investigated in biomedical applications, showing promise
as antimicrobial (silver–NHCs) and as antitumour agents.5–7

The antimicrobial properties of silver are well established and
have resulted in silver being incorporated into several materials
such as wound dressings, creams, deodorants and even
clothing.8–10 The toxicity of silver is thought to be relatively low
which has enabled its wide use. Silver–NHC complexes are
emerging as new and improved antimicrobial agents to overcome
problems associated with conventional silver antibiotics such as
fast loss of activity and resistance.5,11–13 It has been suggested
that the increased stability of silver NHCs results in a slower
release of silver, rendering the compounds active over a longer
period of time.

Studies have been carried out which indicate that metal–NHC
complexes may also be useful in cancer chemotherapy. Specifi-
cally, NHC complexes of palladium, copper, gold and silver
have been reported which exhibit cytotoxicity against various
cancer cell lines.6,12,14–16 Most of the cytotoxic silver NHCs
reported are neutral complexes, bearing a monodentate NHC
donor and an acetate ligand (Fig. 1A).16–21 Youngs et al. have
reported cationic monodentate NHC complexes that are effective
against the H460 lung cancer cell line, though cytotoxicity was
not superior to cisplatin (Fig. 1B).22 Herein, we report the prep-
aration of a range of chelating and macrocyclic bis-imidazolium
precursors and their coordination to form cationic silver bis
(NHC) complexes (Fig. 3). The cytotoxicity of the complexes
was evaluated against the cancer cell lines MCF7 (breast) and
DLD1 (colon) to assess the effect of bidentate ligands on
activity. The nitrogen substituents (R), position of the carbene

moiety (meta or para) and the counterion (X) were varied to
gain structure–activity relationships. In addition, a monodentate
derivative was prepared and tested to compare the activity of
multidentate ligands compared to their monodentate counter-
parts. Testing of simple silver salts (AgBr, AgBF4), and imidazo-
lium salt precursors in the absence of silver, suggests that both
the silver and the ligand moieties are essential for their activity.

Results and discussion

Imidazolium salts 1–4 were prepared through reaction of an
N-substituted imidazole with a bromomethylated core
(Scheme 1).23,24 Reactions were generally performed in dichloro-
methane, with the bromide salts precipitating within 1 hour.
Counterion exchange was performed using NH4BF4 in methanol.
A characteristic shift of the C2 proton from ∼7.5 to ∼9 ppm in
the 1H NMR spectra of the resulting white solids show the
desired products to have formed.

We have previously reported the coordination of bis(imidazo-
lium) hexafluorophosphate and tetrafluoroborate salts to silver
using the common Ag2O route.24,25 Basic silver oxide reacts
with an imidazolium salt causing in situ deprotonation of the C2
proton and coordination to silver, with concomitant silver salt
formation. The reaction conditions are dependent upon the
ligand used and the counterion, with the tetrafluoroborate salts
formed in dimethylsulphoxide at 80 °C. As the C2 proton of the
imidazolium bromide salts is more acidic, reactions to coordinate
the carbene ligand to silver can be performed at room tempera-
ture. Initial reactions were conducted in anhydrous methanol
with the use of molecular sieves to remove the water formed
during the reaction. It was found that the resulting complexes
were air sensitive, with solids becoming oily and depositing a

Fig. 1 Neutral (A) and cationic (B) cytotoxic silver NHCs.
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LS2 9JT, UK. E-mail: c.e.willans@leeds.ac.uk
bInstitute of Cancer Therapeutics, University of Bradford, Bradford,
BD7 1DP, UK. E-mail: r.m.phillips@bradford.ac.uk

3720 | Dalton Trans., 2012, 41, 3720–3725 This journal is © The Royal Society of Chemistry 2012

Pu
bl

ish
ed

 o
n 

06
 Ja

nu
ar

y 
20

12
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f B
ra

df
or

d 
on

 2
8/

08
/2

01
4 

09
:4

0:
20

. 
View Article Online / Journal Homepage / Table of Contents for this issue

http://dx.doi.org/10.1039/c2dt12399a
http://dx.doi.org/10.1039/c2dt12399a
www.rsc.org/dalton
http://dx.doi.org/10.1039/c2dt12399a
http://pubs.rsc.org/en/journals/journal/DT
http://pubs.rsc.org/en/journals/journal/DT?issueid=DT041013


dark brown solid. Elemental analyses confirmed that the com-
plexes contained large excesses of silver bromide, which is
potentially incorporated into the structures through metal halide
bridge systems (Fig. 2). When a solvent mixture of dichloro-
methane–methanol (7 : 1) was used for the reaction, the resulting
isolated solids were significantly more stable to air and found
not to contain excess silver bromide. Presumably the less polar
solvent causes the precipitation of silver bromide, hence the salt
does not become incorporated into the structure. The resonance
in the 1H NMR spectra attributable to the C2 proton disappears
upon deprotonation and resulting carbene formation, and a shift
at approximately 180 ppm in the 13C NMR spectra shows the C2
carbon coordinating to silver.

Reaction of imidazolium bromide salts 2 and 3 with silver
oxide to prepare neutral silver–NHC complexes, in which each
silver centre coordinates one NHC and one bromide atom, has
previously been reported.23,26 High resolution mass spectrometry
and elemental analytical data following our reaction conditions
are consistent with the formation of the cationic bis(NHC) com-
plexes depicted in Fig. 3.† Each silver coordinates to two NHC
centres with a non-coordinating bromide atom. Using the meta-
substituted ligands 2 and 3, it is possible for either a pincer (6
and 7) or polymeric complex to occur, whereas the para-substi-
tuted ligand is more likely to bridge two separate silver centres
(5). Literature precedence suggests that complexes 6 and 7 are
likely to form dinuclear or polynuclear complexes, with the
NHC moieties of each ligand twisting away from each other and
coordinating to different silver centres.23,26,27 NMR data of

complex 7 also shows the diastereotopic nature of the methylene
protons.

The in vitro cytotoxicity of silver bis(NHC) complexes 5–8
was determined using MTT-based assays involving a 6 day
drug-exposure period.28 Compounds were tested for their activity
against the human breast adenocarcinoma MCF7 and the colon
adenocarcinoma DLD1. In addition to chelating and macrocyclic
silver bis(NHCs) (5–7), the complex bearing the monodentate
ligand (8), imidazolium salts 1a and 2a, AgBr and AgBF4 were
also tested. The results are summarized in Table 1, Fig. 4 and
Fig. 5 and are compared to cisplatin.

The monodentate complex 8 against MCF7 (IC50 = 17.8 ±
3.8 μM) is clearly less effective than complexes bearing biden-
tate ligands (IC50 range including error = 1.5 to 9.7 μM). This
may be explained by the bidentate nature of the ligands render-
ing the complexes more stable. In a similar manner to antimicro-
bial silver NHCs, it is possible that increased stability results in a
slower release of silver so higher activity. The macrocyclic effect
generally leads to even higher complex stability relative to the
chelating effect. The macrocyclic complex 7, however, is less
cytotoxic than some of the chelating complexes (IC50 = 13.1 ±
4.8 μM). It is possible that a complex can become too stable and
doesn’t release sufficient silver, hence becomes less efficient
over the drug-exposure period.

Against MCF7, the bidentate complexes 5–6 show similar
IC50 values to each other suggesting that the N-substituent of the
ligand and the position of the NHC (meta or para) does not have
any considerable effect on cytotoxicity against this cell line.

Fig. 3 Silver bis(NHCs) 5–8. a: R = Me, X = Br; b: R = nPr, X = Br;
c: R = tBu, X = Br; d: R = Me, X = BF4.

Fig. 2 Metal halide bridge formation.

Scheme 1 Preparation of ligand precursors 1–4. a: R = Me, X = Br; b:
R = nPr, X = Br; c: R = tBu, X = Br; d: R = Me, X = BF4.

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 3720–3725 | 3721

Pu
bl

ish
ed

 o
n 

06
 Ja

nu
ar

y 
20

12
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f B
ra

df
or

d 
on

 2
8/

08
/2

01
4 

09
:4

0:
20

. 
View Article Online

http://dx.doi.org/10.1039/c2dt12399a


Against DLD1, however, it appears that the meta-chelating NHC
complexes (6) have enhanced cytotoxicity over the para-com-
plexes (5), with 6c in particular showing cytotoxicity values
superior to cisplatin (IC50 = 1.1 ± 0.2 μM for meta-6c vs. IC50 =
7.9 ± 0.9 μM for para-5c and 2.4 ± 1.0 μM for cisplatin). This
may again be due to complex stability, as the meta ligands are
able to chelate a silver centre whereas the para ligands are
unable to achieve the bite angle to do this. The N-tBu substituent
of 6c will also provide steric stability.

There is a hint of selectivity of 6a and 6c towards DLD1, pro-
viding the possibility of targeting (Fig. 5). These complexes

exhibit IC50 values against DLD1 in the same range as cisplatin,
whereas against MCF7 there is above a 4-fold increase in IC50

values compared to cisplatin. Surprisingly the counterion (Br− or
BF4

−) does not appear to have an effect on cytotoxicity values.
The counterion is expected to affect complex solubility and poss-
ible transmembrane diffusion, though this is likely to be very
subtle and the fact that all the complexes are cationic gives them
similar properties. AgBr, AgPF6 and imidazolium salts 1a and
2a exhibit IC50 values above 100 μM, which was the highest
concentration tested for these compounds, hence the synergistic
effect of both the silver centre and the NHC ligand clearly has a
role in the cytotoxicity of silver NHCs.

Conclusion

In conclusion, a series of monodentate, bidentate and macrocyc-
lic cationic silver bis(NHC) complexes have been prepared.
Their in vitro cytotoxicity has been assessed against the cancer-
ous cell lines MCF7 and DLD1. We have found that the com-
plexes display activity that is comparable to cisplatin, with those
bearing chelating ligands showing superior cytotoxic values
compared to their monodentate and macrocyclic counterparts.
The stability of the complex appears to have a role, with the
release rate of silver salt likely being the major factor in this. As
these complexes have activities comparable to cisplatin and are
likely to have a better toxicity profile, they may prove valuable.
A major barrier to the continued development of these com-
pounds is the lack of a defined mechanism of action or cancer
specific target. The data in Fig. 5 indicate that compounds 6a
and 6c are selectively exploiting some biological feature of
DLD1 cells and further studies are required to decipher mechan-
isms of action. We are extending our studies to conduct a cell
based screen designed to identify phenotypic and biochemical
effects of silver–NHC complexes on cells.

Experimental

General considerations

All reagents were used as supplied or prepared as outlined
without need for further purification. N-substituted imidazoles,
imidazolium salts, and compound 5d were prepared according to
literature procedure.23,24,29 Manipulations were performed using

Fig. 4 Response of MCF7 (top) and DLD1 (bottom) cell lines to cis-
platin and silver complexes. Values presented are IC50 (μM) ± SD for
three independent experiments.

Fig. 5 Response of MCF7 and DLD1 to cisplatin and meta-substituted
silver complexes 6a and 6c. Values presented are IC50 (μM).

Table 1 Response of MCF7 and DLD1 cell lines to cisplatin, silver
salts, imidazolium salts and silver complexes. Values presented are IC50
(μM) ± SD for three independent experiments

Compound MCF7 DLD1

Cisplatin 1.3 ± 0.7 2.4 ± 1.0
AgBr >100 >100
AgBF4 >100 >100
1a >100 >100
2a >100 >100
5a 6.3 ± 2.2 4.1 ± 0.6
5b 5.6 ± 4.1 5.4 ± 0.4
5c 4.3 ± 0.3 7.9 ± 0.9
5d 3.5 ± 0.1 4.6 ± 0.3
6a 7.9 ± 0.8 2.3 ± 1.3
6c 4.2 ± 0.5 1.1 ± 0.2
7 13.1 ± 4.8 —
8 17.8 ± 3.8 —

3722 | Dalton Trans., 2012, 41, 3720–3725 This journal is © The Royal Society of Chemistry 2012
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standard Schlenk line and vacuum line techniques. N2 was
passed through a twin-column drying apparatus containing mol-
ecular sieves (4 Å) and potassium hydroxide. Solvents were
passed over activated alumina to remove water, copper catalyst to
remove oxygen and molecular sieves to remove any remaining
water via the Dow–Grubbs solvent system. 1H and 13C NMR
spectra were recorded on a Bruker DPX300 spectrometer (oper-
ating frequency 300.1 MHz for 1H and 75.48 MHz for 13C) or
on a Bruker DRX500 spectrometer (operating frequency
500.13 MHz for 1H and 125.80 MHz for 13C). All spectra were
recorded at 298 K in deuterated solvent. Chemical shift values
are quoted in parts per million (ppm, δ) and coupling constants J
are quoted in Hertz (Hz). Assignment of 1H NMR spectra was
aided by the use of 2D 1H1H COSY experiments and the assign-
ment of 13C{1H} NMR spectra was aided by 13C{1H} dept 135
experiments. Microanalyses were performed by Mr Ian Blakeley
in the University of Leeds, School of Chemistry. Mass spectra
were collected by Ms Tanya Marinko-Covell either on a Bruker
Daltonics (micro TOF) instrument operating in the electrospray
mode or a GCT Premier (TOF) instrument operating in electron
impact mode using methanol or acetonitrile as solvent.

Ag(NHC)Br (5a)

1a (522 mg, 1.24 mmol) was added to DCM (7 mL) giving a
white suspension. To the suspension was added MeOH (1 mL)
to give a clear solution to which was added Ag2O (432 mg,
1.86 mmol) and 3 Å molecular sieves. The mixture was stirred
for 18 hours in the dark to give a light brown precipitate (AgBr).
This was filtered through Celite and the solvent removed from
the filtrate in vacuo to give an off white solid. Yield: 443 mg
(79%). 1H NMR (d4-MeOD, 500 MHz) δ: 7.32 (s, 8H, CH),
7.11 (s, 8H, ArH), 5.20 (s, 8H, CH2), 3.91 (s, 12H, CH3).

13C
NMR (d4-MeOD, 75 MHz) δ: 182.9 (br d, C–Ag), 136.44 (CH),
128.51 (C), 122.96 (CH), 122.69 (CH), 54.28 (CH2), 38.51
(CH3). MS (ESI+): m/z 374.1 [M − 2Br]2+. Calcd for
C16H18N4Ag [M − 2Br]2+: 373.0582. Found: 373.0591. Anal.
Calcd for C32H36Ag2Br2N8: C, 42.32; H, 4.00; N, 12.34. Found:
C, 43.05; H, 4.25; N, 11.90.†

Ag(NHC)Br (5b)

1b (500 mg, 1.03 mmol) was added to DCM (7 mL) giving a
white suspension. To the suspension was added MeOH (1 mL)
to give a clear solution to which was added Ag2O (359 mg,
1.55 mmol) and 3 Å molecular sieves. The mixture was stirred
for 18 hours in the dark to give a light brown precipitate (AgBr).
This was filtered through Celite and the solvent removed from
the filtrate in vacuo to give an off white solid. Yield: 173 mg
(33%). 1H NMR (d4-MeOD, 300 MHz) δ: 7.38 (d, 3J = 1.7 Hz,
4H, CH), 7.34 (d, 3J = 1.7 Hz, 4H, CH), 7.09 (s, 8H, ArH), 5.21
(s, 8H, CH2), 4.18 (t, 3J = 7.2 Hz, 8H, CH2), 2.01–1.84 (m, 8H,
CH2), 0.95 (t, 3J = 7.2 Hz, 12H, CH3).

13C NMR (d4-MeOD,
75 MHz) δ: Ag–C not observed, 139.03 (CH), 129.29 (C),
123.82 (CH), 123.66 (CH), 55.80 (CH2), 54.96 (CH2), 26.49
(CH2), 11.84 (CH3). MS (ESI+): m/z 430.1 [M − 2Br]2+. HRMS
(ESI+): Calcd for C20H26N4Ag [M − 2Br]2+: 429.1208. Found:

429.1204. Anal. Calcd for C40H52Ag2Br2N8: C, 47.08; H, 5.14;
N, 10.98. Found: C, 48.75; H, 5.70; N, 10.80.†

Ag(NHC)Br (5c)

1c (1 g, 1.95 mmol) was added to DCM (14 mL) giving a white
suspension. To the suspension was added MeOH (2 mL) to give
a clear solution to which was added Ag2O (679 mg, 2.93 mmol)
and 3 Å molecular sieves. The mixture was stirred for 18 hours
in the dark to give a light brown precipitate (AgBr). This was
filtered through Celite and the solvent removed from the filtrate
in vacuo to give an off white solid. Yield: 550 mg (70%). 1H
NMR (d4-MeOD, 500 MHz) δ: 7.56 (s, 4H, CH), 7.21 (s, 4H,
CH), 6.97 (s, 8H, ArH), 5.26 (s, 8H, CH2), 1.81 (s, 36H, CH3).
13C NMR (d4-MeOD, 75 MHz) δ: Ag–C not observed, 138.59
(CH), 128.85 (C), 122.31 (CH), 121.98 (CH), 59.56 (C), 56.86
(CH2), 32.63 (CH3). MS (ESI+): m/z 458.2 [M − 2Br]2+. HRMS
(ESI+): Calcd for C22H30N4Ag [M − −2Br]2+: 457.1521. Found:
457.1511. Anal. Calcd for C44H60Ag2Br2N8: C, 49.09; H, 5.62;
N, 10.41. Found: C, 50.20; H, 6.10; N, 10.25.†

Ag(NHC)Br (6a)

2a (1 g, 2.33 mmol) was added to DCM (14 mL) giving a white
suspension. To the suspension was added MeOH (2 mL) to give
a clear solution to which was added Ag2O (812 mg, 3.50 mmol)
and 3 Å molecular sieves. The mixture was stirred for 18 hours
in the dark to give a light brown precipitate (AgBr). This was
filtered through Celite and the solvent removed from the filtrate
in vacuo to give an off white solid. Yield: 728 mg (69%). 1H
NMR (d4-MeOD, 500 MHz) δ: 7.34 (br, 5H, CH & ArH), 7.16
(m, 3H, ArH), 5.19 (s, 4H, CH2), 3.75 (s, 6H, CH3).

13C NMR
(d4-MeOD, 75 MHz) δ: 181.04 (br d, C–Ag), 139.59 (C),
131.30 (CH), 130.01 (CH), 128.86 (CH), 124.50 (CH), 124.07
(CH), 55.77 (CH2), 39.40 (CH3). MS (ESI+): m/z 374.1 [M −
Br]+. HRMS (ESI+): Calcd for C16H18N4Ag [M − Br]+:
373.0582. Found: 373.0562. Anal. Calcd for C16H18AgBrN4: C,
42.32; H, 4.00; N, 12.34. Found: C, 42.89; H, 4.19; N, 11.93.†

Ag(NHC)Br (6c)

2c (1.2 g, 2.34 mmol) was added to DCM (14 mL) giving a
white suspension. To the suspension was added MeOH (2 mL)
to give a clear solution to which was added Ag2O (814 mg,
3.51 mmol) and 3 Å molecular sieves. The mixture was stirred
for 18 hours in the dark to give a light brown precipitate (AgBr).
This was filtered through Celite and the solvent removed from
the filtrate in vacuo to give an off white solid. Yield: 980 mg
(78%). 1H NMR (d4-MeOD, 500 MHz) δ: 7.58 (s, 2H, CH),
7.29 (t, 3J = 7.6 Hz, 1H, ArH), 7.22 (s, 2H, CH), 6.95 (d, 3J =
7.6 Hz, 2H, ArH), 6.85 (s, 1H, ArH), 5.20 (s, 4H, CH2), 1.80
(s, 18H, CH3).

13C NMR (d4-MeOD, 75 MHz) δ: 180.34 (br
d, C–Ag), 139.64 (C), 131.25 (CH), 127.86 (CH), 126.69 (CH),
122.54 (CH), 121.92 (CH), 59.57 (C), 56.93 (CH2), 32.65
(CH3). MS (ESI+): m/z 458.2 [M − Br]+. HRMS (ESI+): Calcd
for C22H30N4Ag [M − Br]+: 457.1521. Found: 457.1514. Anal.
Calcd for C22H30AgBrN4: C, 49.09; H, 5.62; N, 10.41. Found:
C, 50.60; H, 6.65; N, 10.10.†

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 3720–3725 | 3723
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Ag(NHC)Br (7)

3 (1.00 g, 2.00 mmol) was added to DCM (14 mL) giving a
white suspension. To the suspension was added MeOH (2 mL)
to give a clear solution to which was added Ag2O (692 mg,
3.00 mmol) and 3 Å molecular sieves. The mixture was stirred
for 24 hours in the dark to give a light brown precipitate (AgBr).
The mixture was filtered through Celite and the solvent removed
from the filtrate in vacuo to give a yellow oil. This was triturated
with Et2O to give a white solid. Yield: 712 mg (67%). 1H NMR
(d4-MeOD, 500 MHz) δ: 7.14 (d, 3J = 7.6 Hz, 4H, ArH), 7.09
(s, 2H, CH), 7.09 (s, 2H, CH), 7.06 (t, 3J = 7.6 Hz, 2H, ArH),
7.06 (s, 2H, ArH), 5.18 (d, 2J = 16.2 Hz, 4H, CH2), 5.18 (d, 2J =
16.2 Hz, 4H, CH2).

13C NMR (d4-MeOD, 75 MHz) δ: 183.57
(dd, 1JC-107-Ag = 179 Hz, 1JC-109-Ag = 207 Hz), 139.48 (C),
130.66 (CH), 128.02 (CH), 124.57 (CH), 124.50 (CH), 122.80
(CH), 55.56 (CH2). MS (ESI+): m/z 448.1 [M − Br]+. HRMS
(ESI+): Calcd for C22H20N4Ag [M − Br]+: 447.0739. Found:
447.0714. Anal. Calcd for C22H20AgBrN4: C, 50.03; H, 3.82; N,
10.61. Found: C, 50.65; H, 4.50; N, 9.95.†

Ag(NHC)2AgBr2 (8)

4 (545 mg, 2.15 mmol) was dissolved in DCM (22 mL) and
Ag2O (249 mg, 1.08 mmol) was added. The mixture was stirred
for 18 hours in the dark. The mixture was filtered through Celite
and the solvent removed from the filtrate in vacuo to give an oil.
This was triturated with Et2O to give a white solid. Yield:
0.502 g (65%). 1H NMR (d6-DMSO, 300 MHz) δ: 7.54 (d, 3J =
1.73 Hz, 2H, CH), 7.45 (d, 3J = 1.73 Hz, 2H, CH), 7.38–7.27
(m, 10H, ArH), 5.31 (s, 4H, CH2), 3.77 (s, 6H, CH3).

13C NMR
(d6-DMSO, 75 MHz) δ: Ag–C not observed, 137.68 (C), 129.10
(CH), 128.32 (CH), 127.95 (CH), 123.61 (CH), 122.52 (CH),
54.35 (CH2), 38.51 (CH3). MS (ESI+): m/z 452.1 [M − Br]+.
HRMS (ESI+): Calcd for C22H24N4Ag [M − Br]+: 451.1052.
Found: 451.1045. Anal. Calcd for C22H24AgBrN4·AgBr: C,
36.70; H, 3.36; N, 7.78. Found: C, 37.85; H, 3.45; N, 7.95.†

Cytotoxicity studies

In vitro cell tests were performed at the Institute of Cancer
Therapeutics, Bradford, on the MCF7 (human adenocarcinoma
of the breast) and DLD1 (human adenocarcinoma of the colon)
cell lines. Cells were incubated in 96-well plates, at 2 × 103 cells
per well in 200 μL of growth media (RPMI 1640 supplemented
with 10% foetal calf serum, sodium pyruvate (1 mM) and L-glu-
tamine (2 mM)). Cells were incubated for 24 hours at 37 °C in
an atmosphere of 5% CO2 prior to drug exposure. Silver com-
pounds, imidazolium salts and cisplatin were dissolved in
dimethylsulphoxide at a concentration of 25 mM and diluted
with medium to obtain drug solutions ranging from 25 to
0.049 μM. The final dimethylsulphoxide concentration was 0.1%
(v/v) which is non-toxic to cells. Drug solutions were applied to
cells and incubated for 6 days at 37 °C in an atmosphere of 5%
CO2. The solutions were removed from the wells and fresh
medium added to each well along with 20 μL MTT (5 mg
mL−1), and incubated for 4 hours at 37 °C in an atmosphere of
5% CO2. The solutions were removed and 150 μL dimethyl-
sulphoxide was added to each well to dissolve the purple

formazan crystals. A plate reader was used to measure the absor-
bance at 540 nm. Lanes containing medium only, and cells in
medium only (no drug), were used as blanks for the spectropho-
tometer and 100% cell survival respectively. Cell survival was
determined as the absorbance of treated cells divided by the
absorbance of controls and expressed as a percentage. The con-
centration required to kill 50% of cells (IC50) was determined
from plots of % survival against drug concentration. Each exper-
iment was repeated 3 times and a mean value obtained. In the
cases where an IC50 value was not obtained (AgBr, AgBF4, 1a,
2a) experiments were repeated using a higher concentration of
drug up to a maximum of 100 μM. Response of MCF7 and
DLD1 cell lines to cisplatin, silver compounds and imidazolium
salts are presented in the table below as IC50 (μM) ± SD for
three independent experiments.

Notes and references

†Elemental analytical data gives carbon content slightly higher than
expected for all the complexes. NMR spectroscopy and mass spec-
trometry data do not indicate impurities, and a higher than expected
carbon value is clearly not a result of excess silver bromide The likely
cause of this is therefore a small amount of halide exchange of bromide
for chloride, with chloride ions being provided by dichloromethane
during the reactions.
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a b s t r a c t

Organometallic complexes offer the prospect of targeting multiple pathways that are important in cancer
biology. Here, the preclinical activity and mechanism(s) of action of a silver-bis(N-heterocyclic carbine)
complex (Ag8) were evaluated. Ag8 induced DNA damage via several mechanisms including topo-
isomerase I/II and thioredoxin reductase inhibition and induction of reactive oxygen species. DNA
damage induction was consistent with cytotoxicity observed against proliferating cells and Ag8 induced
cell death by apoptosis. Ag8 also inhibited DNA repair enzyme PARP1, showed preferential activity
against cisplatin resistant A2780 cells and potentiated the activity of temozolomide. Ag8 was substan-
tially less active against non-proliferating non-cancer cells and selectively inhibited glycolysis in cancer
cells. Ag8 also induced significant anti-tumour effects against cells implanted intraperitoneally in hollow
fibres but lacked activity against hollow fibres implanted subcutaneously. Thus, Ag8 targets multiple
pathways of importance in cancer biology, is less active against non-cancer cells and shows activity
in vivo in a loco-regional setting.

Crown Copyright © 2017 Published by Elsevier B.V. All rights reserved.

Introduction

An increased understanding of the molecular and cellular
biology of cancer has led to an explosion of research into targeted
therapies. For certain cancers harbouring particular genetic lesions,
targeted therapies have led to significant improvements in out-
comes but their use is not without significant limitations. Resis-
tance to treatment remains a significant problem [1] and novel
strategies are required to tackle the challenges of tumour plasticity
and heterogeneity that promote the development of resistance [2].
One such strategy that is particularly applicable to complex dis-
eases such as cancer is the development of a single drug that targets
multiple pathways, an approach known as polypharmacology [3,4].
This approach has the potential to target biologically important

networks thereby reducing the impact of plasticity and heteroge-
neity but it carries the inherent risk of widespread toxicity. The
challenge is to identify multi-targeted agents that exhibit selec-
tivity for cancer cells over normal cells [5].

Within this context, there is resurging interest in organometallic
complexes following the demonstration that they can target mul-
tiple biochemical pathways with cytotoxic activity that is inde-
pendent of binding to nucleic acids [6]. Metal complexes with N-
heterocyclic carbene (NHC) ligands have emerged as an interesting
class of organometallic compounds that have anti-microbial and
anti-cancer activity [7]. Gold-NHC complexes have been the focus
of research into new anti-cancer drugs but these have shown un-
desirable toxicity in vivo including oxidative damage to the heart
and reproductive toxicity in rats [8]. In contrast to gold-NHC
complexes, silver-NHC complexes have the potential advantage of
reduced toxicity as silver inherently lacks toxicity. This together
with the increased stability of silver-NHC complexes make this
class of compound particularly attractive as potential anti-cancer
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drugs [9]. We recently reported the synthesis and initial evaluation
of a series of novel silver-NHC complexes that demonstrated
cytotoxic activity against MCF7 (human breast carcinoma) and
DLD-1 (human colo-rectal carcinoma) cell lines in vitro [10]. Of
these compounds, Ag(NHC)2AgBr2 (Ag8, Fig. 1) was identified as
suitable for further evaluation. The purpose of this study was to
determine the mechanism(s) of action of Ag8 in the context of
identifying a multi-targeted agent that retained selectivity for
cancer as opposed to non-cancer cells.

Material and methods

Compounds

Ag8 was synthesised as described previously [10]. Cisplatin, etoposide, temo-
zolomide (TMZ) and NU1025 were obtained from Sigma Aldrich (Poole, Dorset, UK).

Cell lines

A panel of 16 human cancer and 3 human non-cancer cells was selected for this
study, details of which are presented in Table S1. Cells were cultured in complete
medium with appropriate supplements as recommended by ATCC or ECACC.

Chemosensitivity studies

Cell lines were seeded in 96-well plates at 2000 cells/well and allowed to adhere
overnight. Cells were exposed to a range of drug concentrations for 96 h after which
cell survival was determined using the MTT assay [11]. The selectivity index (SI) was
defined as the IC50 for non-cancer cells divided by the IC50 for cancer cells (values >1
indicating selectivity for cancer cells). Ag8was also submitted to the National Cancer
Institute (Bethesda, USA) for evaluation in the NCI60 cell line panel (NSC 767019).

Inhibition of thioredoxin reductase 1 (Trx-R)

The effect of Ag8 on Trx-R activity was determined using the substrate 5,5'-
dithiobis-(2-nitrobenzoic acid) (DTNB) as described elsewhere [12,13]. Inhibition of
Trx-R activity in Ag8 treated samples was calculated as a percentage of enzyme
activity of vehicle treated controls.

Detection of reactive oxygen species (ROS)

Cells were seeded at a density of 3 ! 106 in 10 cm2 tissue culture dishes and
allowed to adhere overnight. Cells were then treated for 30 min with cisplatin
(10 mM), Ag8 (10 mM) or appropriate vehicle controls, washed twice with PBS, and
labelled with H2-DCFDA (4 mM) (Life Technologies) at 37 "C in PBS for 30 min. Cells
were then washed with ice-cold with PBS before trypsinisation and resuspension in
ice-cold PBS for immediate analysis for ROS levels by flow cytometry.

Effect of the anti-oxidant N-acetyl-cysteine (NAC) on the cytotoxic activity of Ag8

Ovarian cancer cells were pre-treated for 1 hwith NAC (1mM) followed by cisplatin
or Ag8 in 1 mM NAC for a further 72 h. Total cell biomass was assessed using the
colorimetric CellTiter 96® AQueous One Solution Cell proliferation assay (Promega).

Detection of stress-activated protein kinases

Cells were treated for 0, 1.5, 3 and 6 h with either cisplatin (10 mM) or Ag8
(10 mM), lysed and processed for SDS-PAGE and immunoblotting using antibodies for
p-JNK, pSAPK/JNK, p-38, p-38 MAPK and b-actin as previously described [14].

Induction of apoptosis

Apoptosis was detected using the Annexin-V-FLUOS Staining Kit (Roche) as
previously described [15]. Briefly, A2780 and A2780cis/CP70 cells were seeded at
1 ! 105 cells/well in 6 well plates, incubated overnight at 37 "C and exposed to Ag8
(10 mM), cisplatin (10 mM) or etoposide (10 mM) for 24 h at 37 "C. Cells were labelled

Fig. 1. Chemical Structure of Ag8. The synthesis and chemical characterisation is
described elsewhere [10].

Fig. 2. Response of cancer and non-cancer cell lines to Ag8 and cisplatin. (A) The response of a panel of cancer cells following continuous exposure to cisplatin or Ag8. Data are
mean ± standard deviation for 3 independent experiments. (B) The selectivity index was determined as the IC50 for sub-confluent (sc) or confluent (c) non-cancer cells (ARPE-19,
WI38 or PNT2) divided by the IC50 for either A2780 or A2780cis/CP70 cells. Confluent non-cancer cells were included to reflect the fact that the majority of normal cells are non-
proliferating. Cisplatin was tested against confluent PNT2 cells only. The legend embedded in the figure is common to all three data sets. Values > 1 denote preferential activity
against cancer compared to non-cancer cells whereas values # 1 denote equitoxic or reduced activity against cancer cells compared to non-cancer cells.
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with Annexin and propidium iodide as described by the manufacturer and analysed
by flow cytometry.

DNA UV thermal melting studies

These were performed as previously described [16]. Calf thymus DNA (ctDNA)
(Sigma Aldrich, Poole, UK) was exposed to Ag8 and DNA thermal melting curves
were determined using a Varian-Cary 400 Bio UV/Vis spectrophotometer, equipped
with a Peltier temperature controller. Heating runs were performed between 25 and
99 !C, heating at a rate of 1 !Cmin"1, while continuously monitoring the absorbance

at 260 nm. Melting temperatures (Tm) were determined graphically from the pri-
mary data using the method of Wilson et al. [17].

Induction of DNA damage in cell free assays

The ability of Ag8 to directly damage supercoiled plasmid DNA was assessed as
described in detail previously [18]. Briefly, supercoiled plasmid DNAwas exposed to
a range of Ag8 concentrations for 1 h at 37 !C, separated on a 1% agarose gel prior to
staining with ethidium bromide. Images were captured on a FX phosphorimager
using Image Q software (Biorad).

Fig. 3. Induction of oxidative stress by Ag8. (A) Dose dependent inhibition of purified rat thioredoxin reductase by Ag8. Data are mean ± standard deviation for #3 independent
experiments. (B) Induction of ROS in A2780 cells following exposure (1 h) to Ag8 (10 mM) or cisplatin (10 mM) as determined by H2-DCFDA labelling and flow cytometry. The panel is
an overlay histogram of representative fluorescence measurements (from 3 independent experiments). MFI, Mean Fluorescent Intensity. (C) The effect of the anti-oxidant NAC on
the activity of Ag8 and cisplatin against A2780 and A2780cis/CP70 cells is presented in panel C. The bars show mean % survival values ± SD (n ¼ 3) at the doses specified. (D)
Following treatment of the A2780cis/CP70 and A2780 cell lines with Cisplatin and Ag8 (10 mM) at the indicated time points, the relative levels of phospho-p38 (Thr180/Tyr182) and
phospho-JNK (Thr183/Try185) were determined by immunoblotting. Equal loading was determined by assessing the levels of b-actin.
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Induction of DNA damage in cells

The induction of DNA damage in A2780 and A2780cis/CP70 cells was performed
using the alkaline and neutral comet assay as previously described [19,20]. Comets
were visualised using an epifluorescent microscope (Nikon Eclipse E800, Japan)
with images captured and tail moments determined for 50 randomly selected
comets using Comet assay III software (Perceptive Instruments, UK).

Inhibition of topoisomerase I and II

The effect of Ag8 on topoisomerase activity was determined using human
topoisomerase I and II relaxation assays (Inspiralis, Norwich, UK). Reaction condi-
tions were as specified by the manufacturer with the topoisomerase reaction mix
incubated with Ag8 (various concentrations) for 5 min prior to the addition of
supercoiled plasmid DNA. The bioreductive prodrug EO9 was used as a positive
control for the induction of single strand breaks in DNA [11]. Following a 30 min
incubation at 37 !C, supercoiled and relaxed plasmid DNA was separated on a 1%
agarose gel, stained with ethidium bromide and visualised using Molecular Imager
FX (Biorad, Hemel Hempsted, UK).

Inhibition of PARP-1

The effect of Ag8 and NU1025 on purified PARP-1 activity was determined using
the PARP-1 activity assay from Trevigen (Gaithersburg, USA). To assay whether Ag8
inhibits PARP activity in cultured cells, HCT116 colorectal cancer cells were treated
with TMZ (1 mM) for 2 h to induce SSBs. Cells were washed twice with PBS before a
further 15 h ‘repair’ incubation in fresh cell culture medium in the presence or
absence of Ag8 (16 mM) or NU1025 (100 mM). Cells were then stained for S139P
gH2AX expression according to the manufacturer's instructions (Cell Signalling
Technology) and images were acquired using a Leica fluorescent microscope. As
inhibition of PARP has been shown to potentiate TMZ activity [21], HCT116 cells
were treated with TMZ (500 mM) in the presence or absence of Ag8 or NU1025 and
cell survival determined as described above.

Effects on glycolysis

Glycolysis stress tests (extracellular flux analysis [XF]) were performed using an
XFe96 Analyzer (Seahorse Bioscience) according to the manufacturer's instructions.
Briefly, A2780 and OVCAR cells were seeded at 1.5 " 104 and non-cancer ARPE-19
cells were seeded at 3" 104 cells per well. A range of Ag8 concentrationswere added
to cells just prior to (acute) or 0.5 h and 1 h before assaying glycolytic activity. Three
sequential measurements were used to calculate glycolytic parameters for each test
condition. To normalize data, cells were stained with sulforhodamine B (SRB) to
determine cellular protein content.

In vivo activity of Ag8 in the hollow fibre (HF) assay

All animal procedures were carried out under a project licence issued by the UK
Home Office and UK National Cancer Research Institute Guidelines for theWelfare of
Animals [22] were followed throughout. A2780, A2780cis/CP70 or OVCAR-3 cells
were loaded into sterilised colour-coded PVDF Spectra/Por hollow fibres (Spectrum
Medical Inc, Houston, TX, USA) as described previously [23]. Hollow fibres were
implanted intraperitoneally (ip) or subcutaneously (sc) and groups of 5 mice were
treated with 10 mgkg#1 Ag8 in 10% DMSO: 90% arachis oil administered ip daily on
days 3, 4, 5 and 6 post-implantation. Cell survival was assessed as described pre-
viously [23].

Results

Chemosensitivity studies

As expected, the cisplatin resistant A2780cis/CP70 cell line
was significantly (p < 0.01) less responsive to cisplatin than
A2780 cells with IC50 values of 6.07 ± 1.78 and 0.73 ± 0.30 mM
respectively (Fig. 2A). In contrast, Ag8 was significantly
(p < 0.001) more active against the cisplatin resistant A2780cis/
CP70 cell line compared to cisplatin sensitive A2780 cells (IC50
values of 0.09 ± 0.01 and 0.44 ± 0.15 mM respectively). Against
other cancer cells, a broad range of responses to cisplatin was
observed with IC50 values ranging from 0.56 ± 0.32 mM (MDA-
MB-468) to 9.33 ± 2.26 mM (MDA-MB-231). Ag8 showed prom-
ising low micromolar activity against all cancer cell lines tested
but, with the exception of A2780 and A2780cis/CP70 cells, the
range of responses was narrower (6.27 ± 0.39 to 13.34 ± 2.16 mM)
than for cisplatin.

The activity of Ag8 and cisplatin against ARPE-19, WI38 and
PNT2 non-cancer cells is presented in Table S2 and these IC50

values were used to determine the selectivity index presented in
Fig. 2B. Ag8 exhibited superior selectivity in vitro towards the
A2780 and A2780cis/CP70 cells over cisplatin for all three non-
cancer cells tested (Fig. 2B). Similar results were obtained in
other cell lines where Ag8 exhibited superior or comparative
selectivity to cisplatin (Fig. S1). Against the NCI60 tumour cell line
panel (Fig. S2) no obvious disease specific activity was observed
and COMPARE analysis demonstrated that Ag8 does not share a
mechanism of action with established anti-cancer drugs including
cisplatin. Using the All Synthetic Compounds database however, a
correlation coefficient of 0.785 was obtained with Pleurotin, a
known inhibitor of Trx-R.

Induction of oxidative stress

In a cell free assay, Ag8 is a potent inhibitor of purified human
Trx-R with an IC50 of 2.39 ± 0.59 nM (Fig. 3A). In cells, Trx-R de-
creases levels of ROS, reducing cellular oxidative stress. The effects
of Ag8 on cellular ROS were therefore analysed. Treatment with
Ag8 (10 mM, 30 min) caused a ~35% increase in ROS compared with
a 6% increase with cisplatin (10 mM) (Fig. 3B). Moreover, the anti-
oxidant N-acetyl cysteine (NAC) significantly attenuated Ag8 cyto-
toxicity suggesting that its activity may be partially attributed to
Trx-R inhibition and increased ROS production (Fig. 3C). Ag8 also
caused significant and sustained induction of both p-p38 and p-JNK

Fig. 4. Induction of apoptosis by Ag8. Induction of apoptosis (open bars) or late
apoptosis/necrosis (shaded bars) was measured in A2780 (A) and A2780cis/CP70 (B)
cells following exposure to etoposide, cisplatin and Ag8. Cells were exposed to drug
(10 mM, 24 h) and apoptosis and late apoptosis/necrosis were determined by FACS
analysis using annexin-V and propidium iodide staining respectively. Results show the
mean percentage of cells ± SD (n ¼ 3).
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in both A2780 and A2780cis/CP70 cells (Fig. 3D) whereas the effects
of cisplatin on p-p38 and p-JNKwere transient or markedly smaller,
consistent with the observed weaker ROS induction. Significantly,
prolonged p-p38 and JNK activation can induce downstream

signalling pathways leading to cellular apoptosis and as shown in
Fig. 4, Ag8 induced significant levels of apoptosis (but not auto-
phagy, Fig. S3) in both A2780 and A2780cis/CP70 cells. Ag8 had no
effect on HIF1a expression or activity (Fig. S4).

Fig. 5. DNA Interaction and damage induction in cell-free and cell-based assays. (A) Thermal melting profiles of calf thymus DNA in the absence and presence of Ag8 (from l to r,
[Ag8] ¼ 0, 1, 2, 3, 5, 7 mM). Variation in DTm and DTm80 and DTm20 with ligand:bp ratio is presented in Fig. S5. (B) The induction of DNA strand breaks by measuring the conversion of
supercoiled (SC) to open circular (OC) plasmid DNA in the presence of increasing doses of EO9 (positive control) and Ag8. For EO9, lane 1 is control, lanes 2 to 10 contain 2-fold
incremental increases in EO9 concentration (from 39 nM in lane 2e10 mM in lane 10); lane 11 contains EO9 (10 mM) in the presence of the NQO1 inhibitor dicoumarol (2 mM). For
Ag8, lane 1 is control, lanes 2 to 11 contain 2-fold incremental increases in Ag8 (from 200 nM in lane 2e100 mM in lane 11. (C, D, E) Results of comet assays in A2780 (open bars) and
A2780 CP70 (solid bars) cells. The inset images show comets for control (C) and treated (T) cells. The induction of single strand breaks (SSB, panel C), SSB and double strand breaks
(DSB, panel D) and DNA cross-links (panel E) at various doses of Ag8 were quantified using Comet Assay III software. Panels A and C are results of the alkaline comet assay whereas
panel B is the results of the neutral comet assay. Each value represents the mean ± SD (n ¼ 3). (F) The ability of Ag8 to inhibit human topoisomerase I and II in a cell free assay.
Controls 1 and 2 represent assays run without and with either topoisomerases I or II respectively. No Ag8 was included in these controls and the final DMSO concentration was 0.1%
(v/v) in all samples. R and SC denote relaxed and supercoiled forms of the plasmid respectively.
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Fig. 6. Inhibition of PARP activity by Ag8. (A) Dose-dependent inhibition of recombinant PARP1 activity by Ag8 as determined by levels of histone PARylation in a cell-free ELISA.
Inhibition of recombinant PARP1 by PARP inhibitor NU1025 is shown for comparison. PARP activity is expressed as a % relative to recombinant PARP1 activity in the absence of Ag8
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Interaction of Ag8 with DNA

UV thermal melting profiles for ctDNA in the absence and
presence of Ag8 revealed a concentration dependent shift of Tm
indicating that Ag8 stabilises genomic DNA (Fig. 5A). The melting
profile at higher temperatures shifted disproportionately to the
right indicating a preference for stabilisation of GC- over AT-rich
sequences (Fig. 5A and S5). Whilst Ag8 can bind to DNA, it did
not directly cause DNA damage in the form of single (SSB) or double
strand breaks (DSB) in supercoiled plasmid DNA in cell-free assays
(Fig. 5B). In contrast, extensive SSB and DSB DNA damage was
observed in A2780 and A2780cis/CP70 cells exposed to Ag8 as
determined by the alkaline and neutral comet assays (Fig. 5C and

D). In contrast to cisplatin, no DNA cross linking was detected in
either cell line (Fig. 5E and S6). In addition to increased ROS (Fig. 3B)
which can result in DNA damage, Ag8 also proved to be a potent
inhibitor of topoisomerases in cell-free assays (Fig. 5F). Ag8 caused
a significant dose-dependent inhibition of both human topoisom-
erase I and II with preferential inhibition of topoisomerase I
(complete inhibition at 0.16 mM) over topoisomerase II (Fig. 5F).

Inhibition of PARP-1 by Ag8

Ag8 is a very potent inhibitor of purified human PARP-1 with a
nanomolar IC50 (32 ± 7.6 nM, Fig. 6A). Under identical experi-
mental conditions, NU1025 was ~75-fold less potent (IC50 of

or NU1025, mean ± SD (n ¼ 3). (B) Scheme outlining the experimental design used to assay whether Ag8 can affect PARP DNA repair activity in cultured cells. (CeF) Cells were
seeded on coverslips and after 24 h exposed to TMZ (1 mM, 2 h) to induce single-strand DNA breaks (SSBs). TMZ was then removed and cells washed and incubated in fresh cell
culture medium in the presence or absence of Ag8 or NU1025 for a further 15 h to allow time for DNA repair of SSBs. Inhibition of PARP prevents SSB repair resulting in collapsed
replication forks and the generation of double strand breaks (DSBs). DSBs were specifically detected via cell staining for gH2AX phosphorylation at S139. Representative immu-
nofluorescent images of cells after 15 h ‘repair’ time in fresh medium ± Ag8 or PARP inhibitor NU1025. Left hand panels, DAPI staining to visualise cell nuclei; centre panels, cells
immunostained for phosphorylated S139 gH2AX (marker of DSBs); right hand panels, merged images showing both DAPI and S139P gH2AX staining. (G) The potentiation of TMZ
activity by Ag8 or the PARP inhibitor NU1025. Cells were treated with TMZ (500 mM) or solvent control and incubated in the presence or absence of the indicated concentrations of
Ag8 or NU1025 (100 mM) for 4 days. Effects on cell survival were determined by the MTT assay.

Fig. 7. Ag8 selectively inhibits glycolysis and reduces glycolytic capacity in tumour cells. Effects on glycolytic parameters in A2780 and OVCAR3 tumour cells and the non-cancer
cell line ARPE-19 following exposure to Ag8 (1 mM, given to cells immediately prior to (acute), 30 min or 60 min before the Seahorse assay). The assay measures changes in
extracellular pH as an indicator of glycolytic activity. Basal extracellular acidification is measured during a 20 min equilibration in glucose free media, then glucose is the added to
induce glycolysis, and changes in pH are measured for a further 25 min. Glycolysis is assessed as the difference in pH prior to and after the addition of glucose. The next step in the
assay is to add oligomycin, which forces cells to utilize glucose as their energy source. Measurements of pH are then made for a further 25 min. Glycolytic capacity is assessed as the
difference in pH seen following oligomycin treatment compared to the basal measurement (Panel B). All results are the mean ± SEM for at least three independent experiments and
all three exposure times to Ag8 were carried out on the same day using the same passage number of cells. Statistical comparisons were performed using students t-test and *, þ and
$ represent p values of <0.05, <0.005 and <0.0001 respectively.
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2.4 ± 0.27 mM). To determine the effect of Ag8 on PARP-mediated
DNA repair in cultured cells, the effects of Ag8 on SSB repair,
which is PARP-dependent, were determined following treatment
with TMZ (Fig. 6B). As expected, HCT116 cells treated with TMZ
alone showed little or no phosphorylated gH2AX (Fig. 6C, negative
control). In contrast, for ‘repairing’ cells incubated in the presence
of NU1025, a clear increase in S139P gH2AX positive cells was
visible, consistent with inhibition of PARP (Fig. 6D). Ag8 treatment
alone induced some increase in phosphorylated gH2AX levels
(Fig. 6E) which is consistent with induction of DSBs as was
detected by the neutral comet assay (Fig. 5D). However, levels of
phosphorylated gH2AX (S139P) were substantially enhanced in
cells treated with TMZ plus Ag8 (Fig. 6F). Consistent with this, both
NU1025 and Ag8 increased the activity of TMZ in drug combina-
tion studies (Fig. 6G).

Inhibition of glycolysis by Ag8

Ag8 significantly reduced glycolysis and glycolytic reserve in a
dose and time dependent manner in A2780 and OVCAR3 cells

(Fig. 7A and B). In contrast, 1 mM Ag8 had no inhibitory effect on
glycolysis and glycolytic reserve in confluent, non-replicating
ARPE-19 cells (Fig. 7A and B). A small increase in EACR was
however observed in ARPE-19 cells (Fig. 7A) but this effect was
transient and did not reach statistical significance. The effects of
Ag8 glycolysis and glycolytic reserve were concentration and
exposure time with no acute effects on cell number observed
(Fig. S7 and S8).

Anti-tumour activity of Ag8 against ovarian cancers in hollow fibres
in vivo

A single dose of up to 20 mgkg!1 given i.p. or 10 mgkg!1

administered i.p. (daily for 4 days) was well tolerated with no loss
in body weight or obvious behavioral signs of distress (Fig. 8B). A
single dose of 25 mgkg!1 (i.p.) was toxic to animals with signs of
acute toxicity observed immediately after drug administration.
Using the split dose schedule (10mgkg-1 administered i.p. once per
day over 4 days), significant anti-tumour effects were observed
against A2780cis/CP70 (p < 0.01), A2780 (p ¼ 0.01) and OVCAR-3

Fig. 8. Activity of Ag8 against a panel of ovarian cancer cells in vivo in the hollow fibre assay. Each cell line was implanted either intraperitoneally (i.p.) or subcutaneously (s.c.)
in mice and treated with Ag8 (10 mgkg!1) administered i.p. on days 3,4,5 and 6 after implantation. The open and solid bars (panel A) represent control and treated fibres and values
are mean ± SD for #6 hollow fibres. Statistical analysis was conducted using the Students t-test and ** and * indicate significance at p < 0.01 and p < 0.05 respectively. The results of
dose escalation studies and toxicity assessments are presented in panel B. Toxicity was defined as (i) >10% loss in body weight measured over a two week period and (ii) assessment
of acute toxicity in the form of behavioral signs of stress in animals over a 24 h period following drug administration.
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(p < 0.05) fibres implanted intraperitoneally. Using the same
schedule however, the response of fibres implanted s.c. did not
reach statistical significance (Fig. 8A).

Discussion

In the search for multi-targeted anti-cancer drugs, identifying
compounds that are both potent and selective towards cancer cells
remains a significant challenge. A key finding of this study is that
Ag8 has greater or equivalent selectivity to cisplatin in vitro (Fig. 2,
Fig. S1). An enhanced level of selectivity can be obtained using non-
proliferating, confluent non-cancer cells both in terms of chemo-
sensitivity (Fig. 2, Table S2) and inhibition of glycolysis (Fig. 7).
Moreover, that Ag8 was also well tolerated in vivo (Fig. 8) suggests
that it has a more favourable toxicological profile than other gold-
NHC complexes that have shown toxicity in in vivo models at
comparable doses [8]. Ag8 therefore demonstrates selectivity to-
wards cancer cells in vitro (particularly cisplatin resistant A2780cis/
CP70 cells) and is well tolerated in vivo, especially when a split-
dosing schedule is employed. Its mechanism of action is distinctly
different from cisplatin (targeting multiple pathways as opposed to
DNA alkylation) and this is likely to account for its ability to induce
cytotoxicity in cisplatin resistant A2780 cells.

Ag8 was not tailored to a specific target and therefore a target
deconvolution strategy to uncover its mechanism(s) of action was
employed. The COMPARE algorithm has an established record of
identifying potential mechanisms of action [24] and the chemo-
sensitivity profile of Ag8 correlated well (r2 ¼ 0.785) with that of
pleurotin, a known inhibitor of Trx-R [25]. In cell free assays, Ag8
was a very potent inhibitor of Trx-R with an IC50 value of
2.39± 0.59 nM (Fig. 3). Organometallic compounds are amongst the
most potent of Trx-R inhibitors and our results are consistent with
these [26e29]. Mechanistically, the basis for Trx-R inhibition re-
mains undefined but it is known that a seleno-cysteine residue at
the C-terminal active site of TrxR constitutes a high affinity binding
site for metal ions [30]. Trx-R is an established target for anti-cancer
drug discovery [31e33] and its inhibition impacts upon multiple
processes including an increase in reactive oxygen species (ROS),
accumulation of the oxidised form of thioredoxin (Trx) and induc-
tion of apoptosis [34]. The results presented in Fig. 3 are consistent
with the inhibition of Trx-R and the induction of apoptosis via the
JNK and p38 pathways [35]. It should be noted however that silver-
NHC complexes have been shown to induce apoptosis via alterna-
tive pathways [36]. In contrast to other Trx-R inhibitors [25,37], Ag8
did not alter HIF1a stability or HIF1 function (Fig. S4).

The induction of ROS could contribute to the DNA damage
observed in cells treated with Ag8 although an additional expla-
nation is the ability of Ag8 to inhibit topoisomerases, particularly
topoisomerase I (Fig. 5). Topoisomerase enzymes are major targets
for anti-cancer drugs [38,39] and topoisomerase I inhibitors are
comparatively rare. Whilst other organometallic complexes have
been shown to inhibit topoisomerases [40e44], this is the first
report documenting the preferential inhibition of topoisomerase I
by a silver-NHC complex. The relative contribution of ROS or in-
hibition of topoisomerase to DNA damage induction is not known
but the induction of DNA damage by at least two different mech-
anisms may reduce the efficiency of DNA repair. Within the
context of DNA repair, this study has demonstrated that Ag8 is a
potent inhibitor of PARP-1 in vitro and can potentiate the activity of
TMZ (Fig. 6). Further studies are required to determine if the
potentiation of TMZ activity is cancer selective in vivo and whether
Ag8 can induce synthetic lethality in cells that harbour mutations
in the BRCA genes.

Finally, metabolic reprogramming is an emerging hallmark of
cancer [45] and this study has demonstrated that Ag8 can rapidly

and selectively modulate aerobic glycolysis. Ag8 showed inhibitory
effects on glycolysis in cancer cells but had no effect on non-
proliferating ARPE-19 cells (Fig. 7). Metal-based glycoconjugates
including NHC carbene gold(I) complexes are of interest as glyco-
lytic inhibitors [46,47] but this is the first report describing a silver-
NHC complex acting as a glycolytic inhibitor. The precise mecha-
nism(s) by which Ag8 inhibits glycolysis requires further eluci-
dation but the rapid and selective inhibition of the glycolytic
phenotype in cancer in preference to non-cancer cells in vitro is
promising.

In conclusion, the data presented herein demonstrates that Ag8
has multiple mechanisms of action involving (i) inhibition of Trx-R
leading to increased ROS production and subsequently apoptosis
(ii) inhibition of topoisomerase I (and to a lesser extent II) leading to
DNA damage (iii) inhibition of PARP-1 leading to the potentiation of
TMZ activity in vitro and (iv) rapid and selective inhibition of
glycolysis in cancer cells. Ag8 is therefore a promising lead com-
pound with (i) multiple mechanisms of action (ii) exhibits a degree
of selectivity for cancer over normal cells that is in many instances
superior to cisplatin in vitro, (iii) has a mechanism of action that's
different from cisplatin and (iv) is well tolerated in vivo and has
significant anti-tumour effects in vivo against hollow fibres
implanted intraperitoneally (Fig. 8). The lack of activity against fi-
bres implanted subcutaneaously is likely to be due to the high
reactivity of metal NHC complexes with biological thiols and
further studies are required to address this issue [48,49]. In a loco-
regional setting however where the aim is to treat tumours that
arise in a third compartment, compounds with poor systemic
pharmacokinetics may paradoxically be advantageous [50].
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Synthesis and anticancer activity of silver(I)–
N-heterocyclic carbene complexes derived from
the natural xanthine products caffeine,
theophylline and theobromine†

Heba A. Mohamed,a Benjamin R. M. Lake,a Thomas Laing,b Roger M. Phillips*c and
Charlotte E. Willans*a

A new library of silver(I)–N-heterocyclic carbene complexes prepared from the natural products caffeine,

theophylline and theobromine is reported. The complexes have been fully characterised using a combi-

nation of NMR spectroscopy, mass spectrometry, elemental analysis and X-ray diffraction analysis. Fur-

thermore, the hydrophobicity of the complexes has been measured. The silver(I)–N-heterocyclic

carbenes have been evaluated for their antiproliferative properties against a range of cancer cell lines of

different histological types, and compared to cisplatin. The data shows different profiles of response when

compared to cisplatin in the same panel of cells, indicating a different mechanism of action. Furthermore,

it appears that the steric effect of the ligand and the hydrophobicity of the complex both play a role in the

chemosensitivity of these compounds, with greater steric bulk and greater hydrophilicity delivering higher

cytotoxicity.

Introduction
Since their isolation in 1991,1 N-heterocyclic carbenes (NHCs)
have become ubiquitous in organometallic chemistry, particu-
larly in the field of catalysis.2–5 In more recent years, metal–
NHCs have shown promise as antimicrobial (silver–NHCs) and
as antitumour (palladium–, copper–, silver– and gold–NHCs)
agents.6–11 The antimicrobial properties of silver have been
exploited for centuries, with silver now being incorporated into
several materials such as wound dressings, creams, deodorants
and even clothing. The efficacy of a silver-based antibacterial
compound appears to be linked to its bioavailability and pro-
longed release of silver over a long period of time to prevent
reinfection.12 The release rate is linked to the ancillary ligand
and, as NHCs are strong σ-donors, silver–NHCs can have a
slow silver release rate. In addition to antimicrobial activity,
several studies have demonstrated that silver–NHCs have a
potential future in the field of cancer chemotherapy.13–17

Although platinum-based drugs such as cisplatin have been
pivotal in the fight against cancer,18 severe side-effects and the
development of drug resistance necessitate the need for new
organometallic anticancer drugs. As silver is thought to have
relatively low toxicity and is already used widely in biomedi-
cine, it is a judicious choice of metal to study in cancer chemo-
therapy. However, it is imperative that the material (delivery
agent) surrounding the silver also has a low toxicity profile.
Xanthine derivatives (Fig. 1) are natural products and are often
found in beverages and foods such as coffee and chocolate. As
xanthine derivatives contain an imidazole ring, these are
potential precursors to NHCs. Due to the low toxicity and high
versatility of these compounds, they are ideal to study in com-
bination with silver as potential chemotherapeutic com-
pounds. Furthermore, these compounds have themselves
been used medicinally and have potential chemotherapeutic
effects.19 Youngs and co-workers have previously prepared a
silver(I)–NHC complex starting from caffeine, which was found

Fig. 1 Xanthine and naturally occurring derivatives of xanthine.

†Electronic supplementary information (ESI) available. CCDC 1036995–1037000.
For ESI and crystallographic data in CIF or other electronic format see DOI:
10.1039/c4dt03679d

aSchool of Chemistry, University of Leeds, Woodhouse Lane, Leeds, LS2 9JT, UK.
E-mail: c.e.willans@leeds.ac.uk
bInstitute of Cancer Therapeutics, University of Bradford, Bradford, BD7 1DP, UK
cDepartment of Pharmacy, University of Huddersfield, Queensgate, Huddersfield,
HD1 3DH, UK. E-mail: R.M.Phillips@hud.ac.uk
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to be active against resistant respiratory pathogens.20 The
same group also added a hydroxyethyl group to the backbone
of the NHC, with the silver(I) complex of this ligand being
effective against a variety of cystic fibrosis relevant patho-
gens.21 Caffeine-based NHC complexes of gold(I) have recently
been reported and their biological properties investigated.22

Herein, we report the synthesis of a family of xanthine-derived
imidazolium salts, prepared from caffeine, theophylline and
theobromine. Silver(I)–NHC complexes were prepared from the
imidazolium salt precursors and evaluated against eight
cancer cell lines.

Results and discussion
Imidazolium salts 2a–2e were prepared from either caffeine,
theophylline or theobromine (Scheme 1). Methylation of
caffeine to yield the corresponding imidazolium salt 2a is
achieved through reaction with methyl iodide in DMF at
reflux.20 Due to the volatility of methyl iodide, we found it
necessary to use a large excess (20 equivalents) and heat in a
closed system. We found that dimethyl sulfate and methyl tosy-
late could also be used as methylating agents to give similar
product yields of the corresponding imidazolium methyl
sulfate or tosylate salts (>70%). However, reaction of caffeine
with other alkylating agents (benzyl bromide, 1-iodobutane)
under the same conditions did not result in formation of an
imidazolium salt, presumably due to the relatively low basicity
of the nitrogen atom of the caffeine. Therefore, theophylline
was employed as the precursor to initially add an alternative
alkyl group, followed by methylation using methyl iodide. Imi-
dazole compounds 1b and 1c were synthesised through reac-
tion of benzyl bromide or 1-iodobutane with theophylline in
acetonitrile at reflux, in the presence of a base (K2CO3). Imida-
zole compound 1d required an Ullmann-type coupling reac-

tion, in which theophylline was reacted with aryl iodide using
a copper catalyst (CuI, isobutyrylcyclohexanone, Cs2CO3). Imi-
dazolium salts 2b–2d were then prepared by reaction of the
appropriate imidazole with methyl iodide in DMF at reflux,
again in a closed system. A hydroxyethyl functionality was
added to the ligand architecture by reaction of theobromine
with 2-iodoethanol in DMF at reflux, in the presence of a base
(Cs2CO3), to give imidazole compound 1e.21 This was sub-
sequently reacted with methyl iodide under the same reaction
conditions as previously described, to give imidazolium
salt 2e.

Imidazolium salts 2a–2e were fully characterised, and solid-
state structures were obtained for imidazolium salts 2b–2d
(see ESI†). In each case, the backbone pyrimidinone of the
imidazolium salt twists slightly out of the plane as defined by
the N(1)–C(2)–N(4) bond. This twisting is most pronounced in
imidazolium salt 2d, with a C(9)–N(4)–C(7)–O(2) torsion
angle of 9.19° (analogous torsion angles in 2b and 2c are
<1°). The greater degree of twisting in 2d presumably arises
due to the steric constraints imposed by the phenyl
N-substituent.

Reaction of imidazolium salts 2a–2e with AgOAc at room
temperature resulted in formation of complexes of the type
Ag(NHC)OAc 3a–3e (Scheme 2). Complex 3a was synthesised in
methanol as previously reported.20 We found it necessary to
use 1 : 1 mixtures of either methanol–dichloromethane (with
ligand precursors 2b, 2c and 2e) or methanol–acetonitrile
(with ligand precursor 2d) to aid solubility of the imidazolium
salts for the syntheses of complexes 3b–3e.

Silver(I)–NHC complexes 3a–3e were fully characterised, and
solid-state structures were obtained for complexes 3b–3d
(Fig. 2). In all three cases the geometry around the silver atom
deviates from linearity, with C(2)–Ag(1)–O(3) bond angles of
168.6–171.6° (Table 1). This deviation is consistent with the
structure of complex 3a, which has previously been reported in
the literature.20 The silver–carbene bond lengths for complexes
3c (2.078(3) Å) and 3d (2.068(4) Å) are similar to those for com-
plexes 3a (2.067(3) Å) and 3e (2.072(4) Å) which have previously
been reported. The silver–carbene bond length in complex 3b
(2.052(7) Å), however, is shorter than those observed in other
similar complexes. This is likely due to the flexibility of the
benzyl substituent, hence lower steric effect, allowing closer

Scheme 1 Synthesis of imidazolium salts 2a–2e starting from caffeine,
theophylline or theobromine. Scheme 2 Synthesis of silver–NHC complexes 3a–3e.
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interaction between the carbenic centre and the silver ion. The
nbutyl substituent in complex 3c is not expected to impart any
significant steric constraints on the carbenic carbon. However,

a possible argentophilic interaction of approximately 3.2 Å
may cause the lengthening of the silver–carbene bond in the
solid-state structure of this complex.

The in vitro cytotoxicity of silver(I)–NHC complexes 3a–3e
was determined using MTT-based assays involving a 96 hour
drug-exposure period. Compounds were tested for their activity
against A375 (malignant melanoma), HCT116 (colorectal carci-
noma), HT-29 (colorectal adenocarcinoma), LN229 (glioblas-
toma), Panc-1 (pancreatic carcinoma), SiHa (grade II,
squamous cell carcinoma cervix), U-87 MG (glioblastoma) and
U-251 (glioblastoma). The results are summarised in Table 2
and Fig. 3. Complexes 3a–3e exhibit moderate cytotoxicity
against the cell lines tested, with IC50 values being in the
micromolar range.

The profiles of response in this panel of cells is different to
that for cisplatin, indicating a different mechanism of action
for silver(I)–NHC complexes. The most cytotoxic silver complex
in general across these cell-lines is 3d (see ESI†), in which the
NHC ligand bears an N-phenyl substituent. The sterically
encumbering phenyl group is likely to exert a stabilising effect
on the silver–NHC bond, which may lead to a slower silver
release rate and enhanced cytotoxicity profile. It is apparent
that addition of a hydroxyethyl group to the backbone of the
ligand improves activity, with complex 3e being on average
2-fold more cytotoxic than complex 3a. This is presumably due
to the solubility of the complex, and its ability to cross the cell
membrane.

As a means to assess the potential of complexes 3a–3e to
enter a cell membrane,23 the hydrophobicity (log P) of the
five complexes was measured. Accurate amounts of each com-
pound were dissolved in octanol-saturated water, with an

Fig. 2 Molecular structures of silver(I)–NHC complexes 3b–3d. Hydro-
gen atoms have been omitted for clarity and ellipsoids are shown at 50%
probability.

Table 1 Selected bond lengths (Å) and angles (°) for silver(I)–NHC com-
plexes 3b–3d

Bond lengths (Å)
and angles (°) 3b 3c 3d

Ag(1)–C(2) 2.052(7) 2.078(3) 2.068(4)
Ag(1)–O(3) 2.120(5) 2.1042(19) 2.111(3)
C(2)–Ag(1)–O(3) 171.4(2) 168.72(9) 168.94(11)
N(1)–C(2)–N(4) 105.2(5) 105.46(18) 105.6(3)
Ag(1)–Ag(2) — 3.1931(3) —

Table 2 Response of eight cell lines to silver(I)–NHC complexes 3a–3e and cisplatin. Values presented are IC50 µM ± SD (in parentheses) for three
independent experiments

Cell line 3a 3b 3c 3d 3e Cisplatin

A357 34.5 ± 3.8 21.4 ± 7.5 27.4 ± 3.9 11.5 ± 5.3 12.4 ± 1.3 1.2 ± 0.3
HCT116 26.7 ± 9.9 29.6 ± 3.5 22.4 ± 4.8 19.5 ± 2.3 19.0 ± 5.1 2.4 ± 0.3
HT-29 41.8 ± 9.8 29.9 ± 16.5 28.5 ± 2.0 21.4 ± 6.5 20.7 ± 1.5 0.6 ± 0.1
LN229 29.2 ± 12.8 18.4 ± 12.0 46.5 ± 9.8 11.2 ± 1.5 7.4 ± 1.8 0.7 ± 0.5
Panc-1 31.7 ± 2.8 29.7 ± 8.2 16.9 ± 1.1 7.6 ± 3.2 23.5 ± 5.9 2.6 ± 0.9
SiHa 21.9 ± 3.8 15.3 ± 2.6 16.4 ± 0.5 13.1 ± 3.7 14.0 ± 2.2 0.9 ± 0.3
U87MG 33.7 ± 1.4 22.8 ± 5.1 14.0 ± 4.3 17.6 ± 4.5 22.1 ± 8.1 0.9 ± 0.4
U-251 54.8 ± 15.7 26.7 ± 8.8 51.4 ± 17.8 14.2 ± 2.5 29.6 ± 5.1 1.0 ± 0.6
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equal amount of water-saturated octanol being layered on top.
This was placed in the vibrax machine for 4 hours at 500 g
min−1. The layers were separated and the water-saturated
octanol layer was analysed using UV-vis spectroscopy, with an
average of at least six runs being taken. The results are sum-
marised in Table 3 and S9 in the ESI,† with the complexes
ranging from hydrophilic (−1.96) to hydrophobic (0.56). Cis-
platin, with a log P value of −2.36, is more hydrophilic than
any of the silver(I)–NHC complexes tested. Complex 3e, like cis-
platin, is hydrophilic, with the other complexes being more
hydrophobic. Hydrophilicity is likely to lead to improved pene-
tration of the cell membrane by complex 3e, hence its
increased cytotoxicity when compared to complex 3a. It is
clear, however, that hydrophobicity/hydrophilicity is not the
single most important factor when considering the effect of
these types of complexes against cancer cells. Though complex
3d is more hydrophobic than complex 3a, 3d is on average over
2-fold more cytotoxic than 3a. This indicates that a combi-
nation of both steric and solubility factors should be taken
into account when designing new NHC ligands for study in
chemotherapeutic applications.

Conclusion
Synthetic procedures have been developed for the preparation
of imidazolium salts from caffeine, theophylline and theo-
bromine. Due to the relatively low basicity of the nitrogen donor
in caffeine, it was found necessary to initially add varying sub-
stituents to theophylline. Following this, methylation was
achieved through heating the imidazole compounds with a
large excess of methyl iodide in a closed system. The imidazo-
lium salts were reacted with silver acetate to prepare silver(I)–
NHC complexes of the type Ag(NHC)OAc. These were fully
characterised and the solid-state structures determined
through the use of X-ray diffraction techniques. The antiproli-
ferative activities of the silver complexes were examined
against eight cancer cell lines, and compared to cisplatin.
Whilst these complexes were less active than cisplatin against
the cell lines tested, their IC50 values were in the micromolar
range. The hydrophobicity of each complex was also measured
to assess their potential to cross the cell membrane. Upon
comparing the chemosensitivity data for each complex and
considering their hydrophobicity/hydrophilicity profiles, it is
evident that a combination of both steric effects of the ligand
and solubility of the silver complex play a role in their activity
against cancer cells. Sterically bulky N-substituents on the
ligand may result in a slower release rate of silver from the
complex, leading to increased cytotoxicity, whilst a more
hydrophilic complex is likely to have increased penetration
through the cell membrane.

Experimental
General considerations

Manipulations were performed under an atmosphere of dry
nitrogen by means of standard Schlenk line techniques. The
gas was dried by passing through a twin-column drying appar-
atus containing molecular sieves (4 Å) and P2O5. Anhydrous
solvents were prepared by passing the solvent over activated
alumina to remove water, copper catalyst to remove oxygen and
molecular sieves to remove any remaining water, via the Dow-
Grubbs solvent system. 1H and 13C{1H} NMR spectra were
recorded on a Bruker DPX300 spectrometer. The values of
chemical shifts are given in ppm and values for coupling con-
stants ( J) in Hz. Mass spectra were collected on a Bruker Dal-
tonics (micro TOF) instrument operating in the electrospray
mode. Microanalyses were performed using a Carlo Erba
Elemental Analyser MOD 1106 spectrometer. X-ray diffraction
data were collected on an Agilent SuperNova diffractometer
fitted with an Atlas CCD detector with Mo-Kα radiation (λ =
0.71073 Å) or Cu Kα radiation (λ = 1.5418 Å). Crystals were
mounted under oil on glass or nylon fibres. Data sets were cor-
rected for absorption using a multiscan method, and the struc-
tures were solved by direct methods using SHELXS-97 and
refined by full-matrix least squares on F2 using ShelXL-97,
interfaced through the program X-Seed. Molecular graphics for
all structures were generated using POV-RAY in the X-Seed

Fig. 3 Response of eight cell lines to silver(I)–NHC complexes 3a–3e
and cisplatin. Values presented are IC50 (µM) ± SD for three independent
experiments. The presentation of results is based on the sensitivity of
cells to cisplatin with the most sensitive line on the far left whereas the
most resistant line is on the far right. If the test compounds have a
similar mechanism of action to cisplatin, similar patterns of chemosensi-
tivity would be expected.

Table 3 Log P values for complexes 3a–3e

Complex Log P ±SD

Cisplatin −2.36 0.01
3a −0.01 0.03
3b 0.53 0.02
3c 0.56 0.07
3d 0.1512 0.05
3e −1.96 0.06
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program. Imidazolium salts 2a and 2e and silver(I)–NHC
complexes 3a and 3e were prepared using slightly modified
literature procedures.20,21

Synthesis of 9-benzyl-1,3,5-trimethylxanthine (1b). Theo-
phylline (5.0 g, 27.8 mmol) was dissolved in acetonitrile
(80 mL) and benzyl bromide (16.5 mL, 138.7 mmol) and pot-
assium carbonate (4.25 g, 30.8 mmol) were added. The
mixture was heated to reflux for 24 hours. The mixture was fil-
tered and washed with acetonitrile. The filtrate was dried
in vacuo to yield the product as a white solid. Yield: 6.1 g
(81%). 1H NMR (300 MHz, CDCl3) δ: 7.58 (s, 1H, NCHN),
7.43–7.32 (m, 5H, aromatic), 5.52 (s, 2H, CH2), 3.60 (s, 3H,
CH3), 3.13 (s, 3H, CH3). 13C{1H} NMR (75 MHz, CDCl3) δ: 153.4
(CvO), 150.1 (CvO), 139.4 (C), 136.1 (NCHN), 133.6 (C),
127.2, 126.9, 126.6 (CH), 105.1 (C), 48.3 (CH3), 31.8 (CH3), 27.9
(CH2). HRMS (ESI+): calcd for C14H15N4O2 [M + H]+: 271.1195.
Found: 271.1188. Anal. Calcd for C14H14N4O2·1/3Et2O: C,
62.43; H, 5.92; N, 18.99. Found: C, 63.00; H, 5.45; N, 19.40.

Synthesis of 9-butyl-1,3,5-trimethylxanthine (1c). Theophyl-
line (5.0 g, 27.8 mmol) was dissolved in acetonitrile (70 mL),
and butyl iodide (12.0 mL, 105.5 mmol) and potassium
carbonate (4.25 g, 30.8 mmol) were added. The mixture was
heated to reflux for 48 hours, filtered, and washed with aceto-
nitrile. The filtrate was dried in vacuo to yield the product as a
white solid. Yield: 4.7 g (74%) 1H NMR (300 MHz, d6-DMSO):
δ 8.09 (s, 1H, NCHN), 4.26 (t, J = 7.22 Hz, 2H, CH2), 3.42 (s, 3H,
CH3), 3.19 (s, 3H, CH3), 1.74 (quin, J = 7.22 Hz, 2H, CH2), 1.24
(sext, J = 7.22 Hz, 2H, CH2), 0.85 (t, J = 7.22 Hz, 3H, CH3). 13C
{1H} NMR (75 MHz, CDCl3): δ 155.1 (CvO), 151.7 (CvO),
148.9 (C), 140.8 (NCHN), 106.9 (C), 47.0 (CH2), 32.8 (CH2), 29.7
(CH2), 27.9 (CH3), 19.5(CH3), 13.4 (CH3). HRMS (ESI+): calcd
for C11H17N4O2 [M + H]+: 237.1351. Found: 237.1345. Anal.
Calcd for C11H16N4O2: C, 55.92; H, 6.83; N, 23.71. Found:
C, 55.40; H, 6.85; N, 23.30.

Synthesis of 9-phenyl-1,3,5-trimethylxanthine (1d). Theo-
phylline (4.0 g, 22.2 mmol), copper(I) iodide (1.9 g,
10.0 mmol), 2-isobutyrylcyclohexanone (2.2 mL, 13.1 mmol)
and caesium carbonate (6.52 g, 20.0 mmol) were placed in a
Schlenk flask and degassed. Anhydrous dimethylsulfoxide
(17 mL) and iodobenzene (3.5 mL, 31.3 mmol) were added to
the flask. The mixture was heated at 130 °C for 24 hours. The
dark brown solution obtained was dissolved in dichloro-
methane and extracted with water three times. The aqueous
layers were combined and washed with dichloromethane three
times. All of the organic layers were combined and dried
in vacuo to give a dark brown solid. Recrystallisation from
dichloromethane–diethyl ether yielded the product as a white
solid. To ensure complete removal of the copper, the solid was
dissolved in dichloromethane and a saturated solution of
EDTA was added. The organic layer was extracted and dried
in vacuo to give a white solid. Yield: 1.78 g (34%). 1H NMR
(300 MHz, d6-DMSO): δ 8.31 (s, 1H, NCHN), 7.71–7.14 (m, J =
7.54 Hz, 5H, aromatic), 3.46 (s, 3H, CH3), 3.18 (s, 3H, CH3). 13C
{1H} NMR (75 MHz, d6-DMSO): δ 153.7 (CvO), 150.9 (CvO),
149.2 (C), 142.7 (NCHN), 134.8 (C), 128.9 (CH), 128.5 (CH),
125.1 (CH), 106.1 (C), 29.6 (CH3), 27.8 (CH3). HRMS (ESI+):

calcd for C13H13N4O2 [M + H]+: 257.1039. Found: 257.1031.
Anal. Calcd for C13H12N4O2: C, 60.93; H, 4.72; N, 21.86. Found:
C, 60.60; H, 4.85; N, 21.80.

Synthesis of 9-benzyl-1,3,5-trimethylxanthinium iodide (2b).
Imidazole 1b (2.6 g, 9.6 mmol) was dissolved in dimethyl-
formamide (3 mL) in an ampoule, and methyl iodide
(11.9 mL, 191 mmol) was added. The mixture was heated at
70 °C for 24 hours in a closed system resulting in a clear red
solution. Excess diethyl ether was added to the flask to precipi-
tate an orange powder which was filtered. Further recrystallisa-
tion using dichloromethane–diethyl ether and acetonitrile–
diethyl ether resulted in the product as a yellow solid. Yield:
0.8 g (20%). 1H NMR (300 MHz, DMSO-d6): δ 9.49 (s, 1H,
NCHN), 7.46–7.37 (m, 5H, aromatic), 5.75 (s, 2H, CH2), 4.16 (s,
3H, CH3), 3.73 (s, 3H, CH3), 3.26 (s, 3H, CH3). 13C{1H} NMR
(75 MHz, DMSO-d6): δ 153.1 (CvO), 150.1 (CvO), 139.8 (C),
139.4 (NCHN), 134.4 (C), 128.8 (CH), 128.7 (CH), 128.2 (CH),
106.9 (C), 51.1 (CH3), 37.2 (CH3), 31.3 (CH3), 28.4 (CH2). HRMS
(ESI+): calcd for C30H33N8O4 [2M − H]+: 569.2614. Found:
569.2619. Calcd for C15H16N4O2Na [M − H + Na]+: 307.117096.
Found: 307.116546. Anal. Calcd for C15H17IN4O2·1/4Et2O:
C, 44.61; H, 4.56; N, 13.01. Found: C, 44.80; H, 4.30; N, 12.70.
MP: 200.2–203.4 °C.

Synthesis of 9-butyl-1,3,5-trimethylxanthinium iodide (2c).
Imidazole 1c (4.5 g, 19.1 mmol), methyl iodide (23.7 mL,
381 mmol) and dimethylformamide (10 mL) were added to an
ampoule and heated at 70 °C for 24 hours in a closed system.
Excess diethyl ether was added to the solution to precipitate a
yellow solid. The solid was filtered and recrystallised from
dichloromethane–diethyl ether, and dried in vacuo to yield the
product as a bright yellow solid. Yield: 6.3 g (87%). 1H NMR
(300 MHz, d6-DMSO): δ 9.41 (s, 1H, NCHN), 4.45 (t, J = 7.25 Hz,
2H, CH2), 4.16 (s, 3H, CH3), 3.76 (s, 3H, CH3), 3.26 (s, 3H,
CH3), 1.82 (quin, J = 7.25 Hz, 2H, CH2), 1.31 (sext, J = 7.25 Hz,
2H, CH2), 0.91 (t, J = 7.25 Hz, 3H, CH3). 1H NMR (300 MHz,
CDCl3): δ 10.50 (s, 1H, NCHN), 4.58 (t, J = 7.20 Hz, 2H, CH2),
4.48 (s, 3H, CH3), 3.87 (s, 3H, CH3), 3.40 (s, 3H, CH3), 1.99
(quin, J = 7.20 Hz, 2H, CH2), 1.45 (sext, J = 7.20 Hz, 2H, CH2),
0.98 (t, J = 7.20 Hz, 3H, CH3). 13C{1H} NMR (75 MHz, CDCl3):
δ 153.1 (CvO), 149.9 (CvO), 139.5 (C), 138.6 (NCHN), 107.8
(C), 49.7 (CH3), 38.9 (CH2), 32.3 (CH2), 32.1 (CH3), 28.7 (CH2),
19.4 (CH3), 13.3 (CH3). HRMS (ESI+): calcd for C12H19N4O2

[M − I]+: 251.1508. Found: 251.1589. Anal. Calcd for
C12H19IN4O2: C, 38.11; H, 5.06; N, 14.81. Found: C, 37.80;
H, 5.00; N, 14.60. M.P: 142.4–144.7 °C.

Synthesis of 9-phenyl-1,3,5-trimethylxanthinium iodide (2d).
Imidazole 1d (0.2 g, 0.78 mmol), methyl iodide (0.91 mL,
14.6 mmol) and dimethylformamide (4 mL) were added in an
ampoule. The mixture was heated at 70 °C for 24 hours in a
closed system. Excess diethyl ether was added to the resulting
orange solution to precipitate the product as a yellow solid
that was filtered and dried in vacuo. Yield: 0.15 g (97%). 1H
NMR (300 MHz, d6-DMSO): δ 9.75 (s, 1H, NCHN), 8.17 (broad
s, 5H, aromatic), 4.25 (s, 3H, CH3), 3.82 (s, 3H, CH3), 3.40 (s,
3H, CH3). 13C{1H} NMR (75 MHz, d6-DMSO): δ 154.1 (CvO),
151.9 (CvO), 140.3 (C), 139.8 (NCHN), 132.7 (C), 130.7 (CH),
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129.3 (CH), 125.8 (CH), 109.5(C), 35.7 (CH3), 28.5 (CH3), 26.3
(CH3). HRMS (ESI+): calcd for C14H15N4O2 [M − I]+: 271.1190.
Found: 271.1188. Anal. Calcd for C14H15IN4O2·3H2O: C, 37.18;
H, 4.68; N, 12.39. Found: C, 36.80; H, 4.20; N, 12.20. M.P:
168.1–169.4 °C.

Synthesis of 9-benzyl-1,3,5-trimethylxanthine-8-ylidene silver
acetate (3b). Imidazolium salt 2b (0.25 g, 0.61 mmol) was
added to silver acetate (0.2 g, 1.2 mmol) in a mixture of anhy-
drous dichloromethane (5 mL) and methanol (5 mL). The
mixture was stirred at room temperature for two hours in the
dark. The mixture was filtered, with the solid being washed
with dichloromethane, and the filtrate was dried in vacuo to
give the product as a white solid which was recrystallized from
dichloromethane–pentane. Yield: 0.3 g (40%). 1H NMR
(300 MHz, CDCl3): δ 7.49 (m, 2H, aromatic), 7.31 (m, 3H, aro-
matic), 5.66 (s, 2H, CH2), 4.21 (s, 3H, CH3), 3.79 (s, 3H, CH3),
3.38 (s, 3H, CH3), 2.05 (s, 3H, CH3). 13C{1H} NMR (75 MHz,
CDCl3): δ Ag–C not observed, 178.2 (CvO), 153.2 (CvO), 150.7
(CvO), 140.4 (C), 135.4 (C), 129.1 (CH), 128.8 (CH), 128.5
(CH), 109.3 (C), 54.4 (CH3), 40.1 (CH3), 32.1 (CH3), 28.9 (CH2),
22.4 (CH3). HRMS (ESI+): calcd for C30H32N8O4Ag [Ag(NHC)2]+:
675.1597. Found: 675.1616. Anal. Calcd for C17H19AgN4O4: C,
45.25; H, 4.24; N, 12.42. Found: C, 45.30; H, 4.20, N, 12.20.

Synthesis of 9-butyl-1,3,5-trimethylxanthine-8-ylidene silver
acetate (3c). Imidazolium salt 2c (0.10 g, 0.26 mmol) was dis-
solved in anhydrous methanol (5 mL) and dichloromethane
(5 mL) and silver acetate (0.09 g, 0.54 mmol) were added. The
mixture was stirred for two hours in the dark. The mixture was
filtered, with the solid being washed with dichloromethane,
and the filtrate was dried in vacuo to yield a white sticky solid.
Recrystallisation from dichloromethane–diethyl ether gave the
product as a white solid which was further dried in vacuo.
Yield: 0.06 g (55%). 1H NMR (300 MHz, CDCl3): δ 4.44 (t, J =
7.35 Hz, 2H, CH2), 4.22 (s, 3H, CH3), 3.80 (s, 3H, CH3), 3.38 (s,
3H, CH3), 2.00 (s, 3H, CH3), 1.79 (quin, J = 7.35 Hz, 2H, CH2),
1.37 (sext, J = 7.35 Hz, 2H, CH2), 0.92 (t, J = 7.35 Hz, 3H, CH3).
13C{1H} NMR (75 MHz, d6-DMSO): δ Ag–C and CvO (acetate)
not observed, 153.0 (CvO), 150.6 (CvO), 140.8 (C), 108.3 (C),
50.3 (CH3), 39.4 (CH2), 33.0 (CH3), 31.6 (CH3), 28.3 (CH2),
19.10 (CH2), 13.6 (CH3). HRMS (ESI+): m/z Calcd for
C24H36AgN8O4 [Ag(NHC)2]+: 608.1910. Found: 608.1939. Anal.
Calcd for C14H21AgN4O4: C, 40.30; H, 5.07; N, 13.43. Found: C,
39.90; H, 5.30, N, 13.10.

Synthesis of 9-phenyl-1,3,5-trimethylxanthine-8-ylidene
silver acetate (3d). Imidazolium salt 2d (0.15 g, 0.38 mmol)
was dissolved in anhydrous acetonitrile (5 mL), and methanol
(5 mL) and silver acetate (0.125 g, 0.75 mmol) were added. The
mixture was stirred at room temperature for two hours in the
dark. The mixture was filtered and the solvent removed from
the filtrate in vacuo to give the product as a white solid. Yield:
0.115 g (69.1%). 1H NMR (300 MHz, d6-DMSO): δ 7.53 (broad s,
5H, aromatic), 4.27 (s, 3H, CH3), 3.80 (s, 3H, CH3), 3.19 (s, 3H,
CH3), 1.78 (s, 3H, CH3). 13C{1H} NMR (75 MHz, d6-DMSO): δ
186.1 (Ag–C), 175.5 (CvO), 152.1 (CvO), 150.5 (CvO), 141.1
(C), 137.9 (C), 129.3 (CH), 128.9 (CH), 126.6 (CH), 109.3 (C),
31.7 (CH3), 28.3 (CH3), 23.2 (CH3). HRMS (ESI+): m/z Calcd for

C28H28AgN8O4 [Ag(NHC)2]+: 647.1284. Found: 647.1297. Anal.
Calcd for C16H17AgN4O4: C, 43.96; H, 3.92; N, 12.82. Found: C,
44.70; H, 4.40, N, 12.60.

Cytotoxicity studies

In vitro cell tests were performed at the Institute of Cancer
Therapeutics, Bradford. Cells were incubated in 96-well plates,
at 2 × 103 cells per well in 200 µL of growth media (RPMI 1640
supplemented with 10% foetal calf serum, sodium pyruvate
(1 mM) and L-glutamine (2 mM)). Cells were incubated for
24 hours at 37 °C in an atmosphere of 5% CO2 prior to drug
exposure. Silver compounds and cisplatin were dissolved in di-
methylsulfoxide at a concentration of 25 mM and diluted with
medium to obtain drug solutions ranging from 25 µM to
0.049 µM. The final dimethylsulfoxide concentration was 0.1%
(v/v) which is non-toxic to cells. Drug solutions were applied to
cells and incubated for 96 hours at 37 °C in an atmosphere of
5% CO2. The solutions were removed from the wells and fresh
medium added to each well along with 20 µL MTT (5 mg
mL−1), and incubated for 4 hours at 37 °C in an atmosphere of
5% CO2. The solutions were removed and 150 µL dimethyl-
sulfoxide was added to each well to dissolve the purple forma-
zan crystals. A plate reader was used to measure the
absorbance at 540 nm. Lanes containing medium only, and
cells in medium only (no drug), were used as blanks for the
spectrophotometer and 100% cell survival respectively. Cell
survival was determined as the true absorbance of treated cells
divided by the true absorbance of controls and expressed as a
percentage. The concentration required to kill 50% of cells
(IC50) was determined from plots of % survival against drug
concentration. Each experiment was repeated 3 times and a
mean value obtained.

Hydrophobicity

Equal volumes of octanol and NaCl-saturated water were
stirred at room temperature for 24 hours, and separated to give
octanol-saturated water and water-saturated octanol. Five stan-
dard concentrations (5, 10, 20, 40 and 60 µM) of the complexes
were prepared from the octanol-saturated water. Analysis using
UV/vis spectroscopy was used to obtain a calibration curve
of absorbance vs. concentration for each complex at its
maximum absorbance. Accurate amounts of the complexes
were dissolved in the octanol-saturated water (25 mL) to make
up a concentration of 50 µM. 3 mL of octanol-saturated water
containing the complex was placed in a centrifuge tube and
3 mL of water-saturated octanol was layered on top. Six
samples prepared in this manner were shaken for 4 hours
using a vibrax machine at 500 g min−1. The layers were separ-
ated and the octanol-saturated water layer was retained for ana-
lysis using UV/vis spectroscopy. The average concentration of
the six runs was calculated using the calibration graph and
maximum absorbance for each complex. Subtraction of the
average concentration obtained from the concentration of an
unshaken sample in octanol-saturated water gave the final
[C]org. The [C]org and [C]aq. were used to determine the par-
tition coefficient log P.
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Polymer encapsulation of anticancer silver–N-
heterocyclic carbene complexes†

H. A. Mohamed,a M. Khuphe,a S. J. Boardman,a S. Shepherd,b R. M. Phillips,b

P. D. Thornton *a and C. E. Willans *a

Amphiphilic block copolymers have been developed for the encapsulation of organometallic drugs. silver–N-

heterocyclic carbene complexes have shown significant promise as anticancer and antibacterial compounds,

and have been studied as the payload in these carriers. Simple modification of the N-heterocyclic carbene

ligand structure enables solubility properties and interaction with the polymer to be tuned.

Introduction
Silver has long been established as having antibacterial prop-
erties,1 and more recently the chemotherapeutic effects of silver
have been recognised.2,3 Silver salts, nanoparticles and
compounds such as silver sulfadiazine have been used in
healthcare. Recently, silver–N-heterocyclic carbene (NHC)
complexes have shown signicant promise as potential anti-
bacterial and anticancer drugs,4–9 and are thought to have
a relatively slow silver release rate which is ideal for prolonged
activity. The in vitro effects of silver–NHCs, however, do not
usually translate into comparable in vivo activity, due to lack of
targeting and change in metal speciation upon entering a bio-
logical environment.10 It is therefore desirable to develop
delivery systems which act to protect the drug, target the site of
action and release the drug in response to specic stimuli.

Polymer-based drug delivery systems have demonstrated
extensive promise for the controlled release of organic thera-
peutics at a target site in vivo.11 The polymer acts to prevent the
premature metabolism of the drug prior to its intended deploy-
ment,12 and also protects healthy cells from exposure to what are
oen cytotoxic drug molecules.13 Enhanced drug concentrations
are consequently found at the diseased cells, enabling lower
concentrations to be administered and ensuring that the side-
effects that are associated with treatments, such as chemo-
therapy, are restricted.14 Although extensive research has been
undertaken to develop polymeric systems for the controlled
delivery of organic drugs, the controlled release of organome-
tallic payloads as drug delivery systems is relatively under-
developed.15 Cisplatin has been incorporated into polymeric
micelles,16–18 and Youngs and co-workers have reported drug-

delivery vehicles for silver–NHC complexes, in the form of
polymer-based nanoparticles,19 with the expansion of this highly-
promising research domain being of great medicinal value.
Herein, we report organometallic drug encapsulation within
biodegradable polymeric nanoparticles, and an assessment of
the cytotoxic prole of the nanoparticles produced. Signicantly,
a novel loading approach in which the silver–NHC complex
mediates transformation of water-soluble polymers into silver-
containing nanoparticles is described and demonstrated. This
is possible as many of the polymers used in this study contain
functional groups capable of ionic crosslinking to yield nano-
particles. Such functional groups also permit nanoparticle
modication with cell-binding groups, an essential feature for
the future development of targeted drug delivery systems.

Results and discussion
Silver–NHC complexes used in this study (Fig. 1) were chosen
based upon their aqueous solubility (C1, C2), uorescent

Fig. 1 Cytotoxic silver–NHC complexes studied for encapsulation
within polymeric nanoparticles.
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properties (C2, C3), and the ability to form electrostatic inter-
actions with cationic polymers, through interaction with
anionic carboxylate groups (C3, C4).

Initially, methoxy-poly(ethylene glycol)-b-poly(phenylalanine)
(P1) (synthesised as mPEG113-b-poly(Phe)24) was used to deter-
mine the feasibility of encapsulating organometallic
compounds within poly(amino acid)-containing polymers. P1 is
an amphiphilic co-polymer that can self-assemble in aqueous
media (Fig. 2), and due to the phenylalanine content is suscep-
tible to hydrolysis by chymotrypsin, a digestive enzyme that is
secreted by the pancreas.12 Self-assembly of P1 was demon-
strated through its addition to water (10 mg mL!1). Scanning
electron microscopy (SEM) conrmed the production of nano-
particles (Fig. 2a) that possessed an average size of 121 nm, as
determined by dynamic light scattering (DLS) (Fig. 2b).

Encapsulation of a silver–NHC by P1 was investigated using
the water-soluble complex C1, with varying ratios of P1 : C1
(ESI†). DLS analysis revealed an increased average particle size
of 151.7 nm and PDI of 0.307 when using 0.8 : 1 ratio of P1 : C1.
SEM analysis of P1 : C1 revealed the formation of discrete
particles (Fig. 3a), with energy-dispersive X-ray spectroscopy
(EDX) mapping the location of silver ions. SEM-EDX reveals that
the silver ions are located within the particle region, indicating
successful encapsulation of silver–NHC C1 (Fig. 3b). The EDX
spectrum shows peaks corresponding to silver and chloride
ions, supporting the presence of the complex within the particle
region (Fig. 3c).

To emphasise further the encapsulation of silver–NHCs in P1
particles, the intrinsic uorescence property of complex C2
(Fig. 1) was exploited to map the location of the complex in the
particles. Confocal laser scanning microscopy was used to
image the C2-loaded particles. Imaging was carried out under
visible light to map the polymeric shell (Fig. 4a) and under
uorescence to map the inherently uorescent silver–NHC
complex (Fig. 4b). These images were overlaid (Fig. 4c) and
resolved further to reveal clearly the two distinct regions in the

particles (Fig. 4d). The discrete clusters that uoresced, and
were thus assumed to be the silver–NHC complex, occupy
positions that coincide with the positions of the dark spots
(assumed to be the discrete polymeric particles) (Fig. 4c and d).
As such, it can be summarised that the silver–NHC complexes

Fig. 2 The envisaged self-aggregation of P1 into particles that can
physically entrap silver(I)–NHC complexes (top). (a) SEM micropho-
tograph showing the formation of nanoparticles, scale bar represents 1
mm. (b) DLS data revealing the size distribution of particles.

Fig. 3 (a) SEM image of silver–NHC C1 loaded P1 particles. (b) EDX
map corresponding to an area that is located within a loaded particle.
(c) EDX spectrum corresponding to an area that is located within the
loaded particle, showing the presence of silver. Other elements that
appear on the spectrum emanated from the composition of the SEM
glass cover slide and from the gold-coating.

Fig. 4 Confocal microscopy images obtained from C2-loaded
mPEG5000-b-poly(Phe)24 particles: (a) under visible light, (b) under
fluorescence, (c) an overlay of the two images, (d) highly resolved
image revealing that the blue fluorescent spots (i.e. assumed to be the
molecules of the encapsulated complexes) occupy the same positions
as the black clusters (which are assumed to be the polymeric shell).
Scale bars represent 1 mm.

This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 10474–10477 | 10475
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either become adsorbed onto the polymeric particles or are
encapsulated within the polymer during nanoparticle assembly.
The latter possibility is more plausible because of the intrinsic
hydrophobicity of the metal complex.

The use of organometallic-polymer conjugation to instigate
nanoparticle formation was investigated using NHCs with
carboxylic acid N-substituents (C3 and C4) and amine-
presenting polymers, with the aim of forming electrostatic
interactions between the deprotonated anionic carboxylate
groups and the cationic polymer. Poly(L-lysine) may be
employed as a biodegradable, cationic polymer capable of
binding with anionic carboxylate groups, hence methoxy-
poly(ethylene glycol)-b-poly(L-lysine) was used in this study
(Fig. 5). This method of encapsulation ensures that nano-
particles are only formed from the water-soluble polymers when
contact between the drug and the poly(L-lysine) component of
the block copolymer occurs, thereby eliminating the possibility
of conjugation of the drug to the surface of pre-formed PNs.
Polymers with varying mPEG:poly(L-lysine) ratios (P2, P3 and
P4), were prepared using PEG as the macroinitiator for the ring-
opening polymerisation of L-lysine N-carboxyanhydrides
(ESI†).20

Solutions of the three polymers P2, P3 and P4, and solutions
of silver–NHC complexes C3 and C4were prepared (1 mgmL!1).
In addition to complexes C3 and C4, the corresponding imi-
dazolium ligand precursors L3 and L4 were also examined. All
solutions were initially ltered through PTFE syringes with pore
size of 0.45 mm followed by ltration using a lter with a pore
size of 0.2 mm to remove all particles that possess a diameter
greater than 0.2 mm, as conrmed by DLS analysis. Filtered
solutions of each polymer and either silver–NHC complex C3 or
C4, or imidazolium L3 or L4, were combined (1 : 1) at 37 "C and
analysed using DLS (Table 1). DLS conrmed the absence of
particles in the individual polymer, metal complex and imida-
zolium solutions, by revealing blank DLS charts. When the
respective polymer solutions were mixed with silver–NHC
complex solutions (1 : 1 v/v), DLS conrmed the formation of
particles, by revealing the emergence of size distribution traces
that were initially not present in either the independent poly-
mer solutions or in the complex solutions. The particle diam-
eters generally increased with increasing polymer length, as
expected. However, in the case of P3 : C4, a larger than expected
particle diameter of 452.7 nm was observed which suggests
vesicle formation (Fig. 6). Both imidazolium salts and corre-
sponding silver–NHC complexes form particles of similar size,

indicating that the ligand plays the major role in particle
formation, which is not affected by the presence of silver.

Encapsulation of a drug carries the risk of impeding cyto-
toxic behaviour. To assess the viability of encapsulated silver–
NHCs against cancer cells, activities of P1 : C1, P3 : C3 and
P3 : C4 were evaluated against the pancreatic adenocarcinoma
cell line Panc 10.05 using MTT-based assays. Silver–NHC
complexes C1, C3 and C4 were also tested as comparators
(Table 2). There is clear evidence from the results presented in
Table 2 that encapsulation of silver–NHCs by the polymers
investigated in this study does not adversely affect the cytotox-
icity of the complexes to Panc 10.03 cancer cells. Selectivity of
C1 and C3 does decrease upon encapsulation when the IC50

Fig. 5 Methoxy-poly(ethylene glycol)-b-poly(L-lysine). P2: n ¼ 113, m
¼ 39. P3: n ¼ 113, m ¼ 50. P4: n ¼ 113, m ¼ 140.

Table 1 Polydispersity index (PDI) and average particle size (APS) for
conjugated PNs

Polymer Imidazolium or silver–NHC PDI APS (nm)

P2 L3 1.000 146.0
P3 L3 0.754 173.1
P4 L3 0.292 224.2
P2 C3 0.188 159.7
P3 C3 0.173 175.6
P4 C3 0.153 176.5
P2 L4 1.000 121.8
P3 L4 a a

P4 L4 0.484 253.2
P2 C4 0.249 160.8
P3 C4 0.173 452.7
P4 C4 0.449 221.8

a A reading could not obtained.

Fig. 6 SEM images of P3 : C4. Scale bar represents (a) 5 mM, and (b)
1 mM.

Table 2 Response of Panc 10.05 and ARPE-19 cells to silver–NHC
complexes C1, C3 and C4, and polymeric nanoparticles PN2, PN3B
and PN4B. Values presented are IC50 mM $ SD for three independent
experiments. The selectivity index is defined as the ratio of IC50 in non-
cancer ARPE-19 cells to the IC50 in cancer Panc 10.05 cells

Drug Panc 10.05 ARPE-19
Selectivity
index

C1 30.57 $ 13.16 >100 >3.27
P1 : C1 25.8 $ 4.3 22.70 $ 2.70 1.43
C3 12.3 $ 3.2 >100 >8.15
P3 : C3 8.2 $ 1.8 23.59 $ 6.88 2.86
C4 26.3 $ 11.5 68.70 $ 7.16 2.61
P3 : C4 16.0 $ 5.5 83.37 $ 17.06 3.23

10476 | RSC Adv., 2018, 8, 10474–10477 This journal is © The Royal Society of Chemistry 2018
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values against non-cancer ARPE-19 cells are compared to IC50

values for Panc 10.03, though the selectivity of C4 improves
upon encapsulation. These results present signicant promise,
as encapsulation may feasibly prevent decomposition of the
drug before it reaches the intended target site, and may enable
an enhanced, and thus more effective concentration of inor-
ganic therapeutic to be delivered to the target site.

Conclusions
In conclusion, we have presented novel methods towards organ-
ometallic drug delivery systems involving encapsulation within
polymeric nanoparticles. The polymers used in this study offer
the potential for structural modication, enabling targeted
carriers to be developed. The structural diversity of NHC ligands
allows the interaction between the polymer and drug to be
altered, thus changing the physical properties of the nano-
particles. Importantly, the silver–NHCs studied in this work retain
their cytotoxic prole against cancerous Panc 10.05 cells upon
encapsulation within the polymers, making these systems viable
for organometallic drug delivery. Work is ongoing to understand
the drug loading efficiencies and pharmacokinetic behaviour of
the drug-loaded nanoparticles, which will enable optimisation of
these systems through ligand and/or polymer modication.
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Metallohelices with activity against cisplatin-resistant
cancer cells; does themechanism involve DNA binding?†

Viktor Brabec,*b Suzanne E. Howson,a Rebecca A. Kaner,a Rianne M. Lord,c

Jaroslav Malina,b Roger M. Phillips,d Qasem M. A. Abdallah,d Patrick C. McGowan,c

Alison Rodgera and Peter Scott*a

Enantiomers of a relatively rigid DNA-binding metallo-helix are shown to have comparable activity to that
of cisplatin against the cell lines MCF7 (human breast adenocarcinoma) and A2780 (human ovarian
carcinoma) but are ca five times more active against the cisplatin-resistant A2780cis. The cell-line
HCT116 p53+/+ (human colon carcinoma) is highly sensitive giving IC50 values in the nM range, far lower
than the cisplatin control. The hypothesis that the biological target of such metallohelices is DNA is
probed by various techniques. Tertiary structure changes in ct-DNA (formation of loops and
intramolecular coiling) on exposure to the compounds are demonstrated by atomic force microscopy
and supported by circular/linear dichroism in solution. Selectivity for 50-CACATA and 50-CACTAT
segments is shown by DNase I footprinting. Various three- and four-way oligonucleotide junctions are
stabilised, and remarkably only the L metallo-helix enantiomer stabilizes T-shaped 3WJs during gel
electrophoresis; this is despite the lack of a known helix binding site. In studies with oligonucleotide
duplexes with bulges it is also shown for the first time that the metallo-helix binding strength and the
number of binding sites are dependent on the size of the bulge. In contrast to all the above, flexible
metallo-helices show little propensity for structured or selective DNA binding, and while for A2780 the
cancer cell line cytotoxicity is retained the A2780cis strain shows significant resistance. For all
compounds in the study, H2AX FACS assays on HCT116 p53+/+ showed that no significant DNA damage
occurs. In contrast, cell cycle analysis shows that the DNA binders arrest cells in the G2/mitosis phase,
and while all compounds cause apoptosis, the DNA binders have the greater effect. Taken together
these screening and mechanistic results are consistent with the more rigid helices acting via a DNA
binding mechanism while the flexible assemblies do not.

Introduction

Clinical anticancer treatments commonly include the use of
DNA-binding or -modifying drugs. Alkylators and DNA cleavage
agents cause chemically irreversible reactions leading, in the
absence of repair, to cell death,1,2 whereas DNA groove-binders
and intercalators form non-covalent bonds, commonly affecting
replication and transcription.3,4 Coordination chemistry plays
an important role in both these areas;5,6 cisplatin chemotherapy
is a resurgent eld of research7–9 and metal scaffolds are being

used to explore regions of biologically relevant chemical space
inaccessible to organic chemistry alone.10–13

One such architecture is provided by metal-templated heli-
cates14–19 (Fig. 1, upper). These molecules commonly comprise
three relatively rigid ditopic ligands such as the NN–NN system
I20 wrapped in a helical array around two metal ions. The ligand

Fig. 1 Schematic representation (upper) of one enantiomer of a bimetallic
triple-stranded metallo-helicate incorporating a NN–NN bis(bidentate) helicand.
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Královopolská 135, CZ-61265 Brno, Czech Republic. E-mail: brabec@ibp.cz
cSchool of Chemistry, University of Leeds, Woodhouse Lane, Leeds, LS2 9JT, UK
dInstitute of Cancer Therapeutics, University of Bradford, Bradford, BD7 1DP, UK

† Electronic supplementary information (ESI) available: Experimental details for
AFM imaging, DNA binding studies using CD and LD, DNase I footprinting, UV
melting experiments and anticancer testing. See DOI: 10.1039/c3sc51731d

Cite this: Chem. Sci., 2013, 4, 4407

Received 20th June 2013
Accepted 29th August 2013

DOI: 10.1039/c3sc51731d

www.rsc.org/chemicalscience

This journal is ª The Royal Society of Chemistry 2013 Chem. Sci., 2013, 4, 4407–4416 | 4407

Chemical Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 1
0 

Se
pt

em
be

r 2
01

3.
 D

ow
nl

oa
de

d 
on

 2
8/

08
/2

01
4 

10
:3

4:
59

. 

View Article Online
View Journal  | View Issue

http://dx.doi.org/10.1039/C3SC51731D
http://pubs.rsc.org/en/journals/journal/SC
http://pubs.rsc.org/en/journals/journal/SC?issueid=SC004012


(referred to as a helicand) mechanically couples21 the helicity at
the two metal centres such that they have the same absolute
conguration (D or L). Their structural novelty has encouraged
testing in the healthcare arena e.g. towards diagnostic applica-
tions22–29 but there are rather few metallo-helix systems that
lend themselves to projects in drug discovery.19

Hannon's tetracations [M2(I)3]4+ (M ¼ Fe, Ru) have been
preeminent because of their simplicity and solubility,30 and
despite their requirement for chromatographic resolution. They
bind in the major groove of DNA with sequence-selectivity,31

induce intramolecular coiling32 and have some anticancer
activity.33–35 Qu has discovered that the same Fe compound
recognises human telomeric G-quadruplex DNA36–38 and targets
the amyloid b peptide, reducing cytotoxicity and ameliorating
memory decits in a transgenic mouse model.39 Recently a
derivative of [Fe2(I)3]4+ containing arginine units showed
improved cytotoxicity against A2780 ovarian cancer cells.40

We recently developed optically and diastereochemically
pure monometallic complexes containing functionalised pyri-
dine/imine units41,42 and then used them to create via self-
assembly processes water stable, optically pure bimetallic
structures with exible linkers [M2L3]2+ (Fig. 2).43 Since the
stereoselectivity in these complexes does not rely on the helicate
concept of mechanical coupling we describe them as
exicates,43,‡ although in other instances mechanical coupling
is important.44 We also reported their promising antibiotic
activity against MRSA (Methicillin-resistant Staphylococcus
aureus) and Escherichia coli alongside modest toxicity towards
the nematode worm Caenorhabditis elegans.43 In this work we
describe the discovery of structure-dependent activity of ex-
icates against cancer cell-lines, including a cisplatin-resistant
strain, and address the interactions of these compounds with
potential drug targets in DNA and DNA-motifs via a range of
biophysical techniques relevant to mechanism of action.45 In

addition we probe the effects on cells via assay of DNA damage
and cell-cycle analysis.

Results and discussion
Cancer cell-line activity

The absence of reactive metal centres in the helicates [M2(I)3]4+

(Fig. 1) described above means that a cisplatin-like lesion
process is unlikely to be responsible for their cancer cell line
cytotoxicity, yet it has been hypothesised that DNA binding is
involved in the mechanism.33–35 The exicate compounds
[Fe2L3]4+ (Fig. 2) present an interesting series in this respect;
linear dichroism studies indicate that while [Fe2L1a3]4+ binds to
the major groove of calf thymus DNA, the system [Fe2L2a3]4+

does not. We thus set out to investigate the activity of the water
soluble exicates in cancer cell lines; MCF7 (human breast
adenocarcinoma), A2780 (human ovarian carcinoma), the
cisplatin resistant strain A2780cis and HCT116 p53+/+ (human
colon carcinoma). In preliminary tests it was found that solu-
tions of [Fe2L1b3]Cl4 deposited solid complex under assay
conditions and so our studies were conned to the remaining
six compounds (three pairs of enantiomers) containing L1a, L2a

and L2b. The free ligands and major components were insuffi-
ciently soluble in DMSO/water for testing.

The exicates show promising anticancer properties with a
range of IC50 values from ca 0.6–20 mM (Table 1). The enantio-
mers containing L1a were generally the most potent, and while a
direct comparison with related helicates33,34 is not easy to make,
reference to the cisplatin control experiments indicates that the
activities here are at least comparable with the more recently
reported arginine derivatives of Hannon.40 The most striking
result however is that exicates based on L1a exhibit potent
cytotoxic effects on the cisplatin-resistant ovarian tumour cell
line A2780cis. The effect is marked; there is an approximate
5-fold difference between the IC50 values for these exicates and
cisplatin towards A2780cis. Furthermore A2780cis is more
sensitive to these L1a exicates than is the parental line A2780.

The exicates based on L2a/2b are generally less cytotoxic but
the differences in sensitivity between cell lines (i.e. selectivity) is
marked. In particular A2780cis is resistant to these compounds,
with IC50 values 2–6 times higher than those for the parent cell
line. At the same time, some of the differences in IC50 between
enantiomers are very signicant with the L-[Fe2L2a3]Cl4 isomer
being more potent. Again, this contrasts with the L1a complex
enantiomers where only marginal differences were observed.

Fig. 2 Diastereomerically pure metallo-helical “flexicate” complexes of chiral
ligands L1 and L2.

Table 1 Anticancer activities of the flexicates

Complex

IC50/mM (esd)

MCF7 A2780 A2780cis HCT116 p53+/+

Cisplatin 1.33 (0.23) 0.93 (0.04) 10.46 (0.15) 3.51 (1.50)
L-[Fe2L1a3]Cl4 3.67 (0.14) 4.80 (0.15) 2.18 (0.07) 1.66 (1.05)
D-[Fe2L1a3]Cl4 2.95 (0.77) 3.75 (0.10) 2.39 (0.12) 0.61 (0.31)
L-[Fe2L2a3]Cl4 5.50 (0.52) 3.29 (0.09) 7.34 (0.32) 0.62 (0.08)
D-[Fe2L2a3]Cl4 10.16 (0.18) 3.48 (0.04) 14.39 (0.39) 0.87 (0.13)
L-[Fe2L2b3]Cl4 6.08 (0.21) 4.29 (0.08) 12.72 (0.03) 0.64 (0.15)
D-[Fe2L2b3]Cl4 8.26 (0.16) 3.10 (0.10) 18.20 (0.15) 0.61 (0.07)
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The HCT116 p53+/+ cell line is sensitive to all the exicates
and IC50 values in the nM range are observed, signicantly
lower than the cisplatin control.

Across the panel there are large differences in sensitivity to
individual compounds e.g. a factor of ca 30 in sensitivity between
the highest and lowest IC50 observations for D-[Fe2L2b3]Cl4.

Given the range of IC50 values in Table 1 and the ready
availability and stability in water of enantiomers of the test
compounds we have been able to address in more detail the
relationship between the binding of various DNA motifs and
cytotoxicity.

Atomic force microscopy

The inuence of the exicates on the tertiary structure of single
DNA molecules was studied by direct visualisation of linearized
plasmid pSP73 (2464 bp) mixed with increasing concentrations
of the exicates using atomic force microscopy (AFM) tapping
mode in air. Samples for imaging were prepared by adsorption
of the exicates onto freshly cleaved mica in the presence of
5 mM Mg(II). The non-modied linearized plasmid molecules
appeared as relaxed and well-separated strands; crossing
strands were rarely observed [see ESI, Fig. S1(a and b)†]. The
addition of [Fe2L1a3]Cl4 and [Fe2L2a3]Cl4 exicates affected the
conformation of linear plasmid DNA yielding typical images as
shown in Fig. 3.

For [Fe2L1a3]Cl4, an increase in formation of loops and close
strand contacts was seen for both enantiomers at lower DNA
base : exicate ratios up to !5 : 1 (shown for L-enantiomer in
Fig. 3(A)). On increasing the concentration of exicates (Fig. 3(B
and C)) intramolecular coiling and intermolecular aggregation
of DNAmolecules wasmore pronounced. A level of cooperativity
in the coiling process was apparent, since clusters and fully
coiled DNA strands were observed in the presence of uncoiled
DNA molecules. The extent of coiling and aggregation was
slightly higher for the L enantiomer than the D enantiomer.
The effects of the [Fe2L1a3]Cl4 exicates on DNA coiling differ
from that reported for the [Fe2(I)3]Cl4 helicate32 which induced
almost exclusively intramolecular coiling of individual DNA
molecules and did not exhibit a tendency to condense DNA into
intermolecular clusters [see ESI, Fig. S1(c)†].

Typical AFM images of linear DNA mixed with [Fe2L2a3]Cl4
are shown in Fig. 3(D–F) and indicate different behaviour from
[Fe2L1a3]Cl4. No intramolecular coiling was observed even at
high loadings of [Fe2L2a3]Cl4 (Fig. 3(F)). Thick-stranded features
made by tight coiling of two individual DNA strands and some
intermolecular aggregates were predominantly seen (Fig. 3(E
and F)). To observe a similar level of DNA condensation as seen
with the [Fe2L1a3]Cl4 exicates, the concentration of [Fe2L2a3]Cl4
was required to be approximately 10–20-fold higher. No differ-
ence between enantiomers was noticed. These observations are
entirely consistent with the [Fe2L2a3]Cl4 exicates only showing
weak electrostatic binding to DNA.

DNA binding studies using spectroscopic methods

Circular dichroism titration experiments were used to investi-
gate the binding of the water soluble [Fe2L3]Cl4 exicate

enantiomers to calf-thymus DNA (ct-DNA) as shown in Fig. 4
and in ESI.† Changes to peaks below 300 nm are predominantly
due to the intrinsic ct-DNA CD signals that occur in this region.
In the MLCT region, i.e. that of the intense bisignate curves

Fig. 3 AFM images of linear plasmid pSP73 (2464 bp) mixed with flexicates at
various DNA base : flexicate ratios. (A–C) DNA with LFe,SC-[Fe2L1a3]Cl4 at 5 : 1,
3 : 1 and 2 : 1 ratios, respectively. (D–F) DNAwith LFe,RC-[Fe2L2a3]Cl4 at 1 : 2, 1 : 4
and 1 : 6 ratios, respectively.

Fig. 4 CD titration series for DFe/LFe-[Fe2L1a3]Cl4 at constant flexicate concen-
trations (15 mM) and increasing ct-DNA concentrations (indicated in legend).
TRIZMA! base buffer (1 mM, pH 7.2). Path length 1.0 cm.
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between 450 and 650 nm, subtle changes in the intensity and
wavelength are consistent with distortion of the complex in the
region of the Fe(pyridine/imine)3 chromophore on binding to
the DNA. The DFe,RC-[Fe2L1a3]Cl4 exicate shows the largest
change of the tested complexes. The changes in the CD of the
correspondingL isomer of L1a (Fig. 4) as well as of the exicates
based on L2a and L2b (see ESI, Fig. S2 and S3†) are much smaller
and therefore suggest smaller distortions to the geometries of
the complexes on binding to DNA. Perturbations of charge-
transfer absorptions were also observed in ct-DNA/[Fe2(I)3]4+

solutions.46

The extent to which these interactions cause disruption in
the DNA structure in solution may be estimated from the
reduction in the intensity of the DNA linear dichroism (LD)
absorption at ca 260 nm. Suitable linear dichroism (LD) spectra
(Fig. S4–S9) and details of calculation of the peak intensity are
given in ESI.† The data are summarised in Fig. 5. This reduction
in intensity almost certainly comes from bending or coiling, as
we have seen in the solid state by AFM, that reduces alignment
of the DNA with the laminar ow in the cell. It is rather less
likely to result from an increase in the exibility of the DNA. The
percentage reduction in the DNA peak follows the trend L1a >
L2a > L2b. The LFe compounds cause more disruption to the
DNA structure, indicating stronger preferences for binding
with the LFe enantiomer in each case. In comparison to the
iron(II) exicates reported here, [Fe2(I)3]4+ causes a higher
degree of disruption to the DNA structure at the same DNA
base : complex ratio32,47 and this correlates well with AFM data.

DNase I footprinting

In order to obtain information on sequence-specicity in the
binding events that appear to lead to the tertiary structure
changes described above, footprinting methodology was used.
Deoxyribonuclease I (DNase I) is the most commonly used
nuclease for these experiments and the reaction conditions
used were such that, on average, each DNA strand was cut once

giving a mixture of different fragments. A compound bound to
DNA protects the DNA from cleavage at their binding sites.

Each exicate was mixed with the 158 bp HindIII/NdeI
restriction fragment of pSP73 followed by partial cleavage by
DNase I. The autoradiograms of the DNA cleavage inhibition
patterns are shown in Fig. 6. Comparing the patterns observed
in the presence and absence of the exicates shows some
evidence of footprints in the gel particularly for the LFe,SC-
[Fe2L1a3]Cl4 exicate around positions 50 and 70 (Fig. 6(a), lane
2 and Fig. 6(b), lanes 2, 3) indicating specic sequences in DNA
are recognised. There are only minor differences between the
autoradiograms for the exicates at 20 : 1 and 10 : 1 (DNA
base : exicate) ratios (Fig. 6(b)).

Fig. 5 Comparison of the reduction in the linear dichroism absorption of the ct-
DNA 260 nm peak in the presence of various complexes. DNA base : complex
ratio 7 : 1 throughout. Values for DFe/LFe-[Fe2L1a3]Cl4 flexicates are calculated
using film LD and UV-Vis absorbance data. Data from Hannon and co-workers
taken from previously reported work.32,47

Fig. 6 Autoradiogram of DNase I footprint of 30 end labeled top strand of the
158 bp HindIII/NdeI restriction fragment of the plasmid pSP73 in the presence of
the flexicates. The nucleotide sequence of the fragment is shown on the right side
of the gel and numbers refer to the sequence shown in the corresponding
differential cleavage plots in Fig. 8. For (a) lane 1: DNA in the absence of flexicates,
lanes 2–7: DNA mixed with LFe,SC-[Fe2L1a3]Cl4, DFe,RC-[Fe2L1a3]Cl4, LFe,RC-
[Fe2L2a3]Cl4, DFe,SC-[Fe2L2a3]Cl4, LFe,SC-[Fe2L2b3]Cl4, DFe,RC-[Fe2L2b3]Cl4 respec-
tively. All at 10 : 1 (DNA base : flexicate) ratios. For (b) lane 1: DNA in the absence
of flexicates, lanes 2 and 3: DNA mixed with LFe,SC-[Fe2L1a3]Cl4 at 20 : 1 and
10 : 1 (DNA base : flexicate) ratios respectively, lanes 4 and 5: DNA mixed with
DFe,RC-[Fe2L

1a
3]Cl4 at 20 : 1 and 10 : 1 ratios respectively, lanes G + A and G

correspond to Maxam–Gilbert G + A and G ladders.
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Further information on the binding specicity of the
[Fe2L1a3]Cl4 enantiomers was obtained from the intensities of
the bands from the gel lanes in Fig. 6. For bands containing
DNA mixed with the [Fe2L1a3]Cl4 enantiomers at 10 : 1 (DNA
base : exicate) ratios were measured by densitometry and the
resulting differential cleavage plots are shown in Fig. 7. Nega-
tive values indicate inhibition of DNase I cleavage at that
section whereas positive values indicate enhancement. It can be
seen that DFe,RC-[Fe2L1a3]Cl4 does not display signicant
patterns of protection and enhancement. Conversely, the
differential cleavage plot for LFe,SC-[Fe2L1a3]Cl4 contains two
major regions where the exicate has protected the DNA from
DNase I cleavage. These sites are centred around positions 52
and 70 and extend over approximately 5–6 bp. Applying a shi
of 2–3 bp in the 30 direction is necessary to correct for the fact
that DNase I binds across the minor groove.48,49 From this
assumption, the two preferential binding sites of LFe,SC-
[Fe2L1a3]Cl4 can be deduced as 50-CACATA and 50-CACTAT
starting at positions 51 and 69, respectively. Hence there appear
to be fewer preferential binding sites than has been
observed31,50 for [Fe2(I)3]4+ and [Ru2(I)3]4+.

Supramolecular interactions of exicates with oligonucleotide
motifs

In this section we investigate the possibility of exicate inter-
actions with other potential drug target DNA structures relevant
to DNA replication and recombination.

Three-way junctions

Three-way junctions (3WJs) consist of three double strands
converging at one point (Fig. 8).51 Typically found in both DNA
(e.g. replication forks)52 and RNA,53 they are potential drug
targets. Fig. 8(a) shows a Y-shaped 3WJ (Tm ¼ 35.0 "C) of the
type shown to bind one particular helicate molecule in the
central cavity.54 T-shaped 3WJs, which do not in their relaxed
state have such a cavity are found where unpaired bases appear
in the junction region;51 the systems of Fig. 8(b and c) have two
unpaired adenosines (3WJ-AA) and two unpaired thymidines
(3WJ-TT) and higher melting temperatures of 41.4 "C and

38.5 "C respectively. As shown in Table 2, addition of exicates
to solutions of all of these oligonucleotide assemblies increases
the melting temperatures (Tm) i.e. increases thermal stability.

The L1a exicates are consistently more efficient at stabilis-
ing the 3WJs than are the L2 exicates. In all cases, doubling the
ratio from 1 : 1 to 2 : 1 (exicate : 3WJ) had almost no further
effect on the stability suggesting all the 3WJs contain just one
major binding site.

Gel electrophoresis was used to gainmore information about
the stabilisation effect that the exicates bring to DNA 3WJs.55

The three 14 base single strand oligonucleotides used in the
Y-shaped 3WJ of Fig. 8(a) provide the minimum length required
for the assembly to persist during electrophoresis at low
temperatures (5 "C) in the presence of magnesium(II) ions.56

Fig. 7 Caption differential cleavage plots for theLFe- and DFe-enantiomers of [Fe2L1a3]Cl4 showing the induced differences in susceptibility to DNase I digestion on the
158 bp HindIII/NdeI restriction fragment of the plasmid pSP73 at 10 : 1 (DNA base : flexicate) ratio. The vertical scale is in units of ln(fc)# ln(f0), where fc is the fractional
cleavage at any bond in the presence of flexicate and f0 is the fractional cleavage of the same bond in the control. Positive values indicate enhancement, negative values
indicate inhibition.

Fig. 8 The sequences of the oligonucleotides used to form (a) Y-shaped 3WJ,
and T-shaped 3WJs containing two unpaired (b) adenosines 3WJ-AA or (c)
thymidines 3WJ-TT at the branch point of the junction.

Table 2 Effect of flexicates on thermal stability of Y- and T-shaped 3WJs at 1 : 1
and 2 : 1 (flexicate : 3WJ) ratios

Complex

Y-shaped
3WJ DTm ("C)

T-shaped
3WJ-AA DTm
("C)

T-shaped
3WJ-TT DTm
("C)

1 : 1 2 : 1 1 : 1 2 : 1 1 : 1 2 : 1

L-[Fe2L1a3]Cl4 20.1 20.3 8.3 9.4 9.6 10.7
D-[Fe2L1a3]Cl4 18.2 18.5 7.0 8.1 9.6 10.7
L-[Fe2L2a3]Cl4 9.0 10.4 0.2 0.4 2.8 3.6
D-[Fe2L2a3]3Cl4 13.1 12.6 1.7 2.5 5.4 6.2
L-[Fe2L2b3]Cl4 7.1 8.9 0.5 0.8 2.6 3.5
D-[Fe2L2b3]Cl4 11.0 11.8 1.6 2.4 5.1 6.2
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Without Mg2+ ions present, these 3WJs split into single strands
[Fig. 9(a) lane C]. Fig. 9(a) shows that both [Fe2L1a3]4+ enantio-
mers (lanes 1–6) are able to stabilise the Y-shaped 3WJ during
electrophoresis in the absence of Mg2+ at room temperature.
The L2 exicates, DFe/LFe-[Fe2L2a3]Cl4 (lanes 7, 8) and DFe/LFe-
[Fe2L2b3]Cl4 (lanes 9, 10), had no or very little effect on the
stability of this 3WJ under these conditions. Consistent with the
melting experiments above, a plot of the percentage of 3WJs
remaining aer electrophoresis as a function of exicate
concentration [Fig. 9(b)] clearly shows that for [Fe2L1a3]Cl4, the
LFe enantiomer stabilises the Y-shaped 3WJ during electro-
phoresis to a greater extent compared with the DFe enantiomer
(Fig. 10).

The related gel electrophoresis experiments on the T-shaped
3WJs of Fig. 8(b and c)] show an extraordinary difference in the
behaviour of enantiomers DFe/LFe-[Fe2L1a3]Cl4; with both 3WJ-
AA and 3WJ-TT, stabilisation was only observed with the LFe

enantiomer (lanes 1–3 and 7–9).
The mechanisms of binding to Y- and T-shaped 3WJ must

thus differ. With the Y-shaped 3WJ, it is likely that the exicates
bind to the central hollow cavity at the branch point of the
junction;54 notably the DTm are consistently higher for these
“preorganised” systems. In contrast for the T-shaped 3WJs we
propose the structure of the junction may be being changed on
binding to accommodate the exicate; something that may
explain the enhanced enantioselectivity.

We note that while only L isomer of [Fe2L1a3]Cl4 stabilizes
T-shaped 3WJ-TT during gel electrophoresis, both L and D

compounds increase the melting temperatures equally. A plau-
sible explanation might be while the gel electrophoresis in the
absence of Mg2+ was carried out at room temperature (22 !C) and
observes the proportion of 3WJs remaining aer electrophoresis,
the melting temperatures ("40 !C) rather reect the properties of
the 3WJs at the elevated temperatures when 3WJs start to melt.
Thus, melting temperatures may not reect relatively small
differences in the capability of the two isomers to stabilize
T-shaped 3WJs-TTwhereas the gel electrophoresis apparently can.

Four-way junctions

Four-way junctions (4WJs), e.g. the Holliday junction,57 consist
of four double strands converging at one point and are also
potential DNA drug targets.58 The thermal stability of the 4WJ
shown in Fig. 11 (Tm ¼ 42.4 !C) in the presence of the exicates
was investigated. The L2 systems (DFe/LFe-[Fe2L2a3]Cl4 and DFe/
LFe-[Fe2L2b3]Cl4) had small or even a negative effect on the
stability of this 4WJ (Table 3). The melting temperature was,
however, found to increase in the presence of both enantiomers
of the [Fe2L1a3]Cl4 exicates with the LFe enantiomer providing
some additional stability in comparison to the DFe enantiomer.
Additionally it was found that the increase in melting temper-
ature of this 4WJ as the concentration of the L1a exicates
increases above the stoichiometric ratio suggests that, unlike
the 3WJs, the 4WJ contains more than one binding site for these
complexes.

Fig. 9 (a) Autoradiogram of the gel run at room temperature. Lane ss: control
containing a single strand. Lane C: control containing all three strands S1, S2 and
S3. Lane 1–3: S1, S2 and S3mixed withLFe,SC-[Fe2L1a3]Cl4 at 0.5 : 1, 1 : 1 and 2 : 1
(flexicate : 3WJ) ratios, respectively. Lanes 4–6: S1, S2 and S3 mixed with
DFe,RC-[Fe2L1a3]Cl4 at 0.5 : 1, 1 : 1 and 2 : 1 (flexicate : 3WJ) ratios, respectively.
Lanes 7–10: S1, S2 and S3 mixed with LFe,RC-[Fe2L2a3]Cl4 (7), DFe,SC-[Fe2L2a3]Cl4
(8), LFe,SC-[Fe2L2b3]Cl4 (9) and DFe,RC-[Fe2L2b3]Cl4 (10) at 1 : 1 (flexicate : 3WJ)
ratio. (b) Plot of the % of 3WJs remaining after electrophoresis as a function of
flexicate concentration.

Fig. 10 Autoradiograms of the gels run at room temperature. Lane C1: control
containing the three strands, S1-AA, S2 and S3. Lanes 1–3: S1-AA, S2 and S3
mixed with LFe,SC-[Fe2L1a3]Cl4 at 0.5 : 1, 1 : 1 and 2 : 1 (flexicate : 3WJ) ratios,
respectively. Lanes 4–6: S1-AA, S2 and S3mixed with DFe,RC-[Fe2L1a3]Cl4 at 0.5 : 1,
1 : 1 and 2 : 1 (flexicate : 3WJ) ratios, respectively. Lane C2: control containing the
three strands, S1-TT, S2 and S3. Lanes 7–9: S1-TT, S2 and S3 mixed with LFe,SC-
[Fe2L1a3]Cl4 at 0.5 : 1, 1 : 1 and 2 : 1 (flexicate : 3WJ) ratios, respectively. Lanes
4–6: S1-TT, S2 and S3 mixed with DFe,RC-[Fe2L1a3]Cl4 at 0.5 : 1, 1 : 1 and 2 : 1
(flexicate : 3WJ) ratios, respectively.

Fig. 11 The sequences of the oligonucleotides used to form the 4WJ.
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Oligonucleotide duplexes with bulges

Oligonucleotide duplexes with bulges occur when one or more
of the bases on one of the strands have no base(s) on the
complementary strand to form a base-pair with. Bulge sites in
DNA have been shown to bind some proteins more strongly
than standard duplex DNA59 and therefore are of signicant
interest as targets for novel drugs,60,61 particularly in the context
of peptidomimetic helices. The thermal stabilities of the
oligonucleotide duplexes containing three-, two- and one-
adenine bulges (A3–A1) [Fig. 12(a–c)] in the presence of
the exicates were analysed. The melting temperature of
the duplexes depends on the size of the bulge, increasing from
35.2 !C (A3) to 38.7 !C (A2) to 45.0 !C (A1) as the number of
unpaired adenines in the bulge decreases. The same duplex
without a bulge was also investigated as a control and has a
melting temperature 54.9 !C. The results are listed in Table 4
and show that only the DFe/LFe-[Fe2L1a3]Cl4 exicates have
positive impacts on the thermal stability.

With the duplexes containing A3 and A2 bulges, the stabil-
ising effect of the exicates decreases with the size of the bulge.
The thermal stability of these duplexes is further increased
when the exicate : duplex ratio is increased from 1 : 1 to 2 : 1,
but the increase is only relatively small (1–2!). This is consistent
with a single dominant binding site for the exicates on these
bulges with up-take slightly higher at the increased 2 : 1
concentration. In addition, there are no signicant differences
between enantiomers.

The effect of DFe/LFe-[Fe2L1a3]Cl4 on the thermal stability
of the duplex containing the A1 bulge shows different trends.
At a 1 : 1 exicate : duplex ratio the increase in melting

temperature is relatively small, however on increasing this
ratio to 2 : 1 the DTm approximately doubles, suggesting at
least two binding sites are present per duplex. This indicates
a different binding mode of DFe/LFe-[Fe2L1a3]Cl4 to the A1
bulge than to the A2 and A3 bulges. Furthermore, enantio-
meric differences are observed with the A1 bulge. The LFe

enantiomer has the greater stabilising effect on the A1 bulge,
with DTm more than twice that observed for the DFe

enantiomer.

H2AX expression analysis

We noted earlier that in contrast to DNA cleavage agents and
“alkylators” (including cisplatin), groove-binders reversibly
form non-covalent bonds such as those indicated in the above
studies, so it is of interest in terms of the mechanism of action
in cells to study the extent of DNA damage. H2AX is a histone
which plays a key role in the repair of damaged DNA62–65 and its
expression is a useful marker for several types of DNA damage.66

We selected the cell line HCT116 p53+/+ for this study since it is
sensitive to all the exicates.

HCT116 p53+/+ cells (5 " 105 cells in 10 ml RPMI medium)
were incubated with 10 mM of each exicate for 24 h (a dose that
kills 55 to 72% of cells) under appropriate conditions (see ESI†).
These, along with a control of untreated HCT116 p53+/+ cells
were analysed using uorescence-activated cell sorting (FACS).
Fig. 13 shows that there are no signicant alterations in the
production of H2AX, indicating that no DNA damage (increase
in expression) or interruption of the H2AX pathway (decrease)
has occurred.

Cell cycle analysis

We further investigated mechanism of action of exicates by
assessing how they affect the population of phases of the cell
cycle for HCT116 p53+/+. Using standard methods the cells
were permeabilised and treated with the uorescent dye
propidium iodide (PI) which stains DNA quantitatively. The
proportion of cells in the various phases – sub G1

Table 3 Effect of flexicates on thermal stability of a 4WJ (Tm ¼ 42.4 !C) at 1 : 1
and 2 : 1 (flexicate : 4WJ) ratios

Flexicate
DTm (!C)
of 4WJ at 1 : 1

DTm (!C)
of 4WJ at 2 : 1

L-[Fe2L1a3]Cl4 6.7 9.7
D-[Fe2L1a3]Cl4 5.8 6.5
L-[Fe2L2a3]Cl4 $1.5 $1.5
D-[Fe2L2a3]Cl4 $1.4 $1.4
L-[Fe2L2b3]Cl4 0.0 0.2
D-[Fe2L2b3]Cl4 0.5 1.0

Fig. 12 (a–c) The sequences of the oligonucleotide duplexes containing a three-,
two- and one-adenine bulge, respectively. (d) The corresponding duplex used as a
control.

Table 4 Effect of the flexicates on the thermal stability of duplexes with triple-,
double-, single- and no-adenine bulges at 1 : 1 and 2 : 1 (flexicate : duplex)
ratiosa

Complex

A3 bulge
DTm (!C)

A2 bulge
DTm (!C)

A1 bulge
DTm (!C)

No bulge
DTm (!C)

1 : 1 2 : 1 1 : 1 2 : 1 1 : 1 2 : 1 1 : 1 2 : 1

L-[Fe2L1a3]Cl4 8.2 10.2 4.6 5.5 3.6 6.9 1.2 2.4
D-[Fe2L1a3]Cl4 8.8 10.3 4.2 5.5 1.4 2.5 0.0 0.0
L-[Fe2L2a3]Cl4 0.2 0.1 $0.1 $0.1 $0.3 $0.7 — —
D-[Fe2L2a3]3Cl4 0.1 0.2 $0.1 $0.1 $0.1 $0.1 — —
L-[Fe2L2b3]Cl4 0.0 0.1 — — — — — —
D-[Fe2L2b3]Cl4 0.2 0.1 — — — — — —

a Tm for only one set of exo-imine exicates with A2 and Al bulges were
measured due to their similarly low stabilising effects with the A3 bulge.
As stabilisation was only observed with DFe/LFe-[Fe2L1a3]Cl4, Tm for the
no-bulge control was measured for these exicates only.
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(apoptotic67), G1 (increase in size in readiness for DNA repli-
cation), S (DNA synthesis), G2 (preparation for mitosis) and
M (mitosis) – were determined by uorescence via FACS
analysis as a result of the differing amounts of DNA in the
cells (see ESI†).

As can be seen in Fig. 14, [Fe2L1a3]Cl4 exicates show a
dramatic increase in the proportion of cells in G2/M phase
compared to the control (from ca 20 to 40% of cells); such
arresting of cell growth at this phase is likely to be a signi-
cant factor in the mechanism of action. As in the cell-free DNA
binding studies, the LFe enantiomer has the strongest effect
of all compounds tested. Interestingly [Fe2L2a–b3]Cl4 exicates
did not show a signicant increase in the G2/M phase, indi-
cating a different mechanism. Fig. 14 also shows a very
pronounced increase in population of sub G1 cells, from 4%
in the control to between 13 and 30%, the latter being again
for LFe-[Fe2L1a3]Cl4. Cells in the sub G1 phase are considered
apoptotic67,68 and this data is thus consistent with exicates
inducing programmed cell death. Apoptosis induced by
[Fe2L2a–b3]Cl4 exicates varies little between enantiomers; this
is consistent with the chemosensitivity data reported in this
cell line.

Conclusions

We have shown that while the exicate enantiomers based on
L1a have comparable activity to cisplatin against MCF7 (human
breast adenocarcinoma) and A2780 (human ovarian carcinoma)
they are ca ve times more potent than cisplatin against
A2780cis. For L2a/b complexes the trend is reversed and A2780cis
is rather resistant to L2a/b. The human colon carcinoma cell line
HCT116 p53+/+ is very sensitive to all the compounds, giving
IC50 values in the nM range, substantially more potent than
cisplatin. For some exicates the range of sensitivity is an order
of magnitude or greater, indicating very promising selectively.

The L1a exicates are very good DNA binders and induce
tertiary structural changes of the DNA as seen by AFM and
correlated with solution spectroscopic techniques. The location
of binding in the major groove is supported by the observation
of nucleotide sequence selectivity according to DNase I foot-
printing. The overall picture is that the degree of DNA distortion
falls in the order L1a > L2a > L2b. Given the very similar dimen-
sions of all the complexes we suggest that this may be a function
of exibility; the linker units in L1a are much more rigid than
those in L2a/b. Also, while the L1a complexes cause formation of
loops and close strand contacts, with intramolecular coiling
and intermolecular aggregation at higher loading the L2a

complexes require substantially higher concentrations before
tight coiling of two individual DNA strands was observed.

Binding of the exicates to various other chemotherapeutic
drug targets (3WJs, 4WJs and oligonucleotide duplexes with
bulges) also follows the trend L1a [ L2a > L2b. Fascinatingly,
only the L isomer of [Fe2L1a3]Cl4 stabilised T-shaped 3WJs
during gel electrophoresis indicating the importance of our
approach to creating optically pure and non-racemising
systems. We have also shown for the rst time that the inter-
actions (binding strength and number of binding sites) of
metallo-helices with oligonucleotide duplexes with bulges are
dependent on the size of the bulge. This suggests that different
sized bulges may be targeted by changing exicate dimensions;
something that is almost uniquely available from our approach
to metallo-helix design. It is possible for example to design
more or less exible, longer or fatter, or differently functional-
ised analogues; this will feature in future reports aimed at
further probing the existing correlation between metallohelix–
DNA interactions and cytotoxic action.

The H2AX expression data for all compounds in the study
indicate that if reversible DNA major groove binding is involved
in the mode of action, it does not cause DNA lesions; the che-
mosensitivity is not caused by DNA damage. The cell cycle
analysis in HCT116 p53+/+ cells nevertheless shows dramatic
changes in cell-cycle population and that the compounds,
particularly the strongest DNA binders, induce apoptosis.

Taken together, the trends in the cytotoxicity data, the
dramatically different abilities to bind DNA motifs and the cell
cycle analysis suggest that the biological targets of [Fe2L1a3]Cl4
and [Fe2L2a/b3]Cl4 are different. The potency of [Fe2L1a3]Cl4
against cisplatin resistant A2780cis and its ability to strongly
and selectively bind DNA suggests the involvement of such
an event in the mechanism. We also note that the exible

Fig. 13 H2AX expression of HCT116 p53+/+ cells after treatment with flexicates
(10 mM) for 24 h, and untreated cells (control).

Fig. 14 Cell cycle analysis of HCT116 p53+/+ cells after treatment with flexicates
(10 mM) for 24 h, and untreated cells (control).
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systems L2a/b are based on a pyridine analogue of the antimi-
crobial/antiparasitic agent pentamidine,69 which is a potent
minor groove binder70 and has been proposed as an antitumor
drug.71 The data here do not exclude the possibility that the
assemblies [Fe2L2a/b3]4+ are acting as vectors for delivery of a
ligand L2 or ligand fragments that otherwise have insufficient
solubility for cancer cell-line testing. Nevertheless, we know that
the mechanism of action of [Fe2L2a/b3]4+ does not involve DNA
binding or signicant DNA damage, and the observed differ-
ences in chemosensitivity for particularly the L2a compounds
probably does not arise from differential DNA binding ability.

These anticancer and preliminary mechanistic results
provide a case for further investigating derivatives, both as
a-helix mimetic groove binders and pro-drugs, depending on
the detail of the metallo-helix design.
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Asymmetric triplex metallohelices with high and
selective activity against cancer cells
Alan D. Faulkner1†, Rebecca A. Kaner1†, Qasem M. A. Abdallah2, Guy Clarkson1, David J. Fox1,
Pratik Gurnani1, Suzanne E. Howson1, Roger M. Phillips3, David I. Roper4, Daniel H. Simpson1,4

and Peter Scott1*

Small cationic amphiphilic α-helical peptides are emerging as agents for the treatment of cancer and infection, but they
are costly and display unfavourable pharmacokinetics. Helical coordination complexes may offer a three-dimensional
scaffold for the synthesis of mimetic architectures. However, the high symmetry and modest functionality of current
systems offer little scope to tailor the structure to interact with specific biomolecular targets, or to create libraries for
phenotypic screens. Here, we report the highly stereoselective asymmetric self-assembly of very stable, functionalized
metallohelices. Their anti-parallel head-to-head-to-tail ‘triplex’ strand arrangement creates an amphipathic functional
topology akin to that of the active sub-units of, for example, host-defence peptides and p53. The metallohelices display
high, structure-dependent toxicity to the human colon carcinoma cell-line HCT116 p53++, causing dramatic changes in the
cell cycle without DNA damage. They have lower toxicity to human breast adenocarcinoma cells (MDA-MB-468) and,
most remarkably, they show no significant toxicity to the bacteria methicillin-resistant Staphylococcus aureus and
Escherichia coli.

The active regions of many disease-resisting proteins—such as the
human antimicrobial host-defence peptide cathelicidin LL-371

and p532, which prevents mutations in the genome—are based
around a cationic amphipathic α-helix. Accordingly, these small
units have been investigated as clinical antibiotic and anticancer com-
pounds3–6. Significant progress has also beenmade in the development
of synthetic derivatives with greater structural integrity, such as stapled
peptides7,8, and peptidic foldamers based on unnatural building
blocks9–11. In addition, several non-peptide synthetic scaffolds have
been put forward12,13 in an effort to provide synthetically tractable
systems while still presenting key recognition features of the α-helix.

Certain self-assembling multimetallic coordination complexes,
known as helicates14 (Fig. 1a), resemble α-helices in terms of their
diameter and charge, but because they are synthesized using sym-
metric rigid ligands AB–BA, they have much higher symmetry.
When directional ligands AB–CD are used, head-to-head-to-head
(HHH, Fig. 1b) and head-to-head-to-tail (HHT, Fig. 1c) consti-
tutions are introduced, and a total of four pairs of enantiomers
[M2(AB–CD)3] are possible. Correspondingly, these architectures
are observed in mixtures of stereo- and/or optical isomers15–22.
Also, most helicates contain little if any external functionality, are
incompatible with water, and are not readily available in an enantio-
merically pure form23. For example, a prototypical [M2(AB–BA)3]
system24 for which several biological studies have been reported25–27

is based on few analogues, requires chromatographic resolution or
lengthy syntheses, and undergoes significant hydrolysis on experi-
mental timescales (vide infra). Thus, although helicates are appeal-
ing as a potential framework for peptidomimetic chemistry, they
cannot currently provide us with anything approaching the exqui-
site functionality and topography present in natural α-helix systems.

Recently, we have shown that by linking two diastereomerically
pure tris-chelate metal complex units28–31 via groups X (Fig. 1d)

we could access the water-compatible, stereochemically inert, func-
tionalized helices we call flexicates32,33. These compounds are highly
symmetrical, with the general structure shown in Fig. 1a. We pre-
viously established that the very high stereoselection (Δ versus Λ)
in the monometallics arises largely from steric effects, while the
arene π-interactions shown are principally responsible for fac/mer
selectivity and the unusual stability of flexicates in water28.
Because the mer configurations cannot be present in a helicate-
like structure in any event, we reasoned that π-stacking effects
might be exploited to deliver stereoselection for the desirable, asym-
metric HHT isomers of [M2(AB–CD)3] while still retaining control
over helicity. Here, we report a highly stereoselective self-assembly
of diverse, stable, functionalized metallohelices with an anti-parallel
‘triplex’ arrangement of strands. These metallohelices have amphi-
pathic topology and very high, structure-dependent, selective biologi-
cal activity. As such, we believe that these triplex metallohelices
represent a new and versatile α-helix mimetic structure type.

Results
Design, synthesis and characterization. We considered a
directional ditopic ligand design AB–CD, where AB– is provided
by a derivative of L1 (Fig. 1) and –CD comes from an achiral
bidentate; here we chose 2,2′-bipyridine (bpy) because it is
expected to form strong intramolecular π-stacks with co-ligands L1

but not with itself, and also because a large number of derivatives
are known. The feasibility of a diastereoselective HHT isomer
synthesis using putative new helicands such as L2a and L3a was
assessed first by computing the relative energies of individual
metal units expected in that architecture (Table 1, entries 1–4).

For [FeL1
2(bpy)]

2+ six isomers are possible, but only the Δ- and
Λ-cis,cis diastereomers have the appropriate connectivity to be
present in the HHT structure. Of these, the Δ diastereomer
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(shown in Fig. 1e) was found to be the more stable by 9.62 kcal
mol−1 because of a strong steric clash involving methyl groups in
the Λ isomers. Additionally, both isomers feature one parallel-
offset π-stacking interaction34 between a metal-coordinated pyridine
ring and the neighbouring L1 ligand, and a second interaction
between L1 and bpy. Grimme has noted that the magnitude of
such interactions increases with the number of rings involved35.

For the doubly bpy-substituted unit [FeL1(bpy)2]
2+ the two poss-

ible isomers are C1 symmetric diastereomers. Both contain a parallel-
offset π-stacking interaction between the phenyl ring and an adjacent
bpy ligand, but sterics again dictate that the Δ enantiomer is the lower
in energy, this time by 2.58 kcal mol−1 (entry 4).We conclude that the
presence of one or two L1-type ligands is sufficient to deliver stereo-
control at a single metal centre, and thus that an HHT structure
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Figure 1 | Metallohelix architectures. a–c, Metal helicates are usually based on rigid ditopic bidentate ligands AB–BA giving, at the octahedral centres,
D3-symmetric enantiomers [M2(AB–BA)3] (a), while the use of directional ligands AB–CD leads to mixtures of C3-symmetric head-to-head-to-head (b) and
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as in e. f, A series of L1–bpy (that is, AB–CD) ditopic ligands such as L2a and L3a were subsequently used to make a library of triplex metallohelices.

Table 1 | Calculated energies (DFT) of selected isomers for monometallic units and metallohelices.

Entry Complex Isomer Relative energy (kcal mol–1) Population (%) (298 K)
1 cis,cis,SC-[FeL

1
2(bpy)]

2+ SC,ΔFe 0.0 –
2 SC,ΛFe +9.62 –

3 SC-[FeL
1(bpy)2]

2+ SC,ΔFe 0.0 –
4 SC,ΛFe +2.58 –

5 [Zn2L
2a

3] SC,∆α ,∆β ,HHT 0.00 93.8
6 SC,∆α ,∆β ,HHH +0.95 6.2
7 SC,∆α ,Λβ ,HHT +4.66 0.0
8 SC,∆α ,Λβ ,HHH +6.48 0.0

9 [Fe2L
2a

3] SC,∆α ,∆β ,HHT 0.00 97.4
10 SC,∆α ,∆β ,HHH +1.51 2.6
11 SC,∆α ,Λβ ,HHH +7.62 0.00
12 SC,∆α ,Λβ ,HHT +8.82 0.00

13 [Zn2L
3a
3] RC,∆α ,∆β ,HHT 0.00 99.8

14 RC,∆α ,∆β ,HHH +3.05 0.2
15 RC,∆α ,Λβ ,HHH +4.11 0.0
16 RC,Λα,Λβ ,HHT +10.39 0.0

17 [Fe2L
3a
3] RC,∆α ,∆β ,HHT 0.00 99.5

18 RC,∆α ,∆β ,HHH +2.50 0.5
19 RC,∆α ,Λβ ,HHH +12.55 0.0
20 RC,∆α ,Λβ ,HHT +17.64 0.0

In the stereochemical descriptors, subscripts α and β refer to the pyridine-imine-rich and bpy-rich metal centres, respectively. The equilibrium selectivities were determined from the statistically corrected
energies of each isomer at 298 K.
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(Fig. 1c) in this series is likely to be homochiral, that is, have the same
absolute configuration at both metal centres.

The potential effects of helication and the thermodynamic selec-
tivity of HHT versus HHH were then investigated for both Zn(II)

and Fe(II) with L2a and L3a: ligands for which reasonable synthetic
routes were envisaged and a large number of derivatives are possible
(vide infra). For the particular carbon-centred configurations used
here, the homochiral (Δ,Δ) HHT isomers were found to be the
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lowest energy by between 0.95 and 3.05 kcal mol−1 (Table 1, entries
5, 9, 13 and 17), followed by the corresponding HHH. The effect of
helication is also apparent, in that the homochiral HHH isomers are
more stable than the corresponding mesocate-like structures (entry
6 versus 8, and so on). Following a correction for the fact that each
HHT structure can be formed in three ligand permutations, rather
than only one for each HHH, the estimated equilibrium selectivities
for the asymmetric helicate are excellent, particularly for L3.

New compounds 2 and 3 were combined with a selection of
metal sources, plus aldehydes or phenethylamines (Fig. 2), in one-
pot reactions to give the two ranges of homochiral helicates
shown. By analogy with the bidirectional motif of triplex DNA,
we refer to these as triplex metallohelices. The compounds were
characterized by NMR spectroscopy, mass spectrometry, UV/vis,
circular dichroism (CD), infrared, thermogravimetry and microana-
lysis. For example, mixing 3 equiv. each of amine R-3 and
2-pyridinecarboxaldehyde with 2 equiv. Zn(ClO4)2·6H2O led to
the clean formation of RC,∆Zn,HHT-[Zn2L

3a
3][ClO4]4. The

1H
NMR spectrum of this complex (Fig. 1b) indicates the presence of
three spectroscopically unique ligand environments. Of particular
interest is that two of the bpy atoms Hb are observed at unusually
low fields (∼9.2 ppm). We propose that this results from the close
proximity (∼2.5 Å) of these protons to the ether oxygen atom of
an adjacent ligand, as observed in the computed structure and as
shown in Fig. 1a. No such interaction is observed for the remaining
Hb, the resonance being observed further up field at 8.41 ppm.
Similarly, two sets of phenyl ring protons Hd and He (6.65–5.85 ppm)
experience strong through-space shielding from the bpy unit of
an adjacent ligand. These observations indicate that the solution

structure corresponds very closely to that computed above. Overall,
the equilibrium selectivity for the isomer shown is exceptionally
good (>98%) and consistent with calculation (99.8%, Table 1).

In the case of RC,∆Zn,HHT-[Zn2L
3b

3][ClO4]4, very small
needle-like crystals were obtained by slow vapour diffusion of
ethyl acetate into a solution of the compound in acetonitrile/metha-
nol. An X-ray diffraction study confirmed the homochiral (∆Zn)
HHT structure depicted in Fig. 2a,c,d. The single ‘conventional’
phenyl/pyridine π-stack has a centroid–centroid distance of
∼3.60 Å, within the range we have reported previously28. The
two π-stacks between phenyl and 2,2′-bipyridine rings may be
described by two such centroid–centroid distances: one shorter at
3.60–3.69 Å and the other longer at 4.41–4.60 Å. The rings are
close to parallel (∼5°) with interplanar distances of ∼3.38 Å, signifi-
cantly shorter than those computed by Grimme for similar scen-
arios (∼3.5 Å)35. This may be due to the greatly increased polarity
caused by coordination of the biaryl to the metal. The two cross-
strand bpy-H→O interactions noted above are also observed
(∼2.5 Å). For the overall structure, and unlike conventional helicate
systems, the triplex assembly leads to a slightly flattened structure
(Fig. 2b,c) and pronounced asymmetry of functional group place-
ment; a basal region contains the three hydroxyl groups and
the structure narrows to a hydrophobic ridge comprising five
π-stacked rings.

Water-soluble triplex metallohelices were obtained using the
above self-assembly reactions and iron(II) chloride. 1H-NMR
spectra were broadened in comparison with the Zn(II) systems,
but well-resolved and fully assigned 13C spectra were obtained.
Microanalysis, thermogravimetric analysis and mass spectra were
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also consistent with the proposed formulation. The CD spectra of
the enantiomers in water were equal and opposite (see
Supplementary Information), and the compounds were found to
be remarkably stable. At pH 7 and 20 °C, no significant hydrolysis
was detected over weeks for RC,ΛFe,HHT-[Fe2L

2a
3]Cl4 and RC,ΛFe,

HHT-[Fe2L
3a
3]Cl4, unlike Hannon’s cylinder36 [Fe2(C25H20N4)3]Cl4,

which in our hands decomposed far more rapidly. In strong acid
(pH 1) the hydrolysis kinetics are cleanly first order, and RC,ΛFe,
HHT-[Fe2L

2a
3]Cl4 was recorded to have a t1/2 of ∼10.3 h, compared

to 1.4 h for [Fe2(C25H20N4)3]Cl4. Remarkably RC,ΛFe,HHT-
[Fe2L

3a
3]Cl4 is so stable to hydrolysis even at pH 1 that a half-life

could not be recorded over 10 days. Furthermore, the compounds
have excellent stability in the phosphate-rich RPMI-1640 cell
growth medium over 96 h. For the same L2a and L3a compounds,
30% and 0% decay were observed, whereas [Fe2(C25H20N4)3]Cl4
decomposed by ∼90%.

Anticancer activity and mechanistic studies. The 16 new water-
soluble Fe(II) triplex systems were screened, as well as cisplatin for
comparison, for their activity against cancer cell lines
MDA-MB-468 (human breast adenocarcinoma) and HCT116 p53++

(human colon carcinoma with wild-type p53). The latter was
chosen following a recent report that FK-16 (a short amphipathic
α-helix derived from the human host-defence peptide LL-37)
induced apoptosis in a closely related cell line37. The resulting
range of half maximum inhibitory concentration (IC50) values
indicated great selectivity, covering approximately two orders of
magnitude (0.5–70 µM) (Fig. 3a,b). Notably, and in agreement with
the stability studies already discussed, no decolouration of the drug
solutions was detected during the 96 h experiments.

In MDA-MB-468 the L2 compounds have moderate toxicity and
do not display enantiomeric selectivity; the nitroarene enantiomers
(L2c) alone had similar activity to cisplatin. In contrast, all ΔFe-L

3

compounds are more active than their ΛFe enantiomers. Hydroxyl
(L3b) or methoxy (L3c) functionality at position X reduces the
observed activity approximately fourfold compared with the
parent compound bearing L3a, whereas the benzyloxy (L3d) and
pyrazine (L3e) compounds had similar activities. The same eight
compounds as a group showed substantially higher activity against
HCT116 p53++, with several examples in the nanomolar range.
ΔFe-L

2 compounds are more active than the ΛFe enantiomers.
Enantiomers of L3a and benzyloxy (L3d) compounds are up to
seven times more potent than cisplatin while the others, noticeably
the hydroxyl (L3b), are much less so.

Clinical anticancer treatments commonly include the use of
DNA-binding or modifying drugs such as cisplatin. Such ‘alkylators’
and DNA cleavage agents cause chemically irreversible reactions
leading, in the absence of repair, to cell death38,39. Although the
metal ions here are intended to be structure-forming rather than
reactive, and because some binding to naked calf thymus (ct-)
DNA was detected by DNA melting (ΔTM = +3–13 °C), we sought
to exclude the possibility of DNA damage. In a single-cell gel elec-
trophoresis assay, the absence of a ‘comet’ tail for HCT116 p53++

cells that had been treated with RC,ΛFe,HHT-[Fe2L
2a
3]Cl4 or RC,

ΔFe,HHT-[Fe2L
3a
3]Cl4 indicates the absence of breaks (both single

and double strand) and alkali labile sites. In a related test, triplexes
also failed to retard the formation of comets in cells with deliberately
strand-damaged DNA, consistent with the absence of crosslinking
activity. In addition, these compounds did not significantly alter
the production of γ-H2AX, a histone regarded as a universal
marker for DNA damage40.

The accumulation of cancer cells in particular phases of the
cell cycle can point to mode of action41. Following incubation
with triplex metallohelices (10 µM, 24 h) and staining, HCT116
p53++ cells were analysed by fluorescence-activated cell sorting
(FACS)41. Compared with control untreated cells, compound

RC,ΔFe ,HHT-[Fe2L
3a

3]Cl4 caused a dramatic increase in the pro-
portion of cells in the G2/M phase (from ∼20 to 46% of cells) and
sub G1 phase (∼4 to 30%) and a corresponding reduction in the
G1 phase (from 44 to 4%) and S phase (from 29 to 9%). Cells in
the sub G1 phase are considered apoptotic42,43, and these data
indicate that triplex helicates induce programmed cell death in
HCT116 p53++ colon carcinoma cells. RC,ΛFe ,HHT-[Fe2L

2a
3]

Cl4 showed a similar but less extreme effect.
Given the high potency and substantial effects on the cancer cell

cycle, we were very surprised to discover that enantiomers of the
parent triplex compounds showed no signs of toxicity (bactericidal
or inhibitory action) towards methicillin-resistant Staphylococcus
aureus (MRSA, USA300) or Escherichia coli (TOP10) at up to the
highest measured concentration of 128 µg ml−1, that is, two orders
of magnitude higher than the recorded IC50 values against the
cancer cell lines.

Discussion
A strategy for the selective formation of anti-parallel ‘triplex’ metal-
lohelices has been successfully established though molecular model-
ling, synthetic and structural studies. Ultimately, although the
absolute configuration at the metal centres was achieved by conven-
tional diastereoselection, the far greater challenge of selectivity for
the target asymmetric HHT structure was achieved by maximization
of π-stacking and other secondary interactions between ligands.
Specifically, the relatively strong phenyl-bpy π-stacks and in some
cases bifurcated C–H···O/N interactions are present only in the
triplex architectures. This suggests how other new systems could
be designed. These secondary interactions also contribute to the
chemical stability, such that rates of hydrolysis in biologically rel-
evant media are exceptionally low. In addition, the modular self-
assembly has allowed us to produce what we believe to be the
largest and most diverse library of metallohelices to date. The poten-
tial recognition elements are arranged according to the nature of the
helix fold, so, by selection of the molecular subcomponents, a
number of functional architectures can be created. We believe that
this takes us a significant step towards α-helix-peptide-like candi-
dates for biomolecular targets and phenotypic screens.

To this end, and as with the peptidic α-helices they are designed
to emulate, triplex metallohelices have been shown to display
potent, selective and structure-dependent toxicity to certain
cancer cell lines and—remarkably—no measured toxicity to
example Gram-positive and Gram-negative bacteria. This is particu-
larly striking given that our earlier symmetrical flexicate compounds
inhibited bacterial growth at low concentrations32. A subtle biomi-
metic mechanism rather than broad-spectrum cytotoxicity is thus
indicated, and this is corroborated by the observation of major
changes to the cell cycle without detected DNA damage. In future
work we will establish whether an extrinsic or intrinsic pathway
for apoptosis has been activated. Do triplexes interact with
membrane proteins or enter the cell and interfere with key
internal pathways?

The remarkable selectivity and stability, the unprecedented scope
for structural variation, and the potent and selective activity suggest
that triplex metallohelices may represent a new area of chemical
space for the synthesis of novel pharmaceuticals.

Methods
Full details of computations, synthesis, characterization and microbiological
experiments are provided in the Supplementary Information. Outlines of key
procedures are detailed in the following.

Molecular mechanics and density functional theory (DFT) calculations.
Monometallic structures were first optimized using the B3LYP-D3(BJ)44 functional
and the 6-31g(d) basis set, with convergence criteria of 0.0001 a.u., as implemented
in the Firefly quantum chemistry package45, which is partially based on the
GAMESS(US) source code46. Bimetallic systems were optimized using ligand field
molecular mechanics (LFMM)47 as implemented in the DommiMOE program48,
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before being annealed at 500 K for 1 ns before re-optimization. Single point energies
were determined using the B3LYP-D3(BJ)44 functional and the def2-TZVP
basis set45.

Synthesis of water-soluble triplex metallohelices. Anhydrous iron(II) chloride
(2 equiv.) was added to a stirred solution of either the desired chiral amine (3 equiv.)
and 5-(2,2′-bipyridin-5-ylmethoxy)picolinaldehyde (3 equiv.) or the desired
substituted aldehyde (3 equiv.) and (R)-2-(2,2′-bipyridin-5-ylmethoxy)-1-
phenylethanamine (3 equiv.) in methanol (20 ml) at ambient temperature to give a
purple solution that was then heated to reflux (65 °C) for 24–48 h. The mixture was
allowed to cool to ambient temperature, filtered through a celite plug, and the
solvents were removed in vacuo to give a dark purple solid (>95% yield). Water of
crystallization in these compounds was confirmed by NMR and infrared
spectroscopy. The hydration number was then determined by thermogravimetric
analysis and the relevant mass loss was correlated with microanalytical data. NMR,
infrared and mass spectrometric data were consistent with the proposed
formulations. CD spectra of enantiomers in water were equal and opposite.

Stability in aqueous media. Visible absorbance spectra for stability studies were
recorded using a Carey IE spectrometer. The intensity of the metal-to-ligand charge-
transfer band (500–600 nm) of a 0.03 mM solution of each compound was
measured over time in RPMI cell culture medium at 37 °C, and also in 0.2 M
hydrochloric acid at 20 °C, so that comparative t1/2 values for hydrolysis could
be obtained.

Chemosensitivity (MTT assay). Cells were incubated in 96-well plates at a cell
concentration of 2.0 × 104 cells ml−1 in RPMI-1640, supplemented with 10% fetal
calf serum, sodium pyruvate (1 mM) and L-glutamine (2 mM). Plates were
incubated for 24 h at 37 °C in an atmosphere of 5% CO2, before drug exposure, then
incubated for 96 h. A volume of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) solution (0.5 mg ml−1) was added to each well
and incubated for a further 4 h. The IC50 values were determined from a plot of
percentage cell survival against drug concentration (in μM). All assays were
conducted in triplicate and the mean IC50 ± standard deviation was determined.

γ-H2AX assay. In triplicate, and against untreated control cells, drug-treated
HCT116 wild-type p53 cells were washed twice in incubation buffer (PBS containing
BSA) then resuspended. Primary rabbit anti-human phosphor Histone H2AX (Ser
139) antibody (1:50 final dilution) was added and incubated at room temperature for
1 h before treatment with Alexa Fluor conjugated anti-rabbit IgG secondary
antibody (1:1,000 final dilution) and incubation for 30 min before FACS.

Cell cycle assay. PBS (300 µl) containing propidium iodide (40 µg ml−1) and RNAse
A (200 µg ml−1) was added to drug-treated cells before incubation for 30 min and
FACS analysis. The assay was repeated four times with each compound and the
mean percentage of cells in each phase ± standard deviation was determined. Red
fluorescence was observed at 488 nm excitation by flow cytometry and data were
analysed using WinMDI2.9 and Cylchred software.

Single-cell gel electrophoresis (comet) assays. Cells were seeded in complete
RPMI-1640 medium and incubated, then treated with drug (10 µM, 24 h), washed,
collected and embedded in agarose. Following horizontal gel electrophoresis
(25 min), the slides were stained with SYBR Gold solution (Molecular Probes) and
viewed with an epifluorescent microscope (Nikon Eclipse E800). The tail moment
was measured on 50 randomly selected cells using comet assay III software
(Perceptive Instruments). Each assay was performed in triplicate.

Antimicrobial experiments. The standardized macrobroth dilution method49 in
cation-adjusted Mueller–Hinton broth was used. Bacterial growth was monitored
over 20 h at 37 °C with an iEMS 96-well plate reader. The lowest concentration to
inhibit growth across each repeat was classified as the minimum inhibitory
concentration. Positive (medium and untreated bacteria) and negative (medium
only) controls were run with each plate. The antimicrobial properties of our recently
reported flexicate systems32 were reproduced as a positive control,
alongside ampicillin.
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Anticancer metallohelices: nanomolar potency and
high selectivity†

Rebecca A. Kaner,ab Simon J. Allison,c Alan D. Faulkner,a Roger M. Phillips,*c

David I. Roper,e Samantha L. Shepherd,c Daniel H. Simpson,ae Nicholas R. Waterfieldd

and Peter Scott*a

A range of new helicate-like architectures have been prepared via highly diastereoselective self-assembly

using readily accessible starting materials. Six pairs of enantiomers [Fe2L3]Cl4$nH2O (L ¼ various

bidentate ditopic ligands NN–NN) show very good water solubility and stability. Their activity against

a range of cancer cell lines in vitro is structure-dependent and gives IC50 values as low as 40 nM. In an

isogenic pair of HCT116 colorectal cancer cells, preferential activity was observed against cell lines that

lack functional p53. Selectivity is also excellent, and against healthy human retinal pigment epithelial

(ARPE19) and lung fibroblast (WI38) cells IC50 values are nearly three orders of magnitude higher.

Cisplatin is unselective in the same tests. The compounds also appear to have low general toxicity in

a number of models: there is little if any antimicrobial activity against methicillin-resistant

Staphylococcus aureus and Escherichia coli; Acanthamoeba polyphaga is unaffected at 25 mg mL"1

(12.5 mM); Manduca sexta larvae showed clear evidence of systemic distribution of the drug, and rather

than any observation of adverse effects they exhibited a significant mean weight gain vs. controls.

Investigation of the mode of action revealed no significant interaction of the molecules with DNA, and

stimulation of substantial cell death by apoptosis.

Introduction
Themain purpose of current anticancer therapies is to eradicate
tumour cells without damaging overall patient health. However,
side effects limit the dosage of chemotherapeutic drugs which
may be safely applied, and as a result, cancer cells oen remain.
This leads to poor outcomes in the clinic and the evolution of
drug-resistant tumours.1 Hence, while the potency of a drug is
a very important consideration, drug selectivity towards cancer
cells is key to ensuring both safety and effectiveness.2 While we
might hope that more effective cancer chemotherapies would
come from drugs designed to address specic biomolecular
targets,2 this is far from uniformly the case.3 Such drugs may be
too targeted since tumours can circumvent the blockade of
a specic pathway by switching to another – so-called tumour
plasticity.4 Compounds with polypharmacology (action against
multiple targets) are thus currently of considerable interest to

the pharmaceutical industry. This coincides with the resur-
gence of phenotypic drug discovery,5–7 where the targets of
a drug are established aer the observation of the useful bio-
logical effect. This strategy has led to a disproportionately high
number of rst-in-class drugs with novel mechanisms of action
(1999–2008)8,9 The accompanying challenge for synthetic
chemistry is to discover, perhaps without reference to some
specic biomolecular target, new classes of drug candidates
which are both potent and selective.

Lehn recognized the potential of helicates in medicinal
chemistry,10 and this was borne out in early studies, particularly
in the area of cancer.11–15 We have argued,16 however, that in
order for helicates to be capable of translation to the clinic
a number of criteria need to be addressed: optical purity and
stability, solubility and chemical stability in water, availability
on a practical scale, and synthetic diversity. Our recent work has
attempted to address these matters17 using a new strategy
whereby the absolute congurations of individual metal centres
are controlled18 and linked together to form the prototype hel-
icate-like architectures of Fig. 1. Of these exicates,19 [Fe2L13]4+

contains a diamine linker while [Fe2L2a3]4+ is based on a dia-
ldehyde.19 Promising results were reported in a number of
disease areas,16,19–21 including good activity against a range of
cancer cell lines.20 Here we report the discovery of a new series
of highly potent (40 nM) anticancer compounds of the dia-
ldehyde class related to [Fe2L2a3]4+ that preferentially kill cancer
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cells that lack functional p53, are nearly three orders of
magnitude less toxic to healthy human cell lines tested and
have low toxicity to microbes, amoeba and caterpillar larvae.

While DNA does not appear to be the target, the compounds
are triggering signicant apoptotic cell death as part of their
mode of action.

Results
Synthesis of ligands and ZnII systems

The dialdehyde units of Fig. 2(a) and (b) include various linker
rigidities and orientations designed to probe structural viability
and biological activity. They were synthesized via simple
etherications of 5-hydoxypicolinaldehyde.22

Treatment with Zn(ClO4)2$6H2O and (R)-1-phenylethan-1-
amine, in appropriate proportions, led to the rapid self-
assembly of the bimetallic exicates in acetonitrile solution at
ambient temperature. For the majority of these new ZnII

complexes NMR spectra indicated that within the limits of the
experiment single diastereomers were formed (vide infra).

The sole exception was the 1,3-phenylene system LZn-
[Zn2L

2e
3][ClO4]4$4H2O, which gave more complex 1H NMR

spectra [Fig. 2(c)]. At 253 K the phenethylamine methyl group
doublet region 1.4–1.7 ppm contains one more intense doublet
and two broader signals in the ratio ca. 10 : 1 : 1. The propor-
tion of the minor species increases with temperature and the
resonances sharpen somewhat, such that by 313 K two of the
smaller doublets corresponding to the minor species are rela-
tively sharp and resolved while a third overlaps with the main
resonance. By 353 K the smaller peaks had again broadened
considerably and the ratio of the two sets of resonances was ca.
10 : 9. The imine region (8.5–7.6 ppm) behaved in a corre-
sponding manner (253 K, three peaks in ratio 10 : 1 : 1 : 1;
353 K, ratio 10 : 3 : 3 : 3). These observations are consistent
with the presence of two species – one of high-symmetry and
one low – in thermodynamic equilibrium (ratio ca. 1 : 0.3 at low
temperature, increasing to almost 1 : 1 at high temperature) but
with the involvement of other related conformers particularly at
higher temperatures. The processes leading to the observed

NMR behaviour may correspond to exchange between these
conformers, or indeed between isostructural low symmetry
species. While the spectra are not sufficiently well resolved to
determine kinetic parameters, we sought to investigate this
molecular system by computational means.

Computational studies

Following extensive searching, six conformers ofLZn-[Zn2L
2e

3]4+

were located and minimised [Fig. 3]. These fell into two classes:
those where the threem-xylenyl groups were oriented away from
the central cavity i.e. exo, and those where one such group was
oriented endo. No conformers were observed in which two or
three m-xylenyl groups were oriented into the cavity – this
caused too much torsional and steric strain. Structure endo1
was found to be the lowest in energy, the next lowest being
endo2 (ca. +5 kcal) which differs only in the fold of one of the
linkers. For these structures the Zn–Zn distances are ca. 11.7
and 11.8 Å respectively. The structure exo1 (+7 kcal) has a large

Fig. 1 Structure of flexicates [Fe2L
1
3]
4+ and [Fe2L

A
3]
4+.19

Fig. 2 (a) Synthesis of new flexicates; (b) linking groups used in this
study; (c) sections of 1H NMR spectra ofLZn-[Zn2L

2e
3][ClO4]4$4H2O at

253–353 K in d3-acetonitrile showing the higher equilibrium pop-
ulation of a minor asymmetric conformer at higher temperatures.
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central cavity but a similar Zn–Zn distance (11.8 Å). The struc-
ture exo2 (+8 kcal) has a considerably shorter Zn–Zn distance at
ca. 9.5 Å with accompanying concertinaed fold. Furthermore,
higher energy conformers exo3 and exo4 differed principally in
how the m-xylenyl groups folded towards each metal centre.
Both were found to have a short Zn–Zn distance of 9.4 and 9.5 Å
respectively.

While prediction of an equilibrium population from the
above calculations is complicated by statistical and entropic
contributions from the total number of possible structures and
the differences in structural exibility, the detection of two
distinct structural classes is clearly consistent with observations
in solution.

We propose that the species detected by NMR displaying
high symmetry (D3) comprises exo conformations while the
asymmetric (C1) species is endo. Examination of the structures
indicates that the barrier to conversion within the exo or endo
manifolds would be low since it would involve relatively simple
concertina-type processes, but conversion between exo and endo
conformations requires the rotation of the m-xylenyl linker
through a strained, high energy transition state.

Synthesis of water soluble compounds

Pairs of water-soluble FeII exicate enantiomers [Fe2Ln3]Cl4 (n¼
2b–2e) were synthesised in high yield by heating the appropriate
dialdehyde linker with either (R)- or (S)-1-phenylethan-1-amine
and FeCl2 in methanol. 1H-NMR spectra were similar though
slightly broader than the analogous ZnII perchlorate complexes
and are consistent, along with 13C-NMR [Fig. 4 and ESI†] and
circular dichroism spectra (ESI†) with the presence of single,
stable, non-racemising diastereomers in solution, although

unsurprisingly [Fe2L2e3]Cl4 exists as a similar mixture of
conformers to the Zn analogue above. The complexes gave
excellent electrospray mass spectrometry data e.g. LFe-[Fe2L2c3]
Cl4 gave a strong peak atm/z 420.17 Da for the tetracationic ion.
The formula weights of the panel of complexes, including levels
of hydration, were determined by correlation of NMR, IR,
thermogravimetric and elemental analyses (see ESI†). The
p-xylenyl system [Fe2L2f3]Cl4 displayed poor solubility in water
and methanol and could not be fully characterised.

Stability in aqueous media

Absorbance spectra indicated that little decomposition of the
exicates occurred in water at pH 7 over weeks, but half-lives for
decomposition could readily be recorded in hydrochloric acid

Fig. 3 DFT calculated structures, relative energies (compared to endo1) and Zn–Zn distances of the six conformational isomers ofLZn-[Zn2L
2e

3]
[ClO4]4.

Fig. 4 1H and 13C{1H}. NMR spectra ofLFe-[Fe2L
2c

3]Cl4$9H2O at 298 K
in d4-methanol; see Fig. 2 for key.

This journal is © The Royal Society of Chemistry 2016 Chem. Sci., 2016, 7, 951–958 | 953
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(0.2 M) via the 540 nm MLCT absorbance band of the complex.
Even under such conditions, rst order kinetic plots gave t1/2
values in the region 10–20 h. This very favourable aqueous
stability of exicates probably arises from the presence of
extensive (hydrophobic) p-stacking.23

Biological activity & selectivity

Cytotoxicity. The activities of the new compounds and
cisplatin were investigated in human tumour cell lines: (a)
MDA-MB-468 (human epithelial breast adenocarcinoma);24 (b)
HCT116 p53+/+ and (c) HCT116 p53!/!.25 The HCT116 p53+/+

and HCT116 p53!/! cancer cells are human colorectal cancer
cell lines that are genetically identical (isogenic) except for the
presence or absence of functional p53.25 These were chosen to
enable screening of the effects of p53 status as the loss of p53
function is common genetic event in patient tumours and is
strongly associated with increased resistance to many conven-
tional chemotherapeutic agents.25,26 In the cisplatin-sensitive
(2.5 " 0.5 mM) MDA-MB-468 cells, the new exicates showed
a range of activities [Fig. 5(a)], with enantiomers of the glycol-
bridged [Fe2L2b3]Cl4 being very potent (0.2 " 0.1 mM); an order
of magnitude more so than cisplatin. Against HCT116 p53+/+

cells [Fig. 5(b)] while cisplatin had a similar activity (3.5 " 1.5
mM) as in the MDA-MB-468 cells, the exicates were still more
potent, with several examples having sub-micromolar activity,
e.g. [Fe2L2e3]Cl4 (0.4 " 0.1 mM), and some signicant enantio-
meric differences were observed. Against HCT116 p53!/! cells,
cisplatin showed less activity (8.1 " 1.8 mM) than for HCT116
p53+/+ cells (3.5 " 1.5 mM) consistent with the increased resis-
tance of cancer cells lacking p53 to many standard chemo-
therapeutic agents, while some of the exicates were extremely
active (2a annd 2c) with IC50 values in the nanomolar range

e.g. DFe-[Fe2L2c3]Cl4 (40 " 3 nM) [Fig. 5(c)]. Of particular note,
exicates LFe-[Fe2L2c3]Cl4 and DFe-[Fe2L2c3]Cl4 were both
#9-fold more active against HCT116 p53!/! cancer cells than
their genetically identical p53+/+ counterparts [Fig. 5(b) and(c);
see SEI].

Toxicity in healthy human cells. The most active exicates in
HCT116 p53!/! cancer cells (2a and 2c), along with cisplatin,
were investigated in human non-cancer retinal pigment
epithelial cells (ARPE19)27 and normal lung broblasts (WI38)
[Fig. 5(d)–(e)]. These are healthy human cells with a stable
diploid karyotype which senesce aer multiple passaging as is
characteristic of non-cancer cells.27 In Fig. 5(f) we depict an
in vitro selectivity index (SI) which compares the activity of these
compounds in ARPE19 and HCT116 p53!/! cells. While for
cisplatin SI was found to be signicantly less than 1, meaning
that it is actually more toxic to these healthy cells than it is to
the cancer cells, the exicates tested gave SI substantially
higher, and for DFe-[Fe2L2c3]Cl4 SI ¼ 836 " 280. This excellent
selectivity prompted us to investigate the toxicity of the
compounds against a number of organisms.

Toxicity to microbes. The compounds were screened against
cultures of the gram-positive bacterium methicillin-resistant
Staphylococcus aureus, USA300 JE2 (ref. 28 and 29) (MRSA) and
the gram-negative Escherichia coli, TOP10 (E. coli).30 Kana-
mycin30 was used as a positive control.

The new exicates had very modest antimicrobial activity
(Table 1) or did not signicantly inhibit microbial growth at
concentrations well over 3 orders of magnitude higher than the
IC50 values observed in cancer cells.

Toxicity in amoebae and M. sexta larvae. We further tested
the potential toxicity of these compounds using a single cell
protist organism, the well-established amoeba model

Fig. 5 IC50 values of cisplatin (Pt, white) and flexicates [Fe2L
n
3]Cl4 (n ¼ 2a–2e) (LFe – dark grey, DFe – light grey) against (a) MDA-MB-468, (b)

HCT116 p53+/+, (c) HCT116 p53!/!, (d) ARPE19 and (e) W138 cells over 96 h; dotted line highlights the relative sensitivity of test compounds
compared to cisplatin, (f) in vitro selectivity index (IC50 ARPE19/IC50 HCT116 p53!/!) – broken line at selectivity index ¼ 1 represents no
difference in IC50 between tumour and normal cells – note log scale on y axis.
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Acanthamoeba polyphaga. Concentrations of 2.5 mg mL!1

(1.25 mM) and 25 mgmL!1 (12.5 mM) showed no adverse effect on
the amoeba development (see ESI†) also suggesting no broad-
spectrum toxicity.

Oral and systemic toxicity of these exicates was assessed in
neonate larvae of Manduca sexta.31 Caterpillars which had
ingested a solution of 25 mg mL!1 [12.5 mM], [Fe2L2a3]Cl4 in
articial diet for 7 d [Fe2L2a3]Cl4 showed comparable weight
gain to controls suggesting no oral toxicity and no adverse effect
on feeding behaviour (Fig. 6). Interestingly the larvae exhibited
an increased mean weight gain of approximately 30% (P < 1).
Also we noted that larvae that ingested the exicate solutions
turned a bright purple colour over the course of the assay,
suggesting that these compounds were persisting in the insect
and not being rapidly metabolized or excreted.

Systemic toxicity was further tested by injection of 50 mg
(0.25 mM) of the compounds directly into the hemocoel of
cohorts of 5th instar larvae (n ¼ 3). The cohorts were then
allowed to continue feeding. Despite becoming purple, all
larvae proceeded to develop into the pupal diapause stage as per
the buffer control injections.

Mode of action

Themode ormodes of action of such a new and different system
will require intensive investigation and is likely to involve
multiple targets and pathways. Here, we describe two prelimi-
nary studies towards this end.

Denaturation of ct-DNA. We have previously concluded that
the induction of DNA damage is not involved in the mode of
action of earlier exicates, despite particular examples binding
in a cell free environment.20,32,33 We investigated the effect that
the new exicates had on the denaturation temperature (Tm) of
ct-DNA to screen for any indications of DNA binding.

Isolated ct-DNA (0.5 mg mL!1) was mixed with each exicate
(7.5 mM) in buffered conditions (10 mM tris, 1 mM EDTA at pH
7.0), to give 10 bases: 1 exicate complex, and the absorbance at
260 nm between 25 #C and 90 #C was recorded (0.4 #C min!1).
Tm for each experiment was calculated from the rst derivative
of a Boltzmann sigmoidal t of the plot of absorbance versus
temperature.

Tm of untreated ct-DNA (0.25 mg mL!1 in 10 mM tris, 1 mM
EDTA at pH 7.0) was measured to be 68.3 $ 0.5 #C. Most of the
new exicates had no signicant effect on the denaturation of
ct-DNA (Fig. 7); the small (DT ca. 1 #C) reduction for L2e enan-
tiomers can be ascribed to an electrostatic effect.34 We are
therefore satised that DNA is unlikely to be the target of this
panel of compounds.

Induction of cell death by apoptosis. The chemosensitivity
observed could be due to cytostatic or cytotoxic effects, and cell
death can occur by several different mechanisms. These include
programmed cell death by apoptosis, inammatory necrosis,
autophagy or ‘self-eating’, necroptosis and pyroptosis.35 One of
the hallmarks of cancers is the evasion of apoptosis, thus
enabling the long-term survival and proliferation of cancer
cells.36 We thus investigated whether the most active exicates
are stimulating apoptotic death in cancer cells as part their
mode of action.

HCT116 p53+/+ cancer cells (24 h post-seeding) were incu-
bated in fresh media containing exicate or no exicate
(control) and were then analysed aer 48 h for levels of
apoptosis and necrosis. As cells start to undergo apoptosis, one
of the rst cellular changes is the externalisation of the
membrane protein phosphatidylserine (PS). This can be detec-
ted and quantied by uorescently labelled annexin V37,38 which
can selectively bind externally exposed PS but is membrane-
impermeable. This enables cells in the early stages of apoptosis
to be distinguished from necrotic cells and cells in the late
stages of apoptosis both of which have lost membrane integrity
and will therefore also stain with the membrane-impermeable
DNA stain propidium idodide.39

Table 1 MIC values for kanamycin and flexicates [Fe2L
n
3]Cl4 (n ¼ 2a–

2e) against MRSA and E. coli, over 20 h at 37 #C in Müller–Hinton broth.
The approximate concentrations in mM are included for comparison
with IC50 data from cancer cell line testing

Compound

MRSA MIC E. coli MIC

(mg ml!1) (mM) (mg ml!1) (mM)

Kanamycin 1 2 2 4
LFe-[Fe2L2a3]Cl4 64 35 >128 70
LFe-[Fe2L2b3]Cl4 128 70 >128 70
LFe-[Fe2L2c3]Cl4 128 70 >128 70
LFe-[Fe2L2d3]Cl4 >128 70 64 35
LFe-[Fe2L2e3]Cl4 64 35 128 70

Fig. 6 Relative weight of Manduca sexta larvae after treatment (7 d)
with [Fe2L

2a
3]Cl4 (LFe – dark grey, DFe – light grey) compared to an

untreated control.

Fig. 7 Effect on Tm of linear ct-DNA (DNA, white) from interactions
[Fe2L

n
3]Cl4 (n ¼ 2a–2e) (DFe – light grey, LFe – dark grey) in 1 mM

Trizma base (10 base pairs of DNA to 1 flexicate complex).

This journal is © The Royal Society of Chemistry 2016 Chem. Sci., 2016, 7, 951–958 | 955
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Flexicates LFe-[Fe2L2a3]Cl4 and DFe-[Fe2L2a3]Cl4 were tested
and both induced signicant levels of apoptosis that were
!2.6 fold (LFe-[Fe2L2a3]Cl4) and !4.4 fold (DFe-[Fe2L2a3]Cl4)
above background control levels in the HCT116 cancer cells at
48h (Fig. 8). A signicant proportion of late apoptotic/necrotic
cells were also detectable by 48 h, with levels !2.3–2.5 fold
above background control levels (Fig. 8). These preliminary
investigations indicate induction of apoptosis by these new
exicates as part of their mode of action.

Experimental
Synthesis

(E)-5,50-(But-2-ene-1,4-diylbis(oxy))dipicolinaldehyde (0.13 g,
0.44 mmol) and (R)-1-phenylethan-1-amine (0.11 g, 0.88 mmol)
were dissolved in acetonitrile (10 mL) with ZnII perchlorate
hexahydrate (0.11 g, 0.29 mmol) and the solution was stirred at
ambient temperature for 20 h. Ethyl acetate was added drop-
wise to cause precipitation of a white crystalline solid, LZn-
[Zn2L

2c
3][ClO4]4$10H2O. Yield 0.214 g, 57%. 1H NMR (400 MHz,

298 K, CD3CN) dH 8.06 (6H, s, CHN), 7.49 (6H, dd, 3JHH ¼ 8.5 Hz,
4JHH ¼ 3.5 Hz), 7.36 (6H, d, 3JHH ¼ 8.5 Hz), 7.14 (6H, d, 3JHH ¼
3.5 Hz), 7.09 (6H, t, 3JHH ¼ 8.0 Hz), 6.95 (12H, t, 3JHH ¼ 7.5 Hz),
6.64 (12H, d, 3JHH ¼ 7.0 Hz, Ar), 6.12 (6H, m), 5.38 (6H, q, 3JHH ¼
6.5 Hz, CH), 4.64 (12H, s, CH2), 1.61 (18H, d, 3JHH ¼ 6.5 Hz). 13C
{1H} NMR (101 MHz, 298 K, CD3CN) dC 161.8 (CHN), 159.6,
142.0, 139.9, 139.4, 132.3 (Ar), 129.7 (CH), 129.4, 128.5, 126.4,
122.7 (Ar), 69.7 (CH2), 64.7 (CH), 23.6 (CH3). MS (ESI) m/z 411
[Zn2L3]4+. IR n cm#1 2976 w, 1570 m, 1316 m, 1225 m, 1082 s,
762 w, 703 m, 653 m. Elemental analysis found (calculated for
C96H96Cl4N12O22Zn2$10H2O) % C 51.08 (51.88), H 4.82 (5.26), N
7.38 (7.56).

(E)-5,50-(But-2-ene-1,4-diylbis(oxy))dipicolinaldehyde (0.1 g,
0.32 mmol) and (R)-1-phenylethan-1-amine (0.08 g, 0.63 mmol)
were dissolved in methanol with FeII chloride (0.03 g, 0.21
mmol). The solution was stirred at reux (75 $C) for 48 h and all
volatiles were removed under reduced pressure to yield a dark
purple solid, LFe-[Fe2L2c3]Cl4$9H2O. Yield 0.388 g, 97%. 1H
NMR (400 MHz, 298 K, MeOD) dH 8.80 (6H, s, CHN), 7.47 (6H, s),
7.13 (6H, t, 3JHH ¼ 7.0 Hz), 7.04 (12H, t, 3JHH ¼ 7.0 Hz), 6.64
(12H, d, 3JHH ¼ 7.0 Hz), 6.44 (6H, s), 6.05 (6H, s, Ar), 5.26 (6H, q,
3JHH ¼ 6.0 Hz, CH), 4.65 (12H, s, CH2), 4.59 (6H, br s, CH), 1.99
(18H, d, 3JHH ¼ 6.0 Hz, CH3). 13C{1H} NMR (101 MHz, 298 K,

MeOD) dC 171.0 (CHN), 158.8, 152.5, 144.8, 141.7, 131.2, 130.1,
129.8, 128.5, 125.5 (Ar), 121.0 (CH), 70.0 (CH2), 69.6 (CH), 26.1
(CH3). MS (ESI) m/z 406 [Fe2L3]4+, 505 [L + H].IR n cm#1 3352 br
s, 2970 br s, 1589 s, 1557 w, 1488 w, 1381 m, 1299 s, 1067 m,
1028 m, 760 m, 699 s, 562 w. Elemental analysis found (calcu-
lated for C96H96Cl4Fe2N12O6$9H2O) % C 59.92 (59.76), H 5.84
(5.96), N 8.63 (8.71).

Molecular modelling

Models of a number of possible conformers of LZn-[Zn2L
2e

3]
[ClO4]4 were constructed and optimised. Starting points for
geometry optimisations were taken from crystallographic data.
Monometallic structures were rst optimised using the B3LYP-
D3(BJ)40 functional and the 6–31g* basis set, with convergence
criteria of 0.0001 a.u. as implemented in the Firey quantum
chemistry package,41 which is partially based on the GAME-
SS(US) source code.42 Bimetallic systems were optimised using
ligand eld molecular mechanics (LFMM)43 as implemented in
the DommiMOE program,44 before being annealed at 500 K for
1 ns prior to re-optimisation. Single point energy calculations of
all structures were performed using the B3LYP-D3(BJ)40 func-
tional and the deff2-TZVP basis set with energy convergence
criteria of 0.0001 a.u. as implemented in the Firey quantum
chemistry package.41 The calculations were conducted by
employing the RIJCOSX approximation with SCF convergence
criteria set to ‘tight’, both of which are dened internally as part
of the ORCA DFT quantum chemistry package.45 Where rele-
vant, acetonitrile solvate correction was performed using the
conductor-like screening model (COSMO)46 as implemented in
ORCA.45

Biological activity

MIC values were established using a macro broth dilution
method in cation-adjusted Müller–Hinton (MH) broth. 96-well
plates (200 mL of 128 mg mL#1, 64 mM) complex in MH broth,
diluted 2n mg mL#1, inoculated with each bacterial strain
(103 cfu mL#1) were sealed and growth was monitored over 20 h
at 37 $C with an iEMS 96-well plate reader (see ESI†).

IC50 values were determined by incubating cells in 96-well
plates (2.0% 103 cells per well) for 24 h at 37 $C, 5% CO2 prior to
drug exposure. Compounds were added (100 mM to 5 nM in cell
medium) for a further 96 h. 3-(4,5-Dimethylthiazol-1-yl)-2,5-
diphenyl tetrazolium bromide solution (0.5 mg mL#1, 20 mL per
well) was added for a nal 4 h. Upon completion all solutions
were aspirated, dimethyl sulfoxide (150 ml) was added and
absorbance (540 nm) was recorded with a Thermo Scientic
Multiskan EX microplate photometer.

Oral toxicity was established by feeding cohorts of Manduca
sexta31 one-day-old neonate larvae with each exicate (25 mg
mL#1 in articial wheat germ diet) for 7 d at 28 $C and weighing
to assess growth rate. Systemic toxicity assays47 were conducted
by injecting an ethanol (70% v/v) swabbed region of rst day
h instar M. sexta larvae with each exicate (0.5 mg mL#1

[0.25 mM] in PBS), before allowing them to continue feeding for
7 d at 28 $C, using physical stimulus to assess their status.

Fig. 8 Induction of apoptosis in HCT116 p53+/+ cancer cells by 48 h
treatment with the indicated flexicates. Fold change shown relative to
basal apoptotic levels in untreated HCT116 control cells.
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Mode of action

Denaturation of ct-DNA was measured by mixing ct-DNA
(0.5 mg mL!1, 7.5 " 10!5 per base, as determined by absor-
bance at 200 nm) with each complex (7.5 mM) in buffered
conditions (10 mM tris, 1 mM EDTA at pH 7.0) to give 10 base: 1
complex. The absorbance at 260 nm as a function of tempera-
ture (every 1 #C, 25–90 #C) was measured in a 1 cm masked
quartz cuvette at a rate of 0.4 #C min!1 and run in triplicate.
Tm was calculated from the rst derivative of a Boltzmann
sigmoidal t of the plot of absorbance at 260 nm against
temperature for each complex.

Induction of apoptosis was determined by incubating
HCT116 p53+/+ cells (5 " 105 cells/ask, 10 mL complete RPMI-
1640 medium) for 24 h at 37 #C in 5% CO2, before treating with
each exicate (20 mM in fresh complete media for 48 h) or fresh
media containing no drug (control). The supernatant contain-
ing any non-adhered, oating cells was then collected and
pooled with cells harvested by trypsinisation. This pooled single
cell suspension was washed twice with PBS and incubated with
propidium iodide and Annexin-V-FLUOS (Roche) to stain
apoptotic cells in accordance with the manufacturer's instruc-
tions. The proportion of early stage apoptotic cells and late
stage apoptotic/necrotic cells were then quantied by ow
cytometry as previously described.37,38

Conclusions
Our approach to metallohelix assembly has allowed us to
generate a panel of biologically-compatible enantiomers incor-
porating various bridging groups. This was possible because in
this so-called exicate platform the stereochemistry of themetal
complex units is predetermined very efficiently and largely
independently of the bridges, and by a mechanism that also
provides water-compatibility.23,48 In contrast, in a conventional
“helication” approach the bridging units are structure-deter-
mining, so a mechanism of stereoselection would need to be
designed for each example. A further advantage of the exicate
platform is beginning to emerge in that we may be able to
develop asymmetric molecules from symmetric ligands via the
kinds of conformational abnormalities caused by bridges that
partially oppose the predetermined stereochemistry e.g. L2e. We
have already shown that asymmetric (as opposed to merely
chiral) optically pure assemblies are available using directional
ligands.49 Further, this modular self-assembling system will
allow us to probe the effects of peripheral functionality and
lipophilicity.

The activity of these new assemblies against cancer cells is
strongly dependent on structure, with a range of potencies from
30 mM to as low as 40 nM. The most active compound DFe-
[Fe2L2c3]Cl4 shows a selectivity index (versus healthy cell lines)
approaching 103, demonstrating superiority over the clinically
used anticancer drug cisplatin in vitro (SI < 1). This selectivity is
substantiated in tests with various models; bacteria and
amoeba exposed to high concentrations were essentially unaf-
fected, and inManduca sexta larvae, where the systemic stability

of the drug is evidenced, there is arguably a pro-biotic effect i.e.
the insects appear to thrive.

In respect of mechanism or mode of action, the lack of
binding to DNA indicates that this is unlikely to be the general
target in this panel. In fact only one early exicate19 ([Fe2L13]4+,
Fig. 1) in our growing library shows signicant interactions with
nucleic acids, and while there are fascinating selectivities with
various motifs19,32,33 there is no DNA damage akin to that
induced by e.g. platinum drugs and alkylators.34,49 Instead,
relevant examples of protein interaction and enzyme inhibition
have been characterised.21,32 To achieve drug safety and cancer
selectivity, mechanistic classes which do not involve induction
of DNA damage are attractive, and this may well be the source of
the excellent selectivities we describe in this manuscript. Mode
of action studies indicate that these compounds can induce
substantial cell death by apoptosis independent of any DNA
damage. Extensive studies are now required to understand how
this complex process, normally subverted in cancers, is induced
by these compounds. The above observations of remarkable
selectivity alongside very high potency and large enantiomeric
differences are however all consistent with a subtle mechanism
involving the targeting of oncogenic drivers.
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Ruthenium-Containing Linear Helicates and Mesocates with Tuneable
p53-Selective Cytotoxicity in Colorectal Cancer Cells
Simon J. Allison, David Cooke, Francesca S. Davidson, Paul I. P. Elliott, Robert A. Faulkner,
Hollie B. S. Griffiths, Owen J. Harper, Omar Hussain, P. Jane Owen-Lynch, Roger M. Phillips,*
Craig R. Rice,* Samantha L. Shepherd, and Richard T. Wheelhouse

Abstract: The ligands L1 and L2 both form separable dinuclear
double-stranded helicate and mesocate complexes with RuII. In
contrast to clinically approved platinates, the helicate isomer of
[Ru2(L1)2]

4+ was preferentially cytotoxic to isogenic cells
(HCT116 p53ˇ/ˇ), which lack the critical tumour suppressor
gene. The mesocate isomer shows the reverse selectivity, with
the achiral isomer being preferentially cytotoxic towards
HCT116 p53+/+. Other structurally similar RuII-containing
dinuclear complexes showed very little cytotoxic activity. This
study demonstrates that alterations in ligand or isomer can
have profound effects on cytotoxicity towards cancer cells of
different p53 status and suggests that selectivity can be “tuned”
to either genotype. In the search for compounds that can target
difficult-to-treat tumours that lack the p53 tumour suppressor
gene, [Ru2(L1)2]

4+ is a promising compound for further
development.

The transition-metal helicate is one of the simplest archi-
tectures found in supramolecular chemistry.[1] This species is
formed by the use of a ligand that can partition into two
separate binding sites, each of which coordinates a different
metal ion. The coordination sphere of the cation is completed
by another ligand, which wraps around both metal ions, giving
(in the simplest form) a dinuclear double helicate [M2L2]n+.
The varieties of linear transition-metal helicates can be
diverse, with examples containing two, three, or four ligands
and between two and five metal ions having been reported.[2–7]

To produce a “true” helicate assembly, the ligand must adopt
an S-type arrangement where each of the metal binding
domains coordinates a different metal ion but the ligand
twists in the centre, generating the homochiral (DD or LL)
helicate. If the ligand coordinates two different metal ions but
the ligand strand does not twist (referred to as a C-type

arrangement) then this “side-by-side” complex is referred to
as the achiral (DL or LD) meso helicate (or mesocate).[8–14]

Previously, it has been demonstrated that the formation of
mesocates and helicates can be controlled by the steric
interactions between ligand strands. For example, the ligand
L1 (Figure 1) forms dinuclear self-assembled complexes with

divalent transition-metal ions to give [M2(L1)2]
4+. In these

species, there is a substantial twist about the ligand strand
resulting in the formation of a dinuclear double helicate.
However, reactions of divalent metal ions with L3, which
contains a methoxy substituent on the central aryl unit,
produce dinuclear double mesocates, for example,
[M2(L3)2]

4+. The difference in structures is attributed to intra-
ligand steric interactions, which govern the formation of
either helicate or mesocate.[15]

Whilst initially the transition-metal helicate was purely of
academic curiosity, the similarity of the shape of the helicate
to an a-helix (which is a common motif in the secondary
structure of proteins) has fuelled interest in potential
biological applications.[16] For example, Hannon and co-
workers have shown that an FeII-containing dinuclear triple
helicate (i.e., [Fe2L3]4+) interacts strongly with duplex DNA,
binding in the major groove,[17] and displays both anticancer[18]

and antibacterial properties.[19] Other FeII-containing exam-
ples include the “head-to-head-to-tail” helicates developed
by Scott and co-workers, which show in vitro cytotoxic
activity against a range of cancer cell lines, with IC50 values
lower than those of cisplatin against HCT116 p53+/+ cancer
cells.[20]

Work has also focused upon the synthesis of RuII-
containing helicates and the study of their cytotoxic activ-
ity.[21] However, whilst the formation of helicates using labile
first-row transition-metal ions is well established, the forma-
tion of the corresponding RuII-containing species is more

Figure 1. Ligands used in this work. Top: L1 (R = R’ =H), L2 (R = Me,
R’ =H), and L3 (R = OMe, R’ = Me). Bottom: L4.
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challenging. This is a consequence of using kinetically inert
metal ions (e.g., RuII) because products arising from coordi-
nation of these metal ions tends to produce kinetic products,
requiring the desired complexes to be separated, often from
polymeric materials.[22] However, despite the synthetic chal-
lenge, RuII compounds are attractive as they have been shown
to possess interesting photophysical, redox, and cytotoxic
properties.[23] For example, Hannon and co-workers have
shown that a dinuclear triple helicate formed from a bis-
pyridylimine and RuII binds and distorts the structure of
DNA, resulting in cytotoxicity against breast-cancer cell
lines.[22] A similar bis-bidentate ligand containing two azopyr-
idine donor units forms an unsaturated dinuclear double
helicate with RuII ([(RuCl2)2L2]) of which both the cis/trans
and the trans/trans isomers show activity against HBL100
breast-cancer cell lines but the latter isomer exhibits 30-fold
more potent cytotoxicity.[24] To date, the majority of this work
has been limited to dinuclear triple helicates while saturated
dinuclear double helicates have remained largely unexa-
mined. Furthermore, the biological activity of the helicate�s
achiral twin, the mesocate, has not been previously reported.
Herein, we discuss the formation of RuII-containing double
helicates and the first reported examples of ruthenium
mesocates. We also report the first example of the selectivity
of these compounds towards a cancer genotype, namely p53.

The reaction of L1 with Ru(dmso)4Cl2 in ethylene glycol at
200 88C produces a dark red solution after 24 h. Column
chromatography produced an orange crystalline material,
which gave an ion in the ESI mass spectrum at m/z 2048,
corresponding to a dinuclear species containing two metal
ions and two ligand strands, that is, {[Ru2(L1)2](PF6)3]}

+.
However, examination of the 1H NMR spectrum showed that
more than one species is present, and further chromatography
showed that this initial fraction could be isolated as two
species, both of which had almost identical ions in the ESI-MS
while different resonances were observed in the 1H NMR
spectra (see the Supporting Information). Analysis by X-ray
crystallography showed that both fractions are dinuclear
species containing two RuII ions, with the ligand partitioned
into two tridentate thiazole-bipyridine domains separated by
a triphenylene spacer unit. Each domain coordinates a differ-
ent metal ion, with the other ligand completing the RuII

coordination sphere. However, in one of the dinuclear
complexes, there is a substantial twist around the ligand
axis, giving a dinuclear double helicate 1a (Figure 2a, b). In
the other fraction, the ligands do not twist, and a “side-by-
side” complex is produced; the resulting species is the
dinuclear double mesocate 1 b (Figure 2c,d).

Ligand L2 is similar to L1 but contains a methyl substituent
on the central aryl ring. In an analogous fashion to L1, L2

reacts with Ru(dmso)4Cl2; after initial purification, an orange
crystalline material was produced, which gave ions in the ESI
mass spectrum at m/z 2075, corresponding to {[Ru2(L2)2]-
(PF6)3]}+, and 965, corresponding to {[Ru2(L2)2](PF6)2]}2+ (see
the Supporting Information). After further chromatography,
these could be separated into two species, and analysis by X-
ray crystallography confirmed that these two species are both
dinuclear assemblies, that is, [Ru2(L2)2]

4+, but one is the
helicate 2a (Figure 3a, b) while the other one is the mesocate

2b (Figure 3c,d). We have previously shown that in these
types of ligand systems, the helicate assembly is favoured
owing to inter- and intraligand p-stacking interactions within
the dinuclear assembly. However, in the RuII system, the
helicate and mesocate are formed in similar amounts
although this can slightly vary from reaction to reaction.
Molecular modelling shows that in both cases, the mesocate is
the more stable species; for [Ru2(L1)2]

4+, the mesocate 1b is
more stable by 11.21 kJmolˇ1 whereas this difference is more
pronounced for the methyl derivative ([Ru2(L2)2]4+), with the
mesocate 2b being 13.71 kJmolˇ1 more stable than the
helicate isomer 2 a as expected from the steric bulk of the
-CH3 unit on the central spacer. However, owing to the kinetic
inertness of RuII, both the helicates 1a/2a and the mesocates
1b/2b can be isolated as the RuII ion provides access to both
the kinetic and thermodynamic products. No changes in either
the 1H NMR or UV/Vis (in 10% [D6]DMSO/D2O) spectra
were observed for 1a/2a or 1b/2b at either elevated temper-
atures or over time.

The reaction of L4 with Ru(dmso)4Cl2 in an analogous
fashion gives, after purification, the dinuclear species [Ru2-
(L4)2]

4+ (Figure 4). However, only the helicate isomer is
obtained, and no mesocate is observed. This can be attributed

Figure 2. The dinuclear complexes of RuII with L1. a, b) Two views of
the helicate 1a ([Ru2(L

1)2]
4+). c, d) Two views of the dinuclear double

mesocate 1b ([Ru2(L
1)2]

4+). Thermal ellipsoids set at 50% probability.
Hydrogen atoms and counterions omitted for clarity.

Figure 3. The dinuclear complex obtained from the reaction of RuII

with L2. a, b) Two views of the helicate 2a ([Ru2(L
2)2]

4+). c, d) Two views
of the dinuclear double mesocate 2b ([Ru2(L

2)2]
4+). Thermal ellipsoids

set at 50% probability. Hydrogen atoms and counterions omitted for
clarity.
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to the reduced flexibility of the diphenylene spacer, which
imparts a natural twist on the ligand strand, preventing the
formation of the mesocate.

To investigate whether these new ruthenium helicates and
mesocates have any cytotoxic activity against cancer cells
in vitro, chemosensitivity studies were performed. Many
chemotherapeutic agents in clinical use show reduced cyto-
toxicity towards cancer cells that lack the tumour suppressor
p53.[25–29] To investigate the impact of p53 on any cytotoxic
activity of these novel compounds, p53 wild-type and p53-null
isogenic cancer cell clones of the human colorectal cancer cell
line HCT116 were utilised.[30] These have been extensively
used as in vitro cancer cell models to investigate and elicit
p53-dependent effects.[31–35] Chemosensitivity assays revealed
that neither the methyl-substituted helicate 2a nor the
diphenyl-containing helicate ([Ru2(L4)2]4+) were active
against either the p53+/+ or p53ˇ/ˇ HCT116 cancer cells
(IC50 > 50 mm) whereas the mesocate isomer (2b) showed
some, albeit modest, activity towards the p53 wild-type cancer
cells, which was comparable to the cytotoxicity of platinate
carboplatin (Figure 5a). The mononuclear derivative [Ru-
(L1)2]2+ (see the Supporting Information), where two ligands
are coordinated to one metal ion, showed a degree of potency
that was comparable to those of cisplatin and oxaliplatin but
lacked differential p53 selectivity (Figure 5b). The achiral
mesocate 1b was also active against both cell lines but it was
about two times more active against the p53+/+ cells (Fig-
ure 5b). In terms of selectivity, this was similar to cisplatin
and oxaliplatin, which also showed selectivity towards the
HCT116 p53+/+ cancer cells. However, the unsubstituted
helicate 1a was substantively more cytotoxic towards the
p53ˇ/ˇ cells (Figure 4a, b). This preferential cytotoxicity of the
1a helicate towards the p53ˇ/ˇ cancer cells was independently
confirmed by two different experimental approaches. First,
the transient transfection of wild-type p53 into these p53ˇ/ˇ

cancer cells and resulting expression of p53 reduced the
activity of the 1 a helicate against the p53ˇ/ˇ cells such that the
effects of 48 h exposure to the 1a helicate appeared similar to
that of the vehicle control (Figure 6a). In the converse
experiment, partial knockdown of p53 (ca. 50% reduction in
protein expression) in the HCT116 p53+/+ cells using a pre-
viously validated siRNA against p53[36] led to a small but
statistically significant increase in the potency of 1a (Fig-
ure 6b). These results were reproduced in RKO and LoVo
colorectal carcinoma cell lines (see the Supporting Informa-
tion). Furthermore, initial studies demonstrate that knock-
down of p53 in RKO cells is associated with increased
apoptosis induced by 1a (see the Supporting Information).

The observed preferential cytotoxicity of the 1a helicate
against the p53-null cancer cell clones is highly significant as
mutations in the p53 gene leading to the loss of p53 tumour
suppressor function are very common in cancers and are
typically associated with poor clinical outcome.[37,38] There is
an urgent need for new chemotherapeutic agents that are
effective against such cancers. The approach advocated here
is to identify novel compounds that are active against cells
that lack p53. Small-molecule organometallic compounds
including ruthenium (II) compounds have been shown to
induce cell death by p53-dependent and -independent mech-
anisms[39] but typically, the clinically approved platinum-
based complexes are less active against p53-deficient cells
than against wild-type cells (Figure 5).[40] The demonstration
that the [Ru2(L1)2]4+ helicate is significantly more potent
against p53-null HCT116 cells is therefore a significant
finding in the context of identifying drugs that target
difficult-to-treat p53-null tumours. In addition to selectivity
towards HCT116 p53ˇ/ˇ cells, the 1a helicate is selectively

Figure 4. The dinuclear complex [Ru2(L
4)2]

4+ formed from the reaction
of RuII with L2. Thermal ellipsoids set at 50 % probability. Hydrogen
atoms and counterions omitted for clarity.

Figure 5. Potency and selectivity towards p53 wild-type and p53-null
HCT116 colorectal carcinoma cells in vitro. a) The potency in terms of
the IC50 value. b) Differential selectivity of compounds towards either
p53+/+ or the p53ˇ/ˇ HCT116 cancer cells. c) Selectivity index for
HCT116 p53ˇ/ˇ and HCT116 p53+/+ cells relative to normal colon
epithelial CoN cells. The asterisk indicates that for 1a helicate, true
selectivity index values could not be determined as no IC50 could be
obtained against CoN cells at the highest concentration (50 mm)
tested.
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toxic towards tumour cells compared to normal colon
epithelial cells (Figure 5c). In contrast to the established
platinates, selectivity for HCT116 cells as opposed to both
normal colon epithelial CoN cells (Figure 5c) and non-cancer
ARPE-19 cells (see the Supporting Information) was signifi-
cantly higher.

UV thermal melting profiles for ctDNA in the absence
and presence of 1a are shown in Figure 7. These revealed
a concentration-dependent shift in DNA melting temperature
(Tm) indicating that ruthenium helicate 1a is able to stabilise
genomic DNA. At all ligand concentrations and in the higher
temperature region, the melting profile was disproportion-
ately shifted to the right, indicating a marked preference for
stabilisation of GC- rather than AT-rich sequences
(Figure 7).[41] The helicate 1a generated a DTm

80/DTm
20 ratio

of @ 1, indicating a marked preference for stabilising GC-rich
sequences (see the Supporting Information).

ICP-MS studies demonstrated that 1a helicate is taken up
into the nucleus of cells (see the Supporting Information).
The levels of 1 a helicate in both HCT116 p53+/+ and HCT116
p53ˇ/ˇ cells are similar, suggesting that differential drug

uptake is unlikely to explain the increased sensitivity of
HCT116 p53ˇ/ˇ cells to 1a helicate.

Helicate 1a was found to induce cell death by apoptosis in
both HCT116 p53+/+ and p53ˇ/ˇ cancer cells. The proportion
of cells in late-stage apoptosis was higher in the p53ˇ/ˇ cancer
cells than in their p53+/+ isogenic clones (Figure 8), correlat-
ing with the preferential cytotoxicity in chemosensitivity
assays of 1a towards p53ˇ/ˇ cells.

In light of the observed binding of 1a to DNA and its
nuclear localization, its ability to inhibit topoisomerases I and
IIa was determined. Complex 1a induced a dose-dependent,
partial inhibition of topoisomerase IIa (Figure 9). The exact
mechanism of inhibition is not known but is consistent with its
ability to bind to DNA. In contrast, no inhibition of top-
oisomerase I was observed. Whilst p53 proficiency or defi-
ciency does not affect cellular response to topoisomerase I
inhibitors,[26] p53 deficiency is known to sensitize cells to
topoisomerase II inhibitors.[42] It is possible therefore that the
observed selectivity of 1 a helicate for p53-null cells is
mediated through inhibition of topoisomerase II.

In conclusion, this study has given valuable insight into the
chemical composition and the shapes of the helicate systems
that are required to form species that are 1) selectively active
against cancer cells as opposed to normal cells and 2) have
preferential cytotoxicity towards cells either lacking or
expressing the tumour suppressor p53. Compared with the
mononuclear form, it is clear from the data presented that the

Figure 6. Validation of the role of p53 in the response of cells to
helicate 1a. a) Transfection of wild-type p53 or vector control into
HCT116 p53ˇ/ˇ cancer cells (left). The modulation of p53 protein
expression levels in these cells is indicated by immunoblot analyses.
Representative images of vector control cells and transfected cells
treated with or without 1a are shown on the right. These results
demonstrate that transfection of wild-type p53 into p53-null cells
significantly reduces the potency of 1a. b) The effect of p53 knock-
down in HCT116 p53+/+ cells using siRNA on the potency of 1a.
SiRNA knockdown partially reduced the expression of p53 as indicated
in the immunoblot images and caused a small but statistically
significant increase in the potency of 1a. Representative images of
cells treated with 1a are presented on the right.

Figure 7. The interaction of helicate 1a with DNA. Normalised thermal
melting profiles of calf thymus DNA (50 mm) in the absence and
presence of 1a (from left to right, [1a] =0, 0.5, 1, 2, 3, 4, and 5 mm).
All samples contained 0.25% DMSO.

Figure 8. Summary of the percentage of early- and late-apoptotic cells
(annexin V-positive) in response to treatment of HCT116 p53+/+ and
p53ˇ/ˇ cells with 1a helicate or solvent control.
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dinuclear nature of the helicate is required to form a deriv-
ative that is preferentially selective towards cancer cells either
with or without p53 (comparison of [Ru(L1)2]2+ vs. [Ru2-
(L1)2]4+). The data also suggest that the type of twist present
within the system (1a helicate vs. 1b mesocate) can switch the
direction of p53 selectivity. However, subtle changes in the
ligand strand can result in a significant reduction in the
toxicity as very little activity was observed upon introduction
of a methyl unit (2a helicate and 2b mesocate) or upon using
a diphenyl spacer (helicate [Ru2(L4)2]4+). These findings
indicate that the helicate structure can be fine-tuned with
profound downstream effects both on toxicity and p53
selectivity. Given the frequent loss of p53 tumour suppressor
function in cancers as well as p53 mutations that can result in
oncogenic gain of function, this study demonstrates that the
helicate system is worthy of future investigations as an
emerging potential source of new anticancer therapeutics.
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Several Ru-arene and Ir–Cp* complexes have been prepared
incorporating (N,N), (N,O) and (O,O) coordinating bidentate
ligands and have been found to be active against both HT-29
and MCF-7 cell lines. By incorporating a biologically active
ligand into a metal complex the anti-cancer activity is
increased.

In recent years, organometallic complexes have shown promising
activity as anti-cancer agents.1–4 Design concepts for such
organometallic drugs, however, are still in their infancy. There
are few recently reported studies on the anti-cancer activity of
iridium complexes.5,6 Sadler et al. have recently reported the
organometallic half-sandwich Ir(III) complexes of general struc-
ture [(η5Cp‡)Ir(XY)Cl]0/+ where Cp‡ is either Cp* or a functio-
nalised Cp ligand.7 Their potency towards A2780 human
ovarian cancer cells increases with phenyl substitution on the
cyclopentadienyl ligand. We have previously shown that
ruthenium arene picolinamide complexes possess anti-cancer
activity.8,9 Iridium Cp* picolinamide complexes have been pre-
pared previously, but, to the best of our knowledge have not
been tested as anti-cancer agents.10

We aimed to explore the synthesis of Ru(II)/Ir(III) complexes
with the general structure [Ru(p-cymene)(XY)Cl]/[IrCp*(XY)-
Cl], where XY is a bidentate ligand which binds to the metal
through (N,N), (N,O) or (O,O) coordination, and their application
as anti-cancer agents. All complexes were prepared through
deprotonation of the bidentate ligand. Complexes 1 and 2 were
prepared by refluxing [IrCp*Cl2] with two equivalents of the
corresponding picolinamide and NH4PF6 in ethanol (Scheme 1).

The picolinamide ligands bind through the nitrogens, indi-
cated by the loss of the amide proton in the 1H NMR spectrum.

We have previously shown that picolinamide ligands can bind
as (N,O) donors in charged Ru(p-cymene) complexes however

they were shown to be inactive against a range of cell lines.9 We
were interested in preparing similar neutral complexes with
(N,O) coordinated ligands, such as ketoiminates.

Complexes 3 and 4 were‡ prepared by stirring either
[IrCp*Cl2]2 or [Ru(p-cymene)Cl2]2 with 3′-fluorophenyl-
3(phenylamino)-2-buten-1-one and triethylamine in dichloro-
methane (Scheme 2). Red single crystals of 3 were grown from a
dichloromethane/hexane solvent system and of 4 from a

Scheme 1 Synthesis of the iridium Cp* halide picolinamide com-
plexes 1 and 2.

Scheme 2 Synthesis of the iridium Cp* and ruthenium p-cymene
ketoiminate complexes 3 and 4.

†Electronic supplementary information (ESI) available: Experimental
procedures for compounds, cell line experimental and crystal structure
determination details. CCDC 890355, 890356 and 890357. For ESI
and crystallographic data in CIF or other electronic format see DOI:
10.1039/c2dt32104a
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methanolic solution. The molecular structures are shown in
Fig. 1, showing that the ketoiminate binds in an (N,O) fashion.
There are similarities in that they conform to the 3-legged piano
stool with Cp* and p-cymene rings respectively. There are differ-
ences in the ligand arrangement around the metal centre (shown
in Fig. 1(b) and (d)) and we were interested in investigating
these effects for the complexes’ cytotoxic capabilities.

Given the ease of synthesis and large potential for structure
activity relationships, we decided to investigate the possible
cooperative effects of biologically active organic compounds
which would bind to metals as (O,O) donors. The naphtho-
quinone ligand has been reported to form complexes with Sn,11

Co12 and Pt13 but to the best of our knowledge, not with iridium
or ruthenium. IrCp* benzoquinone complexes have been
previously reported but were found to be inactive unless the

oxygens were substituted with S or Se.14 Quinones exhibit bio-
logical properties, such as anti-microbacterial and anti-
tumour.15,16 The 1,4-naphthoquinone pharmacophore is known
to impart anti-cancer activity17 in a number of drugs, for
example streptonigrin18 and mitomycins.19 Another advantage is
that naphthoquinone will increase the hydrophobicity of the
metal complex and possibly allowing easier passive transport
into cells.

Complex 5 was prepared in the same manner as 3 and 4 but
with an excess of 2-hydroxy-1,4-napthoquinone and triethyl-
amine (Scheme 3).

Purple crystals of 5 were obtained by vapour diffusion from a
dichloromethane/pentane solvent system.‡ The X-ray structure of
5 can be seen in Fig. 2. As with 3 and 4 the complex adopts a
piano stool configuration. The ligand retains its planarity when
complexed which may allow intercalation of the quinone with
DNA.

The cytotoxic activity of the complexes 1–5 along with
cisplatin, [IrCp*Cl2]2, [Ru(p-cymene)2Cl2]2 and 2-hydroxy-1,4-
napthoquinone, were tested against HT-29 and MCF-7 cell lines
with the IC50 results shown in Table 1.

Compound 1 shows moderate activity against both HT-29 and
MCF-7 cell lines, with IC50 value of 34 μM and 39 μM respect-
ively. Compound 2 however, shows poor activity with an IC50 of
81 μM for HT-29 cell lines and 149 μM for MCF 7 cell lines.

Fig. 2 Molecular structure of 5. Hydrogen atoms are omitted for
clarity. Displacement ellipsoids are at the 50% probability level.

Table 1 IC50 values for complexes 1–5 along with cisplatin,
[IrCp*Cl2]2, [Ru(p-cymene)2Cl2]2 and 2-hydroxy-1,4-napthoquinone for
reference. Cultures 1 and 2 refer to different sets of MCF-7 cells, with
different IC50 values for cisplatin (— means not tested). The drugs were
incubated for 5 days

Compound
HT-29 IC50/
μM

MCF-7 IC50/μM

Culture 1 Culture 2

Cisplatin 2.4 ± 0.1 0.528 ± 0.003 6.1 ± 0.7
[IrCp*Cl2]2 92 ± 4 100 ± 2 —
[Ru(p-cymene)2Cl2]2 198 ± 5 184 ± 3 —
1 34.1 ± 0.7 39 ± 2 —
2 81 ± 1 149 ± 1 —
3 5.1 ± 0.3 — 11.0 ± 0.4
4 3.5 ± 0.3 — 7.1 ± 0.4
5 20 ± 1 13.2 ± 0.2 —
2-Hydroxy-1,4-
napthoquinone

81 ± 1 22 ± 1 —

Fig. 1 (a), (b) Molecular structure of 3. Solvent omitted for clarity, (c)
(d) Molecular structure of 4. Hydrogen atoms are omitted for clarity.
Displacement ellipsoids are at the 50% probability level.

Scheme 3 Synthesis of the iridium Cp* 2-hydroxy-1,4-napthoquinone
complex 5.

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 13800–13802 | 13801
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This shows that the position of the fluorides on the aryl ring of
the picolinamide ligand has a significant effect on cytotoxicity.
The ketoiminate complexes 3 and 4 have high activities, compar-
able with cisplatin, with IC50 values of 5.1 and 3.5 μM (2.4 μM
for cisplatin) for HT-29 cells, and 11.0 and 7.1 μM (6.1 μM for
cisplatin) for MCF-7 cells. The iridium napthoquinone complex
5 shows a cooperative effect, having higher activity than both
the napthoquinone ligand and metal source [IrCp*Cl2]2, most
noticeably for the HT-29 cells where complex 5 is four times as
active as the free ligand with IC50 values of 20 and 81 μM.

The anti cancer activity of complexes 1–5 correlates with the
type of bidentate ligand, where cytotoxicity of (N,O) > (O,O) >
(N,N).

In summary, we have prepared four iridium and one ruthenium
arene complexes with either (N,N), (N,O) or (O,O) coordinating
ligands The piano stool complexes were active against both
HT-29 and MCF 7 cell lines with the (N,O) complexes being the
most active showing comparable activity with cisplatin. By com-
plexing the 2-hydroxy-1,4-napthoquinone to iridium, a coopera-
tive effect can be seen whereby the resulting complex is more
active than both the ligand and starting dimer.

Notes and references

‡The data for the crystal structures were collected by Stephanie Lucas. 3
and 4 were solved by Stephanie Lucas and Rianne Lord respectively. We
wish to acknowledge Dr Marc Little for helping to solve the crystal
structure of complex 5 and Technology Strategy Board for funding.
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ABSTRACT: Novel rhodium, iridium, and ruthenium half-sandwich complexes
containing (N,N)-bound picolinamide ligands have been prepared for use as
anticancer agents. The complexes show promising cytotoxicities, with the presence,
position, and number of halides having a significant effect on the corresponding IC50
values. One ruthenium complex was found to be more cytotoxic than cisplatin on
HT-29 and MCF-7 cells after 5 days and 1 h, respectively, and it remains active with
MCF-7 cells even under hypoxic conditions, making it a promising candidate for in
vivo studies.

■ INTRODUCTION

In recent years, organometallic ruthenium complexes have been
well researched as anticancer agents.1−15 Rhodium and iridium
complexes, however, remain relatively unexplored.14,16−29 We
have previously reported an initial study demonstrating that
half-sandwich ruthenium-arene picolinamide and quinaldamide
complexes with an ancillary chloride ligand show promising
activity as anticancer agents, whereby the quinaldamide
complexes are more active than their picolinamide analogues.15

In collaboration with Sadler, we have also shown that osmium
congeners have shown potential as cytotoxic agents.4 More
recently, we reported a preliminary investigation into two
iridium-Cp* chloride picolinamide complexes and their IC50

values for both HT-29 and MCF-7 cell lines.14 Compounds
investigated in these studies are shown in Figure 1. In our
continued study to optimize the design and potency of
organometallic anticancer agents, we have switched on the
activity of ruthenium para-cymene and rhodium-/iridium-Cp*
complexes through functionalization of the phenyl ring on the
picolinamide ligands. It is known that cancerous cells are in a
hypoxic environment whereby the median oxygen partial
pressure is approximately 10 mmHg.30 Many cytotoxic drugs
are significantly less active when tested in vitro on cells in a
hypoxic environment compared to normoxic conditions.31 This
is thought to be independent of the cell pathway of the drug
and rather due to hypoxia-induced resistance. For this reason,
the most active compound of the series under normoxic
conditions has been tested on MCF-7 cells under hypoxic
conditions.

■ RESULTS AND DISCUSSION
Synthesis of Compounds. Scheme 1 shows the synthesis

of the group 8 and 9 complexes 1−12. The group 9
picolinamide complexes, 1−8, were prepared using various
methods depending on their identity. The iridium Cp*
complexes (shown in Scheme 1a), were prepared either
according to method A in the cases of 1, 6, and 7 or Method
B in the cases of 2−5. Complex 8 was prepared according to
Scheme 1b). The ruthenium-para-cymene picolinamide com-
plexes, 9−12, and quinaldamide complex, 13, were prepared
according to parts c and d in Scheme 1, respectively. In all
cases, the picolinamide/quinaldamide ligand was deprotonated
and bound through the nitrogen atoms to form a neutral 18
electron species. All complexes were characterized by 1H
NMR/13C{1H} NMR spectroscopy, CHN analysis, and mass
spectrometry. In addition, crystal structures were obtained for
compounds 3, 4, and 9−13.

X-ray Crystallographic Data. Figure 2 shows the
molecular structures of compounds 3, 4, and 9−13, with
general X-ray data shown in Table 1 and selected bond lengths
and angles shown in Table 2 and Table 3 respectively. The
iridium picolinamide complexes 3 and 4 were crystallized using
layer diffusion with a dichloromethane/hexane solvent system.
The ruthenium picolinamide and quinaldamide complexes, 9
and 12 respectively, were crystallized from a methanolic
solution, complexes 11 and 12 from a deuterated methanolic
solution and complex 10 from an acetone solution. All of the
compounds exhibit a pseudo octahedral geometry about the
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metal center, whereby the para-cymene/Cp* occupies three
coordination sites and the angle between the centroid of the
Cp*/para-cymene ring and the other coordinating atoms is
between 125.9 and 135.1°. The angle between the coordinated
nitrogens and the metal center is between 76.27 and 77.05°.
This is due to the rigidity of the picolinamide ligand. The angle
between the nitrogens and chloride is between 81.04 and
89.59°. The picolinamide ligands adopt nonplanar config-
urations, presumably to avoid a steric clash between the ring
defined as C(37)−C(42) and the arene ring. The torsion angle
between the picolinamide rings ranges from 37 to 73° with no
distinct trend for the varied picolinamide substituents. The Ir-
centroid distances for complexes 3 and 4, within error, are the
same length, with distances of 1.804 and 1.811 Å, respectively.
In comparison, the Ru−centroid distances are shorter than the
M−centroid distances for group 9 compounds and lie in the
range of 1.683−1.693 Å.
Cytotoxicities. Table 4 highlights the IC50 values for

compounds 1−13 on various cell lines. The cytotoxicities of the
group 9 picolinamide complexes, 1−8, were tested on A2780
cells over a 5 day exposure, along with cisplatin and their
respective dimeric starting materials [MCp*Cl2]2, where M =
Ir, Rh, for reference. The cytotoxicities of the ruthenium
compounds, 9−13, were tested on both HT-29 and MCF-7
cells over a 5 day exposure along with a further 1 h exposure for
the MCF-7 cells. The dimeric ruthenium starting material
[Ru(p-cymene)Cl2]2 has been previously tested on HT-29 and
MCF-7 cell lines and been found to be inactive.14

For the group 9 compounds, 1−8, the presence and position
of the halide substituents on the picolinamide ligand has a
significant effect on the complexes’ anticancer activity for
A2780 cells. The unsubstituted IrCp* complex, 1, shows poor
activity with an IC50 value of 66 μM, whereas the addition of a
chloride group on the ortho and meta position of the arene ring
of the picolinamide decreases the IC50 value to 25 and 33 μM,
respectively (p < 0.01, relative to complex 1). The dichloro
substituted picolinamide complexes show even higher activity
with IC50 values of 19 and 23 μM for compounds 4 and 5,

respectively (p < 0.01, relative to complex 1). As shown in both
the mono and dichloro substituted picolinamide complexes, a
chloride on the ortho position of the arene ring gives a more
active complex than one on the meta position. This trend is
also observed with the di-fluoro-substituted picolinamide
complexes, 6 and 7, however they are less active than the
chloro analogues. The rhodium complex 8 is slightly more
active than its iridium analogue, 3, with an IC50 value of 28 μM
compared to 33 μM (p < 0.01).
The ruthenium picolinamide complexes, 9−12, show a

similar trend to their iridium-Cp* analogues whereby the
cytotoxicities are in the order 12 > 11 ∼ 10 > 9 (where the
phenyl ring substituents are 2,5-diCl, 2,4-diCl, 3-Cl, and 2-Cl,
respectively) for all of the cell lines. The quinaldamide complex
13 has similar activity to the picolinamide complex 10.
Compound 12 is the most cytotoxic compound of the series,
by an order of magnitude, which is comparable to previous
work involving electron withdrawing substituents (NO2)
attached to the ligand,15 for both cell lines after a 5 day
exposure, particularly for HT-29 cells with higher activity than
cisplatin (IC50 value of 6 μM compared to 10 μM). As
expected, all compounds display lower activity toward MCF-7
cells after a 1 h exposure compared to 5 days, compound 12 is
still the most active and, unlike the 5 day exposure of the same
cell line, is more cytotoxic than cisplatin with an IC50 of 32 μM
compared to 53 μM. This implies that compound 12 is a more
potent drug than cisplatin. Because of this promising result,
compound 12 was retested on MCF-7 cells in a hypoxic
environment. The method for hypoxic testing was validated by
testing a known hypoxia selective drug, tirapazamine (Table 5).
Cisplatin exhibits a decrease in efficacy of between 2- and 8-
fold, depending on cell line.
Compound 12 was tested for a 1 h exposure and maintained

its activity with an IC50 of 34 μM. This suggests that unlike
cisplatin and many other cytotoxic drugs, which are reported to
have reduced cytotoxic activity in a hypoxic environment,30

compound 12 retains its activity against hypoxic cells and is not
adversely affected by hypoxia. Compound 12 has the potential

Figure 1. Previously reported Ru, Ir, and Os picolinamide complexes.4,14,15

Inorganic Chemistry Article
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to eradicate both the aerobic and hypoxic fraction of tumor
cells and it is therefore a promising candidate for in vivo
applications.
In order to investigate the mode of action of these

complexes, the inhibition of thioredoxin reductase 1 (Trx-R)
activity by compounds 1−12 was investigated (Figure 3). Trx-R
has previously been identified as a target for ruthenium
drugs.32−34

The group 9 picolinamide complexes, 1−8, were found to be
potent inhibitors of Trx-R, with IC50 values ranging from 54.3
to 180.3 nM. In contrast, the Ru complexes 9−12 were found
to be almost completely inactive against Trx-R, with IC50 values
in excess of 10 μM. This is in contrast to previous reports of Ru
complexes inhibiting Trx-R activity. This therefore introduces a

potential mechanism of action for compounds 1−8. In contrast,
Trx-R appears to not be responsible for the cytotoxic behavior
of compounds 9−12. Further studies are required to fully
explore whether Trx-R inhibition plays a significant role in the
cytotoxic behavior of 1−8 and to further investigate the
mechanism of action of 9−12.
Future work will evaluate these compounds against cells

derived from normal tissues. The major issue is that the culture
of normal cells is challenging and it is not possible to replicate
conditions in vivo, bearing in mind that cells live in a complex
partnership with other cells and the extracellular matrix. We
accept that the therapeutic index is vitally important, but we
believe that studies to address potential toxicity to normal

Scheme 1. Synthesis of (a) Iridium-Cp*, (b) Rhodium-Cp*, (c) Ruthenium-para-cymene Picolinamide Complexes, and (d) a
Ruthenium-para-cymene Quinaldamide Complex

Inorganic Chemistry Article
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tissues are best conducted in the in vivo setting later on in the
drug discovery program.

■ CONCLUSIONS
Various Ru-para-cymene and Rh-/Ir-Cp* complexes have been
prepared containing (N,N)-binding picolinamide ligands and
their cytotoxicities on either HT-29, MCF-7, or A2780 cells
have been tested. The Ir-Cp* chloride unfunctionalized
picolinamide complex, 1, shows modest activity that, upon

addition of a chloride, improves by 2-fold. The dihalide
substituted picolinamide complexes are even more potent with
the 2,4-dichloro substituent showing the highest activity with
an IC50 value of 18.6 μM. The Rh-Cp* 3-chloro picolinamide
complex, 8, is slightly more active than its iridium analogue 5.
Ruthenium-para-cymene analogues 10-13 display promising
cytotoxicities on HT-29 and MCF-7 cells whereby the most
active compound, 12, is more active than cisplatin for HT-29
cells and MCF-7 cells after a 5 day and 1 h exposure,

Figure 2. Molecular structures of compounds (a) 3, (b) 4, (c) 9, (d) 10, (e) 11, (f) 12, and (g) 13. Hydrogen atoms and solvent molecules are
omitted for clarity. Displacement ellipsoids are at the 50% probability level.

Inorganic Chemistry Article
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respectively, as well as being active under hypoxic conditions
for the latter. This makes compound 12 a promising candidate
for further studies. Mechanistic studies have been undertaken
that have shown that Trx-R inhibition may be a potential
mechanism of action for compounds 1−8. In contrast,
compounds 9−12 have been shown to be inactive against
Trx-R inhibition, indicating a different mode of action.

■ EXPERIMENTAL DETAILS
The picolinamide ligands35 were prepared according to the literature
method. All other reagents are commercially available and were used as
received. 1H- and 13C NMR spectra were recorded on Bruker DPX

300 spectrometer. Microanalyses were obtained by Mr. Ian Blakeley at
the University of Leeds Microanalytical Service. X-ray data was
collected by Stephanie Lucas or Andrew Hebden. A suitable single
crystal was selected and immersed in an inert oil. The crystal was then
mounted onto a glass capillary and attached to a goniometer head on a
Bruker X8 Apex diffractor using graphite monochromated Mo−Kα
radiation (λ = 0.71073 Å) and 1.0° ϕ-rotation frames. The crystal was
then cooled to 150K by an Oxford cryostream low-temperature
device.36 The full data set was recorded and the images processed
using DENZO and SCALEPACK programs.37 The structures were
solved by Stephanie Lucas or Christopher Pask. Structure solution by
direct methods was achieved through the use of SHELXS86,38 SIR9239

or SIR9740 programs, and the structural model defined by full matrix
least-squares on F2 using SHELX97.38 Molecular graphics were plotted
using ORTEP. Editing of crystallographic information files (CIFs) and
construction of tables of bond lengths and angles was achieved using
WC41 and PLATON.42 Hydrogen atoms were placed using idealized
geometric positions (with free rotation for methyl groups), allowed to
move in a “riding model” along with the atoms to which they were
attached, and refined isotropically.

Cell Line Testing. The in vitro tests were performed on HT-29
(human colon adenocarcinoma), A2780 (human ovarian carcinoma)
and MCF-7 (human breast adenocarcinoma) cell lines. Cells were
incubated in 96-well plates at a concentration of 2 × 104 cells/mL.
Two-hundred microliters of growth media (RPMI 1640 supplemented
with 10% fetal calf serum, sodium pyruvate (1 mM), and L-glutamine

Table 1. Summary of the Crystallographic Data for Complexes 3, 4, and 9−13
3 4 9 10 11 12 13

formula C23H25Cl4IrN2O C22H24Cl3IrN2O2 C44H50Cl4N4O5Ru2 C22H22Cl2N2ORu C22H21Cl3N2ORu C23H25Cl3N2O2Ru C26H23Cl3N2ORu
formula wt 679.45 646.98 1058.82 502.39 536.83 568.87 586.88
cryst syst monoclinic monoclinic monoclinic orthorhombic triclinic orthorhombic monoclinic
space group P21/n P21/n P21/n Pca21 P1 ̅ P212121 P21/c
a (Å) 7.7924(10) 9.7097(9) 17.8200(4) 16.1177(10) 8.3556(7) 8.5250(6) 8.4336(2)
b (Å) 22.664(3) 14.6340(15) 10.5378(2) 8.5924(5) 8.3782(8) 13.3830(12) 14.5042(3)
c (Å) 14.6133(19) 16.3669(15) 24.2106(6) 29.2109(19) 16.2423(15) 20.7498(17) 19.5495(6)
α (deg) 90 90 90.00 90.00 104.245(5) 90.00 90.00
β (deg) 97.996(6) 96.546(4) 102.2500(10) 90.00 91.676(4) 90.00 91.2760(10)
γ (deg) 90 90 90.00 90.00 99.021(4) 90.00 90.00
V (Å3) 2555.7(6) 2310.4(4) 4442.84(17) 4045.4(4) 1085.71(17) 2367.3(3) 2390.75(11)
Z, molecules/cell 4 4 4 8 2 4 4
density (Mg/m3) 1.766 1.86 1.583 1.650 1.642 1.596 1.631
absorp coeff
(mm−1)

5.66 6.147 0.970 1.055 1.107 1.024 1.014

λ[Mo−Kα] (Å) 0.71073
T (°C) 150(2)
no. of reflns
collected

90089 63960 41538 19466 52845 59908 48568

no. of
independent
reflns

10785 6880 10185 8230 6471 5810 5471

no. of obsd reflns 8163 5864 8799 7732 6057 5517 4940
R1 0.0235 0.022 0.0284 0.0314 0.0194 0.0213 0.0213
wR2 0.0346 0.0444 0.0785 0.0800 0.0504 0.0450 0.0553
GOF 1.096 1.067 1.053 1.069 1.058 1.041 1.091

Table 2. Selected Bond Lengths (Å) for Compounds 3,4, and
9−13, where M = Ru or Ir

compd M(1)−Cl(1) M(1)−N(1) M(1)−N(2) M(1)−Cg

3 2.4305(6) 2.1061(16) 2.1151(16) 1.8040(10)
4 2.4475(7) 2.115(2) 2.124(2) 1.8110(12)
9 2.4306(6) 2.1000(19) 2.074(2) 1.6836(9)
10 2.4028(12) 2.074(3) 2.102(3) 1.6832(18)
11 2.4258(4) 2.1124(11) 2.0891(11) 1.6930(6)
12 2.4480(6) 2.1052(17) 2.0956(16) 1.6896(8)
13 2.4152(5) 2.1352(14) 2.1007(14) 1.6819(7)

Table 3. Selected bond Angles (deg) for Compounds 3, 4, and 9−13, where M = Ru or Ir

compd Cl(1)−M(1)−N(1) Cl(1)−M(1)−N(2) N(1)−M(1)−N(2) Cg−M(1)-Cl(1) Cg−M(1)-N(1) Cg−M(1)-N(2)

3 84.62(4) 86.25(5) 76.27(6) 126.74(3) 132.09(5) 132.75(5)
4 83.26(6) 85.75(7) 76.28(8) 125.93(4) 132.99(7) 133.95(7)
9 84.31(5) 86.12(5) 76.50(8) 127.53(3) 133.71(6) 130.45(6)
10 84.40(10) 87.73(10) 76.67(13) 127.14(7) 131.88(11) 131.35(12)
11 83.12(3) 85.46(3) 76.78(4) 127.73(2) 133.86(4) 131.18(4)
12 84.11(5) 85.74(5) 76.81(7) 128.39(3) 132.19(5) 131.22(5)
13 81.04(4) 89.59(4) 77.05(5) 128.04(3) 135.09(4) 128.15(5)
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(2 mM)) was added to each well and the plates were incubated for 24
h at 37 °C in an atmosphere of 5% CO2 prior to drug exposure.
Compounds 1−12, [IrCp*Cl2]2, [RhCp*Cl2]2 and cisplatin were all
dissolved in DMSO at a concentration of 25 mM and diluted further
with medium to obtain drug solutions ranging from 250 to 0.49 μM.
The final DMSO concentration was 0.1% (v/v), which is nontoxic to
cells. Drug solutions were applied to cells and incubated for either one
hour or five days at 37 °C in an atmosphere of 5% CO2. For 1 h
exposures, cells were washed three times with Hanks Balanced Salt
Solution and then incubated for 5 days in growth medium before
carrying out the MTT assay. Studies conducted under hypoxic
conditions (0.1% oxygen) were performed in a Whitley H35

Hypoxystation (Don Whitley Scientific, UK) using the same protocol
as described above. Following drug exposure, 20 μL of MTT (5 mg
mL−1) was added to each well and incubated for three hours at 37 °C
in an atmosphere of 5% CO2. The solutions were then removed and
150 μL of DMSO was added to each well to dissolve the purple
formazan crystals. A Thermo Scientific Multiskan EX microplate
photometer was used to measure the absorbance at 540 nm. Lanes
containing medium only and cells in medium (no drug) were used as
blanks for the spectrophotometer and 100% cell survival respectively.
Cell survival was determined as the absorbance of treated cells divided
by the absorbance of controls and expressed as a percentage. The IC50
values were determined from plots of % survival against drug
concentration. Each experiment was repeated three times and a
mean value obtained. A 2-tailed t test was performed for each triplicate
of IC50 values to identify statistical differences between corresponding
complexes.

Statistical Analysis. Statistical significance of difference was
determined using the Student’s t-test. P < 0.01 was considered to be
statistically significant at the 1% level.

Inhibition of Thioredoxin Reductase 1 (Trx-R). The inhibition of
Trx-R activity was determined using the substrate 5,5′-dithiobis-(2-
nitrobenzoic acid) (DTNB) as described elsewhere.43,44 Compounds
1−12 were incubated with 0.232 Units of recombinant rat Trx-R
(Sigma Aldrich, UK) in a final volume of 500 μL of potassium
phosphate buffer (0.1 M, pH 7.0) containing EDTA (1 mM), 0.1 mg/
mL bovine serum albumin and NADPH (0.2 mM). Samples were
incubated at room temperature for one minute followed by the
addition of 500 μL of potassium phosphate buffer (0.1 M, pH 7.0)
containing EDTA (1 mM), 0.1 mg/mL bovine serum albumin,
NADPH (0.2 mM) and DTNB (100 μM). The increase in absorbance
at 412 nm was determined using a Cary UV/vis spectrophotometer
over the first minute of the reaction. Inhibition of Trx-R activity in test
compound treated samples was calculated as a percentage of enzyme
activity of that of DMSO (0.1% v/v) vehicle treated controls.

Synthesis of IrCp*Cl(C12H9N2O), 1. Pyridine-2-carboxylic acid
phenylamide (0.05 g, 0.26 mmol) was added to a stirred suspension
of [Ir{η5-C5(CH3)5}Cl2]2 (0.10 g, 0.13 mmol) in ethanol (30 mL) at
80 °C. After 15 min, ammonium hexafluorophosphate (0.10 g, 0.61
mmol) was added and the mixture was stirred at 80 °C for 20 h. The
solvent was evaporated and the residue dissolved in dichloromethane
(50 mL), washed with water (2 × 20 mL), brine (20 mL), dried over
sodium sulfate, and evaporated to form an orange solid. The crude
product was recrystallized using vapor diffusion (dichloromethane/
pentane solvent system) to give 1 as orange crystals (0.06 g, 0.11
mmol, 46%). ES-MS (CH2Cl2, m/z): 525.2 [M-Cl]. Anal. Found: C,
46.5; H, 4.5; N, 4.8; Cl, 6.7%. Anal. Calcd (with 0.05 molecules of
dichloromethane): C, 46.9; H, 4.3; N, 5.0; Cl, 6.9%. 1H NMR (300
MHz, CDCl3, 300 K) 8.57 (br. d, 3J (1H−1H) = 5.4 Hz, 1H, pyridyl
CH ortho to N), 8.17 (br. d, 3J (1H−1H) = 8.0 Hz, 1H, pyridyl CH

Table 4. IC50 Values for Complexes 1−8 on A2780 Cells (with cisplatin and their respective starting dimers: [IrCp*Cl2]2 and
[RhCp*Cl2]2) and Complexes 9−13 on HT-29 and MCF-7 Cells

compd A2780 IC50/μM
a compd HT-29 IC50/μM

a MCF-7 IC50/μM
a MCF-7 IC50/μM

b

cisplatin 0.93 ± 0.04c/1.4 ± 0.3d/ 1.5 ± 0.1e /0.97 ± 0.07f cisplatin 10 ± 3 3 ± 1 53 ± 8
[IrCp*Cl2]2

c 30.9 ± 0.4 9 33 ± 7 35 ± 14 184 ± 2
[RhCp*Cl2]2

c 95 ± 2 10 13 ± 3 11.2 ± 0.7 -
1d 66 ± 2 11 16 ± 3 11.5 ± 0.9 64 ± 17
2d 25 ± 3 12 5.9 ± 0.8 5 ± 1 32 ± 15
3d 33 ± 1 12 (0.5% O2) 34 ± 5
4d 18.6 ± 0.4 13 11.5 ± 0.7 13 ± 3
5d 23 ± 1
6e 19.7 ± 0.6
7e 27 ± 2
8d 28.8 ± 0.5

aThe drugs were incubated for 5 days. bThe drugs were incubated for 1 h. cRefer to different sets of A2780 cells, with different IC50 values for
cisplatin. dRefer to different sets of A2780 cells, with different IC50 values for cisplatin.

eRefer to different sets of A2780 cells, with different IC50
values for cisplatin. fRefer to different sets of A2780 cells, with different IC50 values for cisplatin.

Table 5. IC50 Results of 12 and the Positive Control
Tiripazamine on MCF7 Cell Lines at 21% and 0.5% O2

MCF7

compd 21% O2 0.5% O2

Tirapazamine 1102.8 ± 387.5 183.2 ± 49.5
12 32.3 ± 14.8 34.8 ± 5.2

Figure 3. Inhibition of mammalian Trx-R by compounds 1−12. Each
value presented is the mean IC50 ± standard deviation for three
independent experiments. For compounds 9−12, the IC50 was >10
μM, which was the highest concentration used in these experiments.
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meta to N, ortho to amide), 7.92 (vtd (ddd), 3J (1H−1H) = 7.7 Hz, 3J
(1H−1H) = 7.7 Hz, 4J (1H−1H) = 1.4 Hz, 1H, pyridyl CH para to N),
7.65 (br. dd, 3J (1H−1H) = 8.3 Hz, 4J (1H−1H) = 1.1 Hz, 2H, 2 ×
phenyl CH ortho to amide), 7.49 (ddd, 3J (1H−1H) = 7.5 Hz, 3J
(1H−1H) = 5.6 Hz, 4J (1H−1H) = 1.7 Hz, 1H, pyridyl CH para to
amide), 7.32 (m, 2H, 2 × phenyl CH meta to amide), 7.09 (t, 3J
(1H−1H) = 7.3 Hz,) 1H, phenyl CH para to amide), 1.41 (s, 15H, 5 ×
CH3).

13C{1H} NMR (75 MHz, CD2Cl3, 300 K) 168.4 (NCO), 155.8
(CCON) 149.5 (CH ortho to N on pyridyl ring), 148.1 (CNCO),
138.5 (CH para to N on pyridyl ring), 128.1 (CH meta to NCOR),
127.3 (CH para to CO on pyridyl ring) 126.9 (CH ortho to NCOR),
126.5 (CH ortho to CON on pyridyl ring), 124.3 (CH para to NCO),
86.5 (CCH3), 8.4 (CCH3).
Synthesis of IrCp*Cl(C12H8ClN2O), 2. Pyridine-2-carboxylic acid (2-

chloro-phenyl) amide (0.06 g, 0.26 mmol) was added to a stirred
suspension of [Ir{η5-C5(CH3)5}Cl2]2 (0.10 g, 0.13 mmol) and sodium
bicarbonate (0.02 g, 0.26 mmol) in methanol (3 mL) in a 10 mL
capacity microwave tube. The tube was then sealed and microwave
heating was applied at 150 °C for 10 min. After effervescence from the
solution had subsided, the tube was opened and left to cool. The
resulting suspension was filtered, washed with diethyl ether, and dried
in vacuo to yield orange crystals of 2 (0.10 g, 0.17 mmol, 65%). ES-MS
(CH2Cl2, m/z): 559.1 [M-Cl]. Anal. Found: C, 44.2; H, 4.1; N, 4.6;
Cl, 11.5%. Anal. Calcd: C, 44.4; H, 3.9; N, 4.7; Cl, 11.9%. 1H NMR
(300 MHz, CDCl3, 300 K) 8.58 (ddd, 3J (1H−1H) = 5.5 Hz, 4J
(1H−1H) = 1.4 Hz, 5J (1H−1H) = 0.7 Hz, 1H, pyridyl CH ortho to
N), 8.21 (ddd, 3J (1H−1H) = 7.9 Hz, 4J (1H−1H) = 1.7 Hz, 5J
(1H−1H) = 0.7 Hz, 1H, pyridyl CH meta to N, ortho to amide), 7.93
(vtd (ddd), 3J (1H−1H) = 8.1 Hz, 3J (1H−1H) = 7.8 Hz, 4J (1H−1H) =
1.4 Hz, 1H, pyridyl CH para to N), 7.84 (dd, 3J (1H−1H) = 7.9 Hz, 4J
(1H−1H) = 1.7 Hz, 1H, phenyl CH ortho to amide), 7.49 (vt (dd), 3J
(1H−1H) = 6.6 Hz, 3J (1H−1H) = 5.6 Hz, 4J (1H−1H) = 1.4 Hz, 1H,
pyridyl CH para to amide), 7.40 (dd, 3J (1H−1H) = 7.9 Hz, 4J
(1H−1H) = 1.6 Hz, 1H, phenyl CH ortho to Cl), 7.23 (masked vtd
(ddd), 3J (1H−1H) = 8.1 Hz, 3J (1H−1H) = 7.6 Hz, 4J (1H−1H) = 1.4
Hz, 1H, phenyl CH para to Cl), 7.09 (ddd, 3J (1H−1H) = 8.1 Hz, 3J
(1H−1H) = 7.8 Hz, 4J (1H−1H) = 1.7 Hz,, 1H, phenyl CH para to
amide), 1.47 (s, 15H, 5 × CH3).

13C{1H} NMR (125 MHz, CD2Cl2,
300 K) 168.5 (NCO), 155.2 (CCON), 150.4 (CH ortho to N on
pyridyl ring), 147.2 (CNCO), 139.2 (C para to N on pyridyl ring),
132.8 (CCl), 129.5 (CH ortho to Cl and meta to NCO), 128.7 (CH
ortho to NCO and meta to Cl), 128.0 (CH para to CO and meta to N
on pyridyl ring), 127.9 (CH para to Cl), 126.9 (CH ortho to CO and
meta to N on pyridyl ring), 126.3 (CH para to NCO), 87.5 (CCH3),
9.0 (CCH3).
Synthesis of IrCp*Cl(C12H8ClN2O), 3. Pyridine-2-carboxylic acid (3-

chloro-phenyl) amide (0.06 g, 0.26 mmol) was added to a stirred
suspension of [Ir{η5-C5(CH3)5}Cl2]2 (0.10 g, 0.13 mmol) and sodium
bicarbonate (0.02 g, 0.26 mmol) in methanol (3 mL) in a 10 mL
capacity microwave tube. The tube was then sealed and microwave
heating was applied at 150 °C for 10 min. After effervescence from the
solution had subsided, the tube was opened and left to cool. The
resulting suspension was filtered, washed with hexane, and dried in
vacuo to yield orange crystals of 3 (0.11 g, 0.19 mmol, 71%). ES-MS
(CH2Cl2, m/z): 559.1 [M-Cl]. Anal. Found: C, 44.1; H, 4.3; N, 4.3;
Cl, 11.5%. Anal. Calcd: C, 44.4; H, 3.9; N, 4.7; Cl, 11.9%. 1H NMR
(300 MHz, CDCl3, 300 K) 8.58 (ddd, J = Hz, 1H, CH of pyridyl ortho
to N), 8.16 (ddd, 1H, CH of pyridyl meta to N, ortho to CON), 7.94
(vtd (ddd), 1H, CH of pyridyl para to N), 7.73 (vt (dd), 1H, CH
ortho to NCO and Cl), 7.61 (ddd, 1H, CH of phenyl para to NCO),
7.50 (ddd, 1H, CH of pyridyl meta to N, para to CON), 7.24 (vt (dd),
1H, CH of phenyl meta to NCO and Cl), 7.08 (ddd, 1H, CH para to
Cl), 1.43 (s, 15H, 5 × CH3).

13C{1H} NMR (75 MHz, CDCl2, 300 K)
168.4 (NCO), 155.4 (CCON), 149.6 (CH ortho to N on pyridyl
ring), 149.4 (CNCO), 138.7 (C para to N on pyridyl ring), 133.5
(CCl), 129.0 (CH meta to Cl and NCO), 127.5 (CH para to CO and
meta to N on pyridyl ring), 127.3 (CH ortho to NCO and Cl), 126.6
(CH ortho to CO and meta to N on pyridyl ring), 125.3 (CH ortho to
Cl and meta to NCO), 124.3 (CH para to Cl), 86.7 (CCH3), 8.5
(CCH3).

Synthesis of IrCp*Cl(C12H7Cl2N2O), 4. Pyridine-2-carboxylic acid
(2,4-dichloro-phenyl) amide (0.07 g, 0.26 mmol) was added to a
stirred suspension of [Ir{η5-C5(CH3)5}Cl2]2 (0.10 g, 0.13 mmol) and
sodium bicarbonate (0.02 g, 0.26 mmol) in methanol (3 mL) in a 10
mL capacity microwave tube. The tube was then sealed and microwave
heating was applied at 150 °C for 10 min. After effervescence from the
solution had subsided, the tube was opened and left to cool. The
resulting suspension was filtered, washed with ether, and dried in vacuo
to yield orange crystals of 4 (0.11 g, 0.17 mmol, 67%). ES-MS
(CH2Cl2, m/z): 593.1 [M-Cl]. Anal. Found: C, 41.6; H, 3.9; N, 4.1;
Cl, 16.0% Anal. Calcd (with 0.8 molecules of water): C, 41.1; H, 3.7;
N, 4.4; Cl, 16.5%. 1H NMR (300 MHz, CDCl3, 300 K) 8.61 (br. d, 3J
(1H−1H) = 5.7 Hz, 1H, pyridyl CH ortho to N), 8.24 (br. d, 3J
(1H−1H) = 8.1 Hz, pyridyl CH meta to N, ortho to amide), 7.98 (vtd,
3J (1H−1H) = 7.6 Hz, 4J (1H−1H) = 1.4 Hz, 1H, pyridyl CH para to
N), 7.86 (br. d, 3J (1H−1H) = 8.6 Hz, 1H, phenyl CH ortho to amide,
meta to both Cl), 7.54 (ddd, 3J (1H−1H) = 7.5 Hz, 3J (1H−1H) = 5.7
Hz, 4J (1H−1H) = 1.4 Hz,, 1H, pyridyl CH para to amide), 7.47 (d, 4J
(1H−1H) = 2.4 Hz, 1H, phenyl CH ortho to both Cl), 7.25 (dd, 3J
(1H−1H) = 8.6 Hz, 4J (1H−1H) = 2.4 Hz, 1H, phenyl CH meta to
amide, ortho and para to Cl), 1.49 (s, 15H, 5 × CH3).

13C{1H} NMR
(125 MHz, CD2Cl2, 300 K) 168.6 (NCO), 154.9 (CCON), 150.5
(CH ortho to N on pyridyl ring), 146.1 (CNCO), 139.3 (C para to N
on pyridyl ring), 133.6 (CCl ortho to NCO), 130.7 (CCl para to
NCO) 129.7 (CH ortho to NCO and meta to both Cl), 129.2 (CH
meta to NCO and ortho to both Cls), 128.2 (CH para to CO and
meta to N on pyridyl ring), 127.0 (CH ortho to CO and meta to N on
pyridyl ring), 87.6 (5 × CCH3), 9.1 (5 × CCH3).

Synthesis of IrCp*Cl(C12H7Cl2N2O), 5. Pyridine-2-carboxylic acid
(2,5-dichloro-phenyl) amide (0.07 g, 0.26 mmol) was added to a
stirred suspension of [Ir{η5-C5(CH3)5}Cl2]2 (0.10 g, 0.13 mmol) and
sodium bicarbonate (0.02 g, 0.26 mmol) in methanol (3 mL) in a 10
mL capacity microwave tube. The tube was then sealed and microwave
heating was applied at 150 °C for 10 min. After effervescence from the
solution had subsided, the tube was opened and left to cool. The
resulting suspension was filtered, washed with ether, and dried in vacuo
to yield 5 as a yellow powder (0.13 g, 0.21 mmol, 82%). ES-MS
(CH2Cl2, m/z): 593.1 [M-Cl]. Anal. Found: C, 41.5; H, 3.4; N, 4.2;
Cl, 16.6%. Anal. Calcd: C, 42.0; H, 3.5; N, 4.5; Cl, 16.9%. 1H NMR
(300 MHz, CDCl3, 300 K) 8.58 (ddd, 3J (1H−1H) = 5.6 Hz, 4J
(1H−1H) = 1.4 Hz, 5J (1H−1H) = 0.6 Hz, 1H, pyridyl CH ortho to
N), 8.22 (ddd, 3J (1H−1H) = 7.8 Hz, 4J (1H−1H) = 1.6 Hz, 5J
(1H−1H) = 0.6 Hz, 1H, pyridyl CH meta to N, ortho to amide), 7.95
(vtd, 3J (1H−1H) = 7.7 Hz, 3J (1H−1H) = 7.7 Hz, 4J (1H−1H) = 1.4
Hz, 1H, pyridyl CH para to N), 7.89 (br. d, 4J(1H−1H) = 2.6 Hz, 1H,
CH ortho to Cl and NCOR), 7.50 (ddd, 3J (1H−1H) = 6.5 Hz, 3J
(1H−1H) = 5.6 Hz, 4J (1H−1H) = 1.7 Hz, 1H, pyridyl CH para to
amide), 7.33 (br. d, 3J (1H−1H) = 8.5 Hz, 1H, CH meta to NCOR)
7.07 (dd, 3J (1H−1H) = 8.6 Hz, 4J (1H−1H) = 2.6 Hz, 1H, CH para to
NCOR), 1.49 (s, 15H, CCH3).

13C{1H} NMR (75 MHz, CDCl3, 300
K) 167.8 (NCO), 154.5 (CCON), 149.5 (CH ortho to N on pyridyl
ring), 147.3 (CNCO), 138.7 (C para to N on pyridyl ring), 132.6
(CCl meta to NCO), 130.8 (CCl ortho to NCO) 129.8 (CH meta to
NCOR), 128.5 (CH ortho to NCOR), 127.5 (CH para to CO and
meta to N on pyridyl ring), 127.0 (CH ortho to CONR), 125.8 (CH
para to NCOR), 87.0 (5 × CCH3), 8.7 (5 × CCH3).

Synthesis of IrCp*Cl(C12H7F2N2O), 6. Pyridine-2-carboxylic acid
(2,4-difluoro-phenyl) amide (0.07 g, 0.30 mmol) and [IrCp*Cl2]2
(0.10 g, 0.13 mmol) were dissolved in ethanol (30 mL) and the
solution was refluxed for 30 min. Ammonium hexafluorophosphate
(0.10g, 0.61 mmol) was added and the mixture was refluxed overnight.
The resulting yellow solution was evaporated to dryness, redissolved in
dichloromethane (50 mL) and washed with water (2 × 10 mL) and
brine (10 mL), dried using sodium sulfate and filtered. 6 was
recrystallized by dichloromethane/hexane layer diffusion (0.06 g, 0.10
mmol, 40%). ES-MS (CH2Cl2, m/z): 561.1 [M-Cl]. Anal. Found: C:
43.8, H: 3.8, N: 4.4%. Anal. Calcd: C, 44.3; H, 3.7; N, 4.7%. 1H NMR
(300 MHz, CDCl3, 300 K) 8.58 (br. d, 3J (1H−1H) = 5.6 Hz, 1H,
pyridyl CH ortho to N), 8.18 (br. d, 3J (1H−1H) = 7.5 Hz, 1H, pyridyl
CH meta to N, ortho to amide), 7.94 (vdt (ddd), 3J (1H−1H) = 7.8
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Hz, 3J (1H−1H) = 7.5 Hz, 4J (1H−1H) = 1.4 Hz, 1H, pyridyl CH para
to N), 7.75 (vbr. q (ddd), 3J (1H−1H) = 8.6 Hz, 3J (1H−1H) = 8.6 Hz,
4J (1H−19F) = 8.6 Hz, 1H, phenyl CH ortho to NCO and F), 7.51
(ddd, 3J (1H−1H) = 7.3 Hz, 3J (1H−1H) = 5.8 Hz, 4J (1H−1H) = 1.7
Hz, 1H, pyridyl CH para to amide), 6.86 (m, 2H, CH ortho to F
groups and CH ortho and para to F), 1.45 (s, 15H, 5 × CH3).

13C{1H}
NMR (125 MHz, CDCl3, 300 K) 168.4 (NCO), 159.9 (dd, 1J
(13C−19F) = 245.1 Hz, 4J (13C−19F) = 11.1 Hz, CF), 157.6 (dd, 1J
(13C−19F) = 294.4 Hz, 4J (13C−19F) = 11.8 Hz, CF), 154.4 (CCON),
149.6 (CH ortho to N on pyridyl ring), 138.6 (CH para to N on
pyridyl ring), 132.2 (dd, 2J (13C−19F) =13.2 Hz, 4J (13C−19F) = 3.9
Hz, CNCO), 128.8 (dd, 3J (13C−19F) = 9.3 Hz, 3J (13C−19F) = 4.1 Hz,
CH ortho to NCO), 127.5 (CH para to CONR), 126.7 (CH ortho to
CO and meta to N on pyridyl ring), 111.0 (dd, 2J (13C−19F) =21.5 Hz,
4J (13C−19F) = 3.5 Hz, CH meta to NCO and para to F), 103.4 (vt
(dd), 2J (13C−19F) =25.5 Hz, 2J (13C−19F) =25.5 Hz, CH ortho to F
groups), 86.6 (5 × CCH3), 8.4 (5 × CCH3).
Synthesis of IrCp*Cl(C12H7F2N2O), 7. Pyridine-2-carboxylic acid

(2,5-difluoro-phenyl) amide (0.07 g, 0.30 mmol) and [IrCp*Cl2]2
(0.10 g, 0.13 mmol) were dissolved in ethanol (30 mL) and the
solution was refluxed for 30 min. Ammonium hexafluorophosphate
(0.10 g, 0.61 mmol) was added and the mixture was refluxed
overnight. The resulting yellow solution was evaporated to dryness,
redissolved in dichloromethane (50 mL), washed with water (2 × 10
mL) and brine (10 mL), dried using sodium sulfate, and filtered. 7 was
recrystallized by dichloromethane/hexane layer diffusion (0.07 g, 0.12
mmol, 47%). ES-MS (CH2Cl2, m/z): 561.1 [M-Cl]. Anal. Found: C,
44.5; H, 3.7; N, 4.6%. Anal. Calcd: C, 44.3; H, 3.7; N, 4.7%. 1H NMR
(300 MHz, CDCl3, 300 K) 8.59 (ddd, 3J (1H−1H) = 5.5 Hz, 3J
(1H−1H) = 1.4 Hz, 3J (1H−1H) = 0.7 Hz, 1H, pyridyl CH ortho to
N), 8.19 (ddd, 3J (1H−1H) = 7.8 Hz, 4J (1H−1H) = 1.6 Hz, 5J
(1H−1H) = 0.7 Hz, 1H, pyridyl CH meta to N, ortho to amide), 7.95
(vdt (ddd), 3J (1H−1H) = 7.7 Hz, 3J (1H−1H) = 7.7 Hz, 4J (1H−1H) =
1.4 Hz, 1H, pyridyl CH para to N), 7.48−7.58 (m, 2H, pyridyl CH
para to amide and phenyl CH ortho to NCO and F), 7.07 (vtd (ddd),
3J (1H−1H) = 5.1 Hz, 3J (1H−1H) = 9.2 Hz, 4J (1H−1H) = 9.2 Hz, 1H,
phenyl CH meta to amide), 6.77 − 6.85 (m, 1H, phenyl CH para to
NCO) 1.46 (s, 15H, 5 × CH3).

13C{1H} NMR (125 MHz, CDCl3,
300 K) 168.2 (NCO), 159.8 (dd, 1J(13C−19F) = 242.5 Hz,
4J(13C−19F) = 2.3 Hz, CF meta to NCO), 153.4 (dd, 1J(13C−19F) =
242.4 Hz, 4J(13C−19F) = 2.9 Hz, CF ortho to NCO), 154.4 (CCON),
149.6 (CH ortho to N on pyridyl ring), 138.7 (CH para to N on
pyridyl ring), 137.1 (dd, 2J(13C−19F) = 15.7 Hz, 3J(13C−19F) = 11.3
Hz, CNCO), 127.6 (CH para to CONR), 126.8 (CH ortho to CO and
meta to N on pyridyl ring), 115.7 (dd, 2J (19F−13C) = 23.9 Hz, 3J
(19F−13C) = 9.7 Hz, CH meta to NCO), 114.9 (dd, 2J (19F−13C) =
24.7 Hz, 3J (19F−13C) = 2.9 Hz, CH ortho to NCO) 112.1(dd, 2J
(19F−13C) = 24.3 Hz, 3J (19F−13C) = 7.9 Hz, CH para to NCO), 86.7
(5 × CCH3), 8.4 (5 × CCH3).
Synthesis of RhCp*Cl(C12H8ClN2O), 8. Pyridine-2-carboxylic acid

(3-chloro-phenyl) amide (0.06 g, 0.26 mmol) and sodium bicarbonate
(0.02 g, 0.26 mmol) was added to a stirred suspension of [RhCp*Cl2]2
(0.12 g, 0.13 mmol) in methanol (25 mL). The mixture was heated to
reflux for 18 h. The resulting solution was evaporated to dryness and
the crude product recrystallized from hot methanol to give red crystals
of 8 suitable for X-ray crystallography. The bulk sample was purified
using layer diffusion with a dichloromethane/hexane solvent system
(0.15 g, 0.30 mmol, 76%). ES-MS (CH2Cl2, m/z): 469.1 [M-Cl]. Anal.
Found: C, 50.8; H, 4.9; N, 4.9%. Anal. Calcd (with 0.33 molecules of
dichloromethane): C, 50.3; H, 4.5; N, 5.3%. 1H NMR (300 MHz,
CDCl3, 300 K) 8.63 (br. d, J (1H−1H) = 5.4 Hz, 1H, CH of pyridyl
ortho to N), 8.16 (br. d, J (1H−1H) = 7.8 Hz, 1H, CH of pyridyl meta
to N, ortho to CON), 7.95 (vtd (ddd), 3J (1H−1H) = 7.7 Hz, 3J
(1H−1H) = 7.7 Hz, 4J (1H−1H) = 1.4 Hz, 1H, CH of pyridyl para to
N), 7.83 (vt (dd), 4J (1H−1H) = 2.0 Hz, 1H, CH ortho to NCO and
Cl), 7.72 (ddd, 3J (1H−1H) = 8.0 Hz, 4J (1H−1H) = 1.8 Hz, 4J
(1H−1H) = 1.0 Hz, 1H, CH of phenyl para to NCO), 7.54 (ddd, 3J
(1H−1H) = 6.5 Hz, 3J (1H−1H) = 5.6 Hz, 4J (1H−1H) = 1.6 Hz, 1H,
CH of pyridyl meta to N, para to CON), 7.24 (masked vt (dd), 3J

(1H−1H) = 8.0 Hz, 1H, CH of phenyl meta to NCO and Cl), 7.06
(ddd, 1H, 3J (1H−1H) = 8.0 Hz, 4J (1H−1H) = 2.1 Hz, 4J (1H−1H) =
1.1 Hz, CH para to Cl), 1.43 (s, 15H, 5 × CH3).

13C{1H} NMR (75
MHz, CDCl3, 300 K) 168.6 (NCO), 156.3 (CCON), 149.7 (CH
ortho to N on pyridyl ring), 149.6 (CNCO), 138.9 (C para to N on
pyridyl ring), 133.5 (CCl), 128.9 (CH meta to Cl and NCO), 127.4
(CH para to CO and meta to N on pyridyl ring), 127.1 (CH ortho to
NCO and Cl), 126.1 (CH ortho to CO and meta to N on pyridyl
ring), 125.5 (CH ortho to Cl and meta to NCO), 124.0 (CH para to
Cl), 94.7 (d, 1J(13C-103Rh) = 8.0 Hz, CCH3), 8.6 (CCH3).

Synthesis of Ru-p-cymene Cl(C12H8ClN2O), 9. Pyridine-2-carboxylic
acid (2-chloro-phenyl) amide (0.07 g, 0.32 mmol) was added to a
solution of [Ru{η6-p-cymene}Cl2]2 (0.10 g, 0.16 mmol) in ethanol (50
mL) and the mixture was warmed at 50 °C for 15 min then filtered
over to ammonium hexafluorophosphate (0.10 g, 0.61 mmol). The
resulting solution was stirred overnight then evaporated to dryness.
The crude product was washed with petroleum ether (bp 40−60 °C)
(3 × 10 mL) and recrystallized from methanol to yield orange crystals
of 9 (0.076 g, 0.15 mmol, 47%). ES MS (+): m/z 503 [M+]. Anal.
Found: C, 50.20; H, 4.55; N, 5.30%. Anal. Calcd (with 1 molecule of
H2O): C, 50.77; H, 4.65; N, 5.38%.

1H NMR (CD3OD, 300.13 MHz,
300 K) δ 9.33 (d, 1H, 3J(1H−1H) = 5.4 Hz, CH of C5H4N), 8.12 (t of
d, 1H, 3J(1H−1H) = 7.8 Hz, 4J(1H−1H) = 1.5 Hz, CH of C5H4N),
7.96 (d of d, 1H, 3J(1H−1H) = 7.8 Hz, 4J(1H−1H) = 1.5 Hz, CH of
C5H4N), 7.76 (d of d, 1H, 3J(1H−1H) = 7.8 Hz, 4J(1H−1H) = 1.5 Hz,
CH of C6H4Cl), 7.69 (m, 1H, CH of C5H4N), 7.57 (d of d, 1H,
3J(1H−1H) = 7.9 Hz, 4J(1H−1H) = 1.6 Hz, CH of C6H4Cl), 7.25−7.38
(m, 2H, 2 × CH of C6H4Cl), 5.60 (d, 1H,

3J(1H−1H) = 6.3 Hz, CH of
H3CC6H4C(H)(CH3)2), 5.44−5.53 (m, 2H, 2 × CH of H3CC6H4C-
(H)(CH3)2), 4.82 (m, 1H, CH of H3CC6H4C(H)(CH3)2), 2.69 (sept,
1H, 3J(1H−1H) = 6.9 Hz, CH of H3CC6H4C(H)(CH3)2), 2.10 (s, 3H,
CH3 of H3CC6H4C(H)(CH3)2), 1.10 (d, 3H, 3J(1H−1H) = 6.9 Hz,
CH3 of H3CC6H4C(H)(CH3)2), 1.00 (d, 3H, 3J(1H−1H) = 6.9 Hz,
CH3 of H3CC6H4C(H)(CH3)2).

13C{1H} NMR (CD3OD, 75.47
MHz, 300 K) δ 169.0 (CONRu), 156.3 (CH of C5H4N), 156.2
(Quaternary C), 150.9 (Quaternary C), 140.8 (CH of C5H4N), 131.8
(Quaternary C), 131.1 (CH of C6H4Cl), 129.4 (CH of C6H4Cl), 129.0
(CH), 128.3 (CH of C6H4Cl), 126.9 (CH of C5H4N), 105.4
(Quaternary C of H3CC6H4C(H)(CH3)2), 99.7 (Quaternary C of
H3CC6H4C(H)(CH3)2), 88.1 (CH of H3CC6H4C(H)(CH3)2), 86.7
(CH of H3CC6H4C(H)(CH3)2), 86.5 (CH of H3CC6H4C(H)-
(CH3)2), 82.6 (CH of H3CC6H4C(H)(CH3)2), 32.9 (CH of
H3CC6H4C(H)(CH3)2), 23.4 (CH3 of H3CC6H4C(H)(CH3)2), 22.3
(CH3 of H3CC6H4C(H)(CH3)2), 19.1 (CH3 of H3CC6H4C(H)-
(CH3)2).

Synthesis of Ru-p-cymene Cl(C12H8ClN2O), 10. Pyridine-2-
carboxylic acid (3-chloro-phenyl) amide (0.07 g, 0.32 mmol) was
added to a solution of [Ru{η6-p-cymene}Cl2]2 (0.10 g, 0.16 mmol) in
ethanol (50 mL) and the mixture was warmed at 50 °C for 15 min
then filtered over to ammonium hexafluorophosphate (0.10 g, 0.61
mmol). The resulting solution was stirred overnight then evaporated
to dryness. The crude product was washed with petroleum ether (bp
40−60 °C) (3 × 10 mL) and recrystallized from methanol to yield
orange crystals of 10 (0.104 g, 0.21 mmol, 65%). ES MS (+): m/z 503
[M+]. Anal. Found: C, 52.2; H, 4.4; N, 5.5%. Anal. Calcd: C, 52.6; H,
4.4; N, 5.6%. 1H NMR (CD3OD, 500.13 MHz, 300 K) δ 9.27 (br. d,
1H, 3J(1H−1H) = 5.5 Hz, CH of C5H4N), 8.09 (t of d, 1H,

3J(1H−1H)
= 7.7 Hz, 4J(1H−1H) = 1.4 Hz, CH of C5H4N), 7.95 (br. d, 1H,
3J(1H−1H) = 7.8 Hz, CH of C5H4N), 7.64−7.68 (m, 2H, 2 × CH),
7.53 (m, 1H, CH of C6H4Cl), 7.39 (t, 1H,

3J(1H−1H) = 8.0 Hz, CH of
C6H4Cl), 7.23 (m, 1H, CH of C6H4Cl), 5.59 (d, 1H,

3J(1H−1H) = 6.1
Hz, CH of H3CC6H4C(H)(CH3)2), 5.42 (d, 1H,

3J(1H−1H) = 6.1 Hz,
CH of H3CC6H4C(H)(CH3)2), 5.30 (d, 1H,

3J(1H−1H) = 6.0 Hz, CH
of H3CC6H4 C(H)(CH3)2), 4.94 (d, 1H, 3J(1H−1H) = 6.0 Hz, CH of
H3CC6H4C(H)(CH3)2), 2.58 (sept, 1H, 3J(1H−1H) = 6.9 Hz, CH of
H3CC6H4C(H)(CH3)2), 2.16 (s, 3H, CH3 of H3CC6H4C(H)(CH3)2),
1.05−1.30 (m, 6H, 2 × CH3 of H3CC6H4C(H)(CH3)2).

13C{1H}
NMR (CD3OD, 125.77 MHz, 300 K) δ 169.1 (CONRu), 156.2
(Quaternary C), 155.8 (CH of C5H4N), 154.4 (Quaternary C), 140.8
(CH of C5H4N), 134.9 (Quaternary C), 130.8 (CH of C6H4Cl), 128.6
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(CH), 127.5 (CH), 126.6 (CH of C5H4N), 126.0 (CH of C6H4Cl),
125.9 (CH of C6H4Cl), 103.7 (Quaternary C of H3CC6H4C(H)-
(CH3)2), 101.9 (Quaternary C of H3CC6H4C(H)(CH3)2), 86.3 (CH
of H3CC6H4C(H)(CH3)2), 85.9 (CH of H3CC6H4C(H)(CH3)2), 85.5
(CH of H3CC6H4C(H)(CH3)2), 85.3 (CH of H3CC6H4C(H)-
(CH3)2), 32.2 (CH of H3CC6H4C(H)(CH3)2), 22.5 (CH3 of
H3CC6H4C(H)(CH3)2), 22.1 (CH3 of H3CC6H4C(H)(CH3)2), 18.9
(CH3 of H3CC6H4C(H)(CH3)2). ES MS (+): m/z 467 [M+]-Cl.
Synthesis of Ru-p-cymene Cl(C12H7Cl2N2O), 11. Pyridine-2-

carboxylic acid (2,4-dichloro-phenyl) amide (0.09 g, 0.32 mmol) was
added to a solution of [Ru{η6-p-cymene}Cl2]2 (0.10 g, 0.16 mmol) in
ethanol (50 mL) and the mixture was warmed at 50 °C for 15 min
then filtered over to ammonium hexafluorophosphate (0.10 g, 0.61
mmol). The resulting solution was stirred overnight then evaporated
to dryness. The crude product was washed with petroleum ether (bp
40−60 °C) (3 × 10 mL) and recrystallized from methanol to yield
orange crystals of 11 (0.098 g, 0.18 mmol, 57%). ES MS (+): m/z 501
[M+]-Cl. Anal. Found: C, 49.1; H, 3.9; N, 5.2%. Anal. Calcd: C, 49.2;
H, 3.9; N, 5.2%. 1H NMR (CD3OD, 500.13 MHz, 300 K) δ 9.31 (d,
1H, 3J(1H−1H) = 5.0 Hz, CH of C5H4N), 8.11 (t of d, 1H,

3J(1H−1H)
= 7.7 Hz, 4J(1H−1H) = 1.4 Hz, CH of C5H4N), 7.95 (br. d, 1H,
3J(1H−1H) = 7.8 Hz, CH of C5H4N), 7.75 (d, 1H, 3J(1H−1H) = 8.5
Hz, CH of C6H3Cl2), 7.69 (m, 1H, CH of C5H4N), 7.60 (d, 1H,
4J(1H−1H) = 2.3 Hz, CH of C6H3Cl2), 7.36 (d of d, 1H, 3J(1H−1H) =
8.5 Hz, 4J(1H−1H) = 2.3 Hz, CH of C6H3Cl2), 5.65 (d, 1H,
3J(1H−1H) = 6.7 Hz, CH of H3CC6H4C(H)(CH3)2), 5.47−5.48 (m,
2H, 2 × CH of H3CC6H4C(H)(CH3)2), 4.90 (d, 1H, 3J (1H−1H) =
6.0 Hz, CH of H3CC6H4C(H)(CH3)2), 2.67 (sept, 1H, 3J(1H−1H) =
6.9 Hz, CH of H3CC6H4C(H)(CH3)2), 2.10 (s, 3H, CH3 of
H3CC6H4C(H)(CH3)2), 1.09 (d, 3H, 3J(1H−1H) = 6.9 Hz, CH3 of
H3CC6H4C(H)(CH3)2), 1.01 (d, 3H, 3J(1H−1H) = 6.9 Hz, CH3 of
H3CC6H4C(H)(CH3)2).

13C{1H} NMR (CD3OD, 125.77 MHz, 300
K) δ 155.8 (CH of C5H4N), 155.6 (Quaternary C), 149.4 (Quaternary
C), 140.5 (CH of C5H4N), 132.5 (Quaternary C), 132.2 (Quaternary
C), 130.3 (CH of C6H3Cl2), 130.1 (CH of C6H3Cl2), 128.9 (CH of
C6H3Cl2), 128.7 (CH of C5H4N), 126.5 (CH of C5H4N), 105.0
(Quaternary C of H3CC6H4C(H)(CH3)2), 99.9 (Quaternary C of
H3CC6H4C(H)(CH3)2), 87.2 (CH of H3CC6H4C(H)(CH3)2), 86.3
(CH of H3CC6H4C(H)(CH3)2), 85.9 (CH of H3CC6H4C(H)-
(CH3)2), 82.7 (CH of H3CC6H4C(H)(CH3)2), 32.3 (CH of
H3CC6H4C(H)(CH3)2), 22.9 (CH3 of H3CC6H4C(H)(CH3)2), 22.0
(CH3 of H3CC6H4C(H)(CH3)2), 18.8 (CH3 of H3CC6H4C(H)-
(CH3)2).
Synthesis of Ru-p-cymene Cl(C12H7Cl2N2O), 12. Pyridine-2-

carboxylic acid (2,5-dichloro-phenyl) amide (0.09 g, 0.32 mmol) was
added to a solution of [Ru{η6-p-cymene}Cl2]2 (0.10 g, 0.16 mmol) in
ethanol (50 mL) and the mixture was warmed at 50 °C for 15 min
then filtered over to ammonium hexafluorophosphate (0.10 g, 0.61
mmol). The resulting solution was stirred overnight then evaporated
to dryness. The crude product was washed with petroleum ether (bp
40−60 °C) (3 × 10 mL) and recrystallized from methanol to yield
orange crystals of 12 (0.11 g, 0.20 mmol, 62%). ES MS (+): m/z 501
[M+]-Cl. Anal. Found: C, 47.3; H, 4.5; N, 5.0%. Anal. Calcd (with 1
molecule of H2O): C 47.6; H 4.2; N 5.1%. 1H NMR (CD3OD, 500.13
MHz, 300 K) δ 9.31 (d, 1H, 3J(1H−1H) = 5.5 Hz, CH of C5H4N),
8.11 (t of d, 1H, 3J(1H−1H) = 7.7 Hz, 4J(1H−1H) = 1.4 Hz, CH of
C5H4N), 7.96 (d, 1H, 3J(1H−1H) = 7.8 Hz, CH of C5H4N), 7.81 (d,
1H, 4J(1H−1H) = 2.6 Hz, CH of C6H3Cl2), 7.69 (m, 1H, CH of
C5H4N), 7.54 (d, 1H, 3J(1H−1H) = 8.6 Hz, CH of C6H3Cl2), 7.27 (d
of d, 1H, 3J(1H−1H) = 8.6 Hz, 4J(1H−1H) = 2.6 Hz, CH of C6H3Cl2),
5.57 (d, 1H, 3J(1H−1H) = 5.9 Hz, CH of H3CC6H4C(H)(CH3)2),
5.48−5.51 (m, 2H, 2 × CH of H3CC6H4C(H)(CH3)2), 4.94 (d, 1H,
3J(1H−1H) = 5.9 Hz, CH of H3CC6H4C(H)(CH3)2), 2.68 (sept, 1H,
3J(1H−1H) = 6.9 Hz, CH of H3CC6H4C(H)(CH3)2), 2.16 (s, 3H,
CH3 of H3CC6H4C(H)(CH3)2), 1.11 (d, 3H, 3J (1H−1H) = 6.9 Hz,
CH3 of H3CC6H4C(H)(CH3)2), 1.00 (d, 3H, 3J (1H−1H) = 6.9 Hz,
CH3 of H3CC6H4C(H)(CH3)2).

13C{1H} NMR (CD3OD, 125.77
MHz, 300 K) δ 168.6 (CONRu), 155.9 (CH of C5H4N), 155.6
(Quaternary C), 151.8 (Quaternary C), 140.5 (CH of C5H4N), 133.8

(Quaternary C), 131.8 (CH of C6H3Cl2), 130.3 (Quaternary C), 128.9
(CH of C6H3Cl2), 128.8 (CH of C5H4N), 127.7 (CH of C6H3Cl2),
126.6 (CH of C5H4N), 105.5 (Quaternary C of H3CC6H4C(H)-
(CH3)2), 98.9 (Quaternary C of H3CC6H4C(H)(CH3)2), 88.1 (CH of
H3CC6H4C(H)(CH3)2), 86.9 (CH of H3CC6H4C(H)(CH3)2), 82.2
(CH of H3CC6H4C(H)(CH3)2), 32.3 (CH of H3CC6H4C(H)-
(CH3)2), 22.8 (CH3 of H3CC6H4C(H)(CH3)2), 21.9 (CH3 of
H3CC6H4C(H)(CH3)2), 18.8 (CH3 of H3CC6H4C(H)(CH3)2).

Synthesis of Ru-p-cymene Cl(C12H7Cl2N2O), 13. Quinoline-2-
carboxylic acid (2,6-dichloro-phenyl)-amide (0.10 g, 0.32 mmol) was
added to a solution of [Ru{η6-p-cymene}Cl2]2 (0.10 g, 0.16 mmol) in
ethanol (50 mL) and the mixture was warmed at 50 °C for 15 min
then filtered over to ammonium hexafluorophosphate (0.10 g, 0.61
mmol). The resulting solution was stirred overnight then evaporated
to dryness. The crude product was washed with petroleum ether (bp
40−60 °C) (3 × 10 mL) and recrystallized from methanol to yield
orange crystals of 13 (0.09 g, 0.15 mmol, 48%). ES MS (+): m/z 551.0
[M+]-Cl. Anal. Found: C. 53.3; H. 3.9; N. 4.7%. Anal. Calcd:C 53.2; H
4.0; N 4.8%. It was noticed that there was exchange between the
deuterated NMR solvent and the protons of the methyl group on the
para-cymene ring. 1H NMR (CD3OD, 500.13 MHz, 300 K) δ 8.95 (d,
1H, 3J(1H−1H) = 8.8 Hz, CH of C9H6N), 8.61 (d, 1H, 3J(1H−1H) =
8.4 Hz, CH of C9H6N), 8.12−8.14 (m, 2H, 2 × CH of C9H6N), 8.08
(m, 1H, CH of C9H6N), 7.86 (m, 1H, CH of C9H6N), 7.61 (d of d,
1H, 3J(1H−1H) = 8.0 Hz, 4J(1H−1H) = 1.4 Hz, CH of C6H3Cl2), 7.56
(d of d, 1H, 3J(1H−1H) = 8.0 Hz, 4J(1H−1H) = 1.4 Hz, CH of
C6H3Cl2), 7.30 (t, 1H, 3J(1H−1H) = 8.1 Hz, CH of C6H3Cl2), 5.79
(m, 2H, 2 × CH of DH2CC6H4C(H)(CH3)2), 5.47 (d, 1H,
3J(1H−1H) = 6.0 Hz, CH of DH2CC6H4C(H)(CH3)2), 4.87 (d, 1H,
3J(1H−1H) = 5.5 Hz, CH of DH2CC6H4C(H)(CH3)2), 2.55 (sept,
1H, 3J(1H−1H) = 6.9 Hz, CH of DH2CC6H4C(H)(CH3)2), 2.17 (s,
2H, CH2D of DH2CC6H4C(H)(CH3)2), 0.99 (d, 3H, 3J(1H−1H) =
6.9 Hz, CH3 of DH2CC6H4C(H)(CH3)2), 0.66 (d, 3H, 3J(1H−1H) =
6.9 Hz, CH3 of DH2CC6H4C(H)(CH3)2).

13C{1H} NMR (CD3OD,
125.77 MHz, 300 K) δ 170.7 (CONRu), 156.6 (Quaternary C), 149.3
(Quaternary C), 148.1 (Quaternary C), 141.4 (CH of C9H6N), 134.5
(Quaternary C), 134.3 (Quaternary C), 132.6 (CH of C9H6N), 132.1
(Quaternary C), 131.0 (CH of C9H6N), 130.8 (CH of C6H3Cl2),
130.1 (CH), 130.0 (CH), 129.9 (CH of C9H6N), 127.9 (CH of
C6H3Cl2), 122.8 (CH of C9H6N), 105.1 (C of DH2CC6H4C(H)-
(CH3)2), 85.5 (CH of DH2CC6H4C(H)(CH3)2), 85.4 (CH of
DH2CC6H4C(H)(CH3)2), 85.3 (CH of DH2CC6H4C(H)(CH3)2),
85.0 (CH of DH2CC6H4C(H)(CH3)2), 32.6 (CH of DH2CC6H4C-
(H)(CH3)2), 23.8 (CH3 of DH2CC6H4C(H)(CH3)2), 21.1 (CH3 of
DH2CC6H4C(H)(CH3)2), 19.0 (CH3 of DH2CC6H4C(H)(CH3)2).
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Mechanistic and Cytotoxicity Studies of Group IV
b-Diketonate Complexes
Rianne M. Lord,[a] James J. Mannion,[a] Andrew J. Hebden,[a] Adi E. Nako,[a]

Benjamin D. Crossley,[a] Max W. McMullon,[a] Felix D. Janeway,[a] Roger M. Phillips,[b] and
Patrick C. McGowan*[a]

Group IV metal complexes have previously shown promise as
novel anticancer agents. Here, we discuss the mechanistic and
cytotoxic nature of a series of group IV b-diketonate coordina-
tion complexes. Clear evidence that the ligands are exchangea-
ble on the metal centre and that the b-diketonate ligands can
act as potential drug delivery vehicles of the group IV metal
ions was obtained. When evaluated for the cytotoxicity against
human colon adenocarcinoma (HT-29) and human breast ade-
nocarcinoma (MCF-7) cell lines, a general trend of decreasing
potency down the group IV metals was observed. The most
promising results obtained were for the hafnium complexes,
with the tris diphenyl b-diketonate hafnium complex exhibit-
ing IC50 values of 4.9!0.9 mm and 3.2!0.3 mm against HT-29
and MCF-7, respectively, which are comparable with the activi-
ty of cisplatin against the same cell lines. This tri b-diketonate
hafnium complex is the first to show potent in vitro cytotoxic
activity. The results reported show that ligand design has a sig-
nificant effect on the cytotoxic potential of the complexes, and
that these group IV complexes warrant further evaluation as
novel metal-containing anticancer agents.

After the discovery of titanocene dichloride by Kçpf and Kçpf-
Maier,[1] cis[(CH3CH2O)2(bzac)2TiIV] (budotitane) was one of the
first titanium-based anticancer agents to enter clinical trials.
The synthesis and cytotoxic activity of budotitane was first re-
ported by Keppler et al.[2] Preliminary testing in vivo showed
budotitane to be active against a range of transplantable tu-
mours with no evidence of mutagenicity, hence it was put for-
ward for clinical trials.[3] In clinical trials, the maximum tolerated
dose (MTD) of budotitane was found to be 230 mg m"2 on a bi-
weekly schedule, but phase I trials were terminated due to
severe adverse side effects, in particular cardiotoxicity.[4]

We have been interested in the synthesis of group IV metal-
locene complexes, with particular interest in increased water
solubility and high activity against a range of cancer cell lines,

including a cisplatin resistant cell line.[5] Previously, Keppler
et al. have reported in vivo studies of group IV b-diketonates,
showing that seven-coordinated complexes have the lowest
activity.[6] Other work has been carried out with the group IV
metals using functionalised cyclopentadienyl (Cp) complexes
and N,O-chelating N,N’-bis(salicylidene)ethylenediamine (salan)
complexes. Both complex classes exhibit a significant increase
in activity when compared with budotitane and titanocene di-
chloride, with the salan complexes having activities in the
nanomolar range.[6]

Here, we report a series of asymmetric and symmetric group
IV halide complexes incorporating b-diketonate ligands
(Scheme 1). Studies have been carried out to determine the la-
bility of the complexes in solution, and we provide mechanistic
evidence to suggest the exchange of acetylacetonate (acac) li-
gands bound to the metal centre. Their cytotoxic behaviour of
the complexes was also evaluated in order to obtain structure–
activity relationships.

Scheme 1. Synthetic route for a) bis-b-diketonate metal (IV) chloride com-
plexes and b) a tris-b-diketonate hafnium(IV) chloride complex. Reagents and
conditions : a) MCl4, solvent, RT, 16 h; b) HfCl4, Et2O, RT, 16 h.

[a] R. M. Lord, Dr. J. J. Mannion, Dr. A. J. Hebden, A. E. Nako, Dr. B. D. Crossley,
M. W. McMullon, F. D. Janeway, Dr. P. C. McGowan
Chemistry Department, University of Leeds
Woodhouse Lane, Leeds, West Yorkshire, LS2 9JT (UK)
E-mail : p.c.mcgowan@leeds.ac.uk

[b] Dr. R. M. Phillips
The Institute of Cancer Therapeutics, University of Bradford
Bradford, West Yorkshire, BD7 1DP (UK)

Supporting information for this article is available on the WWW under
http://dx.doi.org/10.1002/cmdc.201402019.
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Complexes 1–8 were synthesised according to Scheme 1 a
and isolated as analytically pure complexes. Complexes 1 and
5 have previously been reported within the literature.[8] All
complexes were fully characterised by 1H NMR spectroscopy,
13C{1H} spectroscopy and microanalysis (see Supporting Infor-
mation). Complex 1 was obtained as single orange crystals,
suitable for X-ray crystallographic analysis. The complex crystal-
lised in an orthorhombic cell, with structural solution being
performed in the Pbcn space group with half a molecule in the
asymmetric unit. The crystal structure shows that the complex
adopts a cis–cis–trans geometry (Figure 1 a), which is similar to

the single crystals of budotitane reported by Dubler et al.[9] By
increasing the number of equivalents of the symmetrical di-
phenyl b-diketonate ligand (Scheme 1 b), we were able to iso-
late the novel tris b-diketonate hafnium complex (9). This was
obtained as single yellow crystals suitable for X-ray crystallo-

graphic analysis, which were obtained after recrystallisation
from nitromethane. The complex crystallised in a trigonal cell
with structural solution being performed in the R 3̄ space
group with a third of a molecule in the asymmetric unit. The
geometry around the hafnium centre is capped octahedral,
with the molecular structure shown in Figure 1 b.

Budotitane contains two asymmetric b-diketonate ligands,
and it has been postulated that different isomers of budotitane
may exhibit different in vitro activities.[11] For complexes that
contain asymmetric functionalised b-diketonates, the 1H NMR
spectrum at room temperature is comprised of a series of
broad peaks (Figure 2). Upon cooling the samples from 333 K
to 233 K, the broad signals separate into multiple peaks that
can be assigned as the three cis isomers. This phenomenon is
similar to that observed for the budotitane series of com-
plexes.[3, 12]

In order to restrict the number of isomers, the symmetrical
titanium b-diketonate complexes A and B were synthesised to

Figure 1. ORTEP[10] plots for a) complex 1 and b) complex 9. Displacement el-
lipsoids are at the 50 % probability level and hydrogen atoms are omitted
for clarity.

Figure 2. Possible cis isomers for the structure L2MX2 (L = b-diketonate,
M = Ti, X = halide) and the 1H NMR spectra from 333–233 K.
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evaluate the nature of the exchange/fluxional process. There-
fore, approximately equal molar amounts of A and B were dis-
solved in deuterated chloroform, and an initial 1H NMR spec-
trum was recorded at 300 K. The spectrum showed two dis-
tinct sharp signals at d values of 6.16 ppm and 6.01 ppm corre-
sponding to the b-diketonate methine protons of both species.
Another 1H NMR spectrum at 300 K was recorded after eight
hours and showed four separate signals in the same region.
Two signals were identified as the original molecules (A and
B), and the additional peaks were assigned to ligand exchange
product C (Scheme 2) [see Supporting Information]. The same

experiment was carried out with complex B and free heptane-
3,5-dione ligand; when followed using 1H NMR, the same ex-
change species was observed. It was previously reported that
zirconium complexes with higher coordination numbers of
b-diketonate ligands also show an exchange process.[13] The
hexa-coordinate b-diketonate complexes have previously been
shown to be fluxional, but here, we report that these group IV
complexes show an exchange process.

During the in vitro cell testing, complexes were dissolved in
DMSO and then diluted further in cell media (see Supporting
Information). The mechanistic studies were carried out using
DMSO to try to mimic biological testing conditions. Upon addi-
tion of excess DMSO (Scheme 3), 1H and 13C NMR spectra show
new peaks arising from free ligand and a bound titanium–
DMSO complex (D), with only a small amount of the original
b-diketonate complex remaining. The products from this reac-
tion were shown to be inactive against MCF-7 when tested up
to concentrations of 500 mm. Therefore, we postulate that the
b-diketonate-bound titanium complex is indeed the active spe-
cies.

Complexes 1–9 were tested in vitro for their cytotoxic po-
tential against both human colon adenocarcinoma (HT-29) and
human breast adenocarcinoma (MCF-7) cell lines (Table 1) [see
Supporting Information]. Against HT-29, a general trend can
be seen in the cytotoxicities of the asymmetric complexes,
with the activity order Hf > Zr > Ti. However, against MCF-7,

asymmetric complexes of Ti and Zr do not show a particular
trend, with the asymmetric Hf complexes all showing an in-
crease in cytotoxicity when compared with complexes contain-
ing Ti and Zr. The activities of symmetrical complexes 5, 8 and
9 are comparable with that of cisplatin against both cell lines,
showing that these symmetrical complexes have superior cyto-
toxicity when compared with the asymmetric analogues. An in-
teresting result was seen for symmetrical zirconium complex 5,
which exhibits up to a 35-fold increase in cytotoxicity over
compound 3 against MCF-7. The tris diphenyl b-diketonate
hafnium complex (9) is the most promising lead candidate of
this series, exhibiting potent cytotoxicity against both cell
lines, with an IC50 value of 4.9!0.9 mm (cisplatin: 2.4!0.1 mm)
against the HT-29 cell line and 3.2!0.3 mm (cisplatin: 1.1!
0.08 mm) against MCF-7. These results are in contrast with in
vivo results reported for the seven-coordinate Hf complexes
measured previously, which are only active in higher doses
compared with the six-coordinate counterparts.[7] Our work
also shows that it is not essential to have two labile chloride
ancillary ligands to gain potent in vitro activity, suggesting
that these complexes may act via a different in vitro pathway
to that of cisplatin.

Scheme 2. Ligand exchange for symmetrical 1,3-b-diketonate titanium(IV)
complexes.

Scheme 3. Formation of inactive titanium DMSO complex on addition of
excess DMSO.

Table 1. Cytotoxicity of cisplatin and complexes 1–9 against HT-29 and
MCF-7.

Compd IC50 [mm]
HT-29 MCF-7

Cisplatin 2.4!0.1 1.10!0.08
1 58!2 29.9!0.6
2 47!3 35!2
3 74!4 109!2
4 85!4 57!2
5 12.2!0.1 3.1!0.1
6 30.2!0.8 28.9!0.4
7 11.7!0.9 27!1
8 7.4!0.5 3.3!0.1
9 4.9!0.9 3.2!0.3

[a] Data are the mean ! standard deviation (SD) of n = 3 independent ex-
periments performed in triplicate.
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In summary, a series of asymmetric and symmetric b-diketo-
nate complexes were synthesised containing group IV metals.
NMR studies were carried out that indicated an exchange pro-
cess of the b-diketonate ligands bound to the metal centre at
room temperature. This can occur between two metal com-
plexes, or one metal complex with the addition of free ligand.
When evaluated under conditions that mimic in vitro biological
environments, addition of excess DMSO produces a titanium–
DMSO-bound complex and free ligand, which are inactive. This
suggests that the b-diketonate-bound complex is the active
species. Cytotoxic studies for both the asymmetric and sym-
metric complexes were carried out, and the results confirm
that the symmetrical complexes have more potential for devel-
opment as anticancer agents. We also report the first hafnium
b-diketonate complexes to show potent in vitro cytotoxicity,
with the tris-hafnium complex exhibiting a significant increase
in cytotoxicity compared with its bis-counterpart. Finally, the
crystal structure of the novel tris-hafnium complex was ob-
tained, and the results show that this hafnium complex is the
first of its kind to adopt a capped octahedral geometry.

Supporting Information

The experimental data for the synthesis of the complexes 1--9,
X-ray crystallography of complexes 1 and 9, mechanistic studies
and cell line data and all stated in the Supporting Information,
available via http://dx.doi.org/10.1002/cmdc.201402019.

X-ray structures and supplementary crystallographic data for com-
plexes 1 and 9 have been submitted to the Cambridge Crystallo-
graphic Data Centre (CCDC) with the deposition numbers 938364
and 938363, respectively. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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ABSTRACT: A series of ruthenium and iridium complexes have been
synthesized and characterized with 20 novel crystal structures discussed. The
library of β-ketoiminato complexes has been shown to be active against MCF-7
(human breast carcinoma), HT-29 (human colon carcinoma), A2780 (human
ovarian carcinoma), and A2780cis (cisplatin-resistant human ovarian carcinoma)
cell lines, with selected complexes’ being more than three times as active as
cisplatin against the A2780cis cell line. Selected complexes were also tested
against the noncancerous ARPE-19 (retinal pigment epithelial cells) cell line, in
order to evaluate the complexes selectivity for cancer cells. Complexes have also
been shown to be highly active under hypoxic conditions, with the activities of
some complexes increasing with a decrease in O2 concentration. The enzyme
thioredoxin reductase is overexpressed in cancer cells, and complexes reported
herein have the advantage of inhibiting this enzyme, with IC50 values measured
in the nanomolar range. The anticancer activity of these complexes was further investigated to determine whether activity is due
to effects on cellular growth or cell survival. The complexes were found to induce significant levels of cancer cell death by
apoptosis with levels induced correlating closely with activity in chemosensitivity studies. As a possible cause of cell death, the
ability of the complexes to induce damage to cellular DNA was also assessed. The complexes failed to induce double-strand DNA
breaks or DNA cross-linking but induced significant levels of single-strand DNA breaks, indicating a mechanism of action
different from that of cisplatin.

■ INTRODUCTION
Ruthenium has become one of the most popular metals used in
drug development because of the metal’s easily accessible
oxidation states, stability in air, and the relative ease of synthesis
of organometallic and coordination complexes. Most impor-
tantly, ruthenium is thought to have slow in vivo ligand
exchange and higher selectively toward cancer cells, leading to
lower toxicity.1−4 The interaction of organometallic ruthenium
complexes with alanine and guanine derivatives first began with
the library of [(η6-arene)Ru(II)(en)X]+ (X = halide, en =
ethylenediamine) complexes synthesized by Sheldrick et al.5

The effect of the ligand was later explored by Sadler et al.
substituting the neutral (N,N) ethylenediamine ligand for an
anionic (O,O) β-diketonato ligand, showing a significant
increase in cytoxicity of the complexes.6−8 In collaboration
with Sadler, McGowan et al. first synthesized picolinamide
Ru(II) and Os(II) arene complexes because of their relevance
to previously reported metal ion−peptide chemistry9−11 and
the possibility of different binding modes, through either a
monoanionic (N,N) or a neutral (N,O) form. Studies showed
that the more cytotoxic (N,N) complexes undergo rapid
hydrolysis and bind preferentially to guanine, whereas switching

the binding mode to (N,O) slows the rate of hydrolysis and
switches off the activity.12,13 McGowan et al. also synthesized
ruthenium and iridium complexes incorporating a picolinamide
(N,N), β-ketoiminato (N,O), or naphthoquinone (O,O) ligand
and compared the effects of these substitutions upon
cytotoxicity. The IC50 values obtained for both HT-29 and
MCF-7 cancer cell lines suggest that the binding mode is a
critical determinant of complex activity. The lowest IC50 values
were observed for the β-ketoiminato (N,O) complexes for both
ruthenium and iridium, and anticancer activity followed the
general trend (N,O) > (O,O) > (N,N).14

Herein, we report the synthesis and characterization of a new
series of (N,O) and (O,O) complexes and analyses of their
biological effects, gaining an understanding of their biological
mechanisms. We report on the cytotoxic potential of our library
of novel complexes, with potent cancer cell cytotoxicity
observed, particularly against the cisplatin-resistant ovarian
cell line (A2780cis). As many tumors have a significant hypoxic
fraction and hypoxic tumor cells are typically resistant to
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standard chemotherapy and radiotherapy,15−17 IC50 values were
also obtained for cells grown under low oxygen conditions.
This enabled us to evaluate the potential of these complexes for
targeting tumor cells that reside in a hypoxic microenvironment
and which are a common cause of chemoresistance and tumor
recurrence. Further mechanistic studies have been undertaken
to assess whether the anticancer activity of the novel complexes
is due to effects upon cellular growth and proliferation or effects
upon cell survival. The complexes were tested against HT-29
and A2780 cells at varying concentrations and effects on cell
phenotype determined. Cell images were recorded under phase
contrast microscopy at various time points and levels of cell
death by apoptosis and necrosis were quantified. Studies have
also been carried out to assess the possibility of thioredoxin
reductase (Trx-R) inhibition, using UV−vis spectroscopy to
monitor Trx-R activity following incubation of Trx-R enzyme
with varying concentrations of our complexes. Finally, more
detailed mechanistic studies have been carried out for possible
damage to cellular DNA, given the ability of previous (N,N)
complexes to bind guanine.12,13 The complexes have been
assessed for double-strand DNA breakages (DSBs), DNA
cross-linking, and single-strand DNA breakages (SSBs) using
the Comet assay to quantify levels of different types of DNA
damage in single cells, in order to gain structure activity
relationships. Figure 1 highlights the selective modifications

made within the library of complexes to gain an understanding
of the characteristics needed for high in vitro cytotoxicity, with
the following variables being assessed: removal of steric bulk by
reducing the size of the ligand, changing the binding mode of
the ligand ((N,O) versus (O,O), changing the arene substituent
(p-cymene or Cp*), and altering the metal center (ruthenium
versus iridium).

■ RESULTS AND DISCUSSION
Synthesis and Characterization. β-Ketoenamine ligands

L2−13 were synthesized according to Scheme 1. Ligand L14
has previously been reported by Roshchupkina et al.18 The
corresponding β-diketonate ligands were prepared19 and
dissolved with stirring in toluene, followed by addition of
excess aniline and hydrochloric acid.20,21 Ligands were obtained
as analytically pure compounds from solutions of hot ethanol in
yields of 38−88% and characterized by 1H NMR spectroscopy,
13C{1H} NMR spectroscopy, mass spectrometry, and micro-
analysis. Ligands L3−6, L8, and L11 were also characterized by
single-crystal X-ray diffraction.
Half-sandwich β-ketoiminato and β-diketonato complexes

were synthesized according to Scheme 2. One equivalent of
either [p-cymRuCl2]2 (Scheme 2a) or [Cp*IrCl2]2 (Scheme
2b) was stirred with two equivalents of the functionalized
ligand and two equivalents of triethylamine in dichloromethane.
Complexes 1−18 were isolated as analytically pure complexes
from methanolic solutions in yields of 46−71% and have been
characterized by 1H NMR spectroscopy, 13C{1H} NMR
spectroscopy, mass spectrometry, and microanalysis.14 Com-
plexes 2, 4−14, 17, and 18 were also characterized by single-
crystal X-ray diffraction.
X-ray crystallographic data has been analyzed for novel β-

ketominate ligands L3−6, 8, and 11, and single crystals were
obtained by slow evaporation from hot ethanol. All angles
around the central atoms are between 118 and 125° (Tables S1
and 2), showing that this section of the ligand is planar, with
the atoms held together by an intramolecular hydrogen
bonding interaction between N−H···O (Figure 2), which is a
feature in all crystal structures.
X-ray crystallographic data has been analysed for complexes

2, 4−14, 17, and 18, and all single crystals were obtained using
slow evaporation from a methanolic solution, appearing as
orange/red (ruthenium) or yellow (iridium) single crystals.
Solutions were performed in a monoclinic Cc (4 and 7) or P21/
c (14), triclinic P1 ̅ (2, 5, 6, 8−13, and 17), or orthorhombic
P212121 (18) space groups. All of the angles around the metal
center show the geometry expected for pseudo-octahedral
compounds, which is common for half-sandwich “piano stool”
structures (Tables S3 and 4). The angles between the metal and
bidentate ligands are in the range of 83−90°, with the
remaining three coordination sites occupied by the p-cymene or
Cp* ligand, and the angles observed for their centroids to the
chloride or bidentate ligand ranges between 124 and 133°.
Molecular structures for complexes 2, 4−14, 17, and 18 are
shown in Figure 3a,b, with displacement ellipsoids placed at the
50% probability level and hydrogen atoms omitted for clarity.

Figure 1. Modifications of the “piano stool” complexes. Variables
being assessed: green line, removal of steric bulk by reducing the size
of the ligand; purple text, changing the binding mode of the ligand
from (N,O) to (O,O); red line, changing the arene substituent from p-
cymene to Cp*; and blue text, altering the metal center from
ruthenium to iridium.

Scheme 1. General Synthetic Route for β-Ketoenamine Ligands
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The 1H NMR spectra for the ruthenium β-ketoiminato
complexes show a significant upfield shift of 1.3−1.6 ppm for
one of the p-cymene hydrogens. Analysis of the X-ray structure
shows that one of these hydrogens undergoes intramolecular T-
stacking interactions with the aniline ring at D···A distances
between 3.33 and 3.62 Å (Figure 4). This type of interaction
has previously been reported with a library of complexes of the
type [areneRuCl(XY)] (XY = N,O ligand) synthesized by
Dyson et al., in which it was noted these complexes can exist as
two conformers, with variable-temperature NMR studies
showing the presence of both conformers at lower temper-
atures.22 Interactions are also seen between the p-cymene

hydrogen and the ancillary chloride ligand with D···A distances
of 3.37−3.34 Å (Figure 4).

Cell Line Chemosensitivity Studies. To gain information
about the structure−activity relationships of the different
complexes, chemosensitivity studies were performed and IC50
values determined for HT-29, MCF-7, A2780, A2780cis cancer
cell lines and APRE cell line exposed to each of complexes 1−
18 or to cisplatin (Table 1 and Figure S2). The results show
that the ruthenium β-ketoiminato complexes are all cytotoxic
towards the cancer cell lines tested, with particular activity
against both A2780 and A2780cis cell lines. Complex 1 was the
most active complex against all four cancer cell lines, with the

Scheme 2. General Synthetic Pathway for Complexes 1−18a,b

aRu(II) complexes. bIr(III) complexes.

Figure 2. Molecular structures for ligands L3−6, 8, and 11. Hydrogen atoms omitted for clarity. Displacement ellipsoids are at the 50% probability
level.
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lowest IC50 value for MCF-7 of 1.9 ± 0.1 μM (cisplatin = 0.98
± 0.09 μM), and significant activity against the cisplatin-
resistant cell line A2780cis, in which it was ∼3-fold more active
than cisplatin (3.13 ± 0.09 versus 10.5 ± 0.2 μM). This
suggests that the mechanism of action and resistance of these
complexes is different from that of cisplatin and raises the
possibility that some of these complexes could potentially be
used to treat cancer that has become resistant to cisplatin. This
library shows that complexes 1−7 with electron-withdrawing
substituents are the most potent against all tested cell lines
whereas introduction of electron-donating groups or sterically

bulky groups usually leads to a slight decrease in activity
(complexes 11, 12, 14, 16, and 17). However, on comparison
of substituents in the para position, when a methyl substituent
was introduced (complex 11), anticancer activity increased in
comparison to the para electron-withdrawing substituents, and
this complex was the most active para complex against MCF-7
cells, with an IC50 value of 2.1 ± 0.1 μM (cisplatin = 1.07 ±
0.10 μM). Control experiments were also performed to
investigate whether the ligands alone possess any cytotoxic
activity in vitro. Ligands L2−4 and L7 were tested against HT-

Figure 3. (a) Molecular structures for complexes 2 and 4−14. (b) Molecular structures for iridum(III) complexes 17 and 18. For both a and b,
hydrogen atoms are omitted for clarity and displacement ellipsoids are at the 50% probability level.

Figure 4. Intramolecular interactions for complexes (a) 1, (b) 2, and (c) 8.
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29 cancer cells, and all were considered to be inactive, with IC50
values greater than the tested threshold (>250 μM, Table 1).
Selectivity for Cancer Cells. Comparing the response of

tumor cell lines to that of noncancer ARPE-19 cells provides a
preliminary indication of selectivity. Although compounds 9,
12, 13, and 14 show no selectivity toward cancer cells (ratio of
IC50 values in ARPE-19 cells to cancer cells ≤ 1), compounds 1,
7, 8, 11, and 15 showed evidence of selectivity to certain cancer
cells (Table 1). The magnitude of the selectivity observed in
the tested compound series was comparable to that obtained
for cisplatin with ratios of IC50 values in ARPE-19 to those in
cancer cells ranging from 6.67 to 1.27 for test compounds and
6.35 to 0.57 for cisplatin (Table 1). Compound 8 in particular
demonstrated good selectivity against all the cancer cell lines
tested, with selectivity ranging from 6.67- to 1.48-fold increased
chemosensitivity toward cancer cells compared to that in
ARPE-19 noncancer cells (A2780: 6.67, A2780cis: 2.19, MCF-
7: 2.47, HT-29: 1.48; Table 1). These results provide a
preliminary indication that some compounds are selectively
toxic to cancer cells.
Due to their high in vitro activity, complexes 1, 15, 16, and

18 were synthesized in order to make comparisons between the
biological mechanisms on changing both the ligands and metal
centers. Complexes 1 and 16 incorporate a 3-fluoro-β-
ketoiminato (N,O) ligand, whereas complexes 15 and 18
incorporate the 3-fluoro-β-diketonato (O,O) ligand, on
ruthenium and iridium, respectively. On comparison of
complex 1 (N,O) and the β-diketonato complex 15 (O,O),
changing the binding mode and hence elimination of the
aniline ring, we observed dramatically decreased cell line
cytotoxicity, with complex 15 being up to 9-fold less active than
its (N,O) analogue. Also, on comparison of two (N,O)
complexes 1 and 14, substituting the aniline ring for NH

(14) showed a 21-fold decrease in activity when compared to 1.
Iridium Cp* β-ketoiminato complex 16 was synthesized and
compared to iridium β-diketonato analogue 18. As seen with
the ruthenium complexes, the (O,O) ligand had up to an 18-
fold decrease in activity against HT-29. Again, on comparison
of two (N,O) complexes 16 and 17, the aniline was substituted
for NH (17), and the activity decreased by 16-fold when
compared to complex 16. These results indicate that for the
complexes tested, the aniline ring is critical for high in vitro
anticancer activity, and on elimination of this ring, complex
activity is substantially diminished, proving that the design of
the ligand is essential in drug development.

Influence of Hypoxia. For many solid tumors, a significant
proportion of the tumor cells are under conditions of limited
oxygen, or hypoxia, and the cellular environment is reducing.
The hypoxia-inducible factor-1 (HIF-1) is central to the cell’s
response to hypoxia, and under hypoxic conditions it activates a
transcriptional program that helps tumor cell adaptation and
survival under low oxygen conditions.23−27 Transition metals
have the potential to be reduced under hypoxic conditions, and
these changes in oxidation states could lead to changes in
structure, binding mode, cellular drug uptake, and metabolism
as well cellular mechanism of action and the effectiveness of
this. Using complexes 1, 15, 16, and 18, 5 day in vitro studies
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) were conducted under hypoxic conditions at both
0.1% and 1.0% O2 against HT-29 cells in order to assess the
impact of oxygen concentration upon chemosensitivity (Figure
5). The complexes were compared to the hypoxia-activated
pro-drug tirapazamine and to cisplatin.28 Results show that
reducing the O2 concentration gave a general decrease in
cytotoxicity for (O,O) complexes 15 and 18, with the reduction
in activity more pronounced at 0.1% O2. The iridium (N,O)

Table 1. IC50 Values (μM ± SD) for Cisplatin (Cis) and Complexes 1−18 against HT-29, MCF-7, A2780, A2780cis, and ARPE-
19 Cell Linesa

HT-29 MCF-7 A2780 A2780cis ARPE-19

Cis 2.40 ± 0.10 (2.49) 1.09 ± 0.08 (5.47) 0.94 ± 0.04 (6.35) 10.50 ± 0.20 (0.57) 5.97 ± 0.95
1 3.50 ± 0.30 (1.28) 1.90 ± 0.10 (2.36) 2.60 ± 0.08 (1.72) 3.13 ± 0.09 (1.43) 4.48 ± 0.07
2 10.50 ± 0.40 5.07 ± 0.09 2.80 ± 0.10 3.47 ± 0.07
3 5.40 ± 0.09 3.00 ± 0.20 1.70 ± 0.10 3.80 ± 0.10
4 4.30 ± 0.50 3.22 ± 0.09 2.35 ± 0.04 5.59 ± 0.05
5 11.40 ± 0.60 3.50 ± 0.20 2.50 ± 0.10 6.40 ± 0.10
6 12.60 ± 0.02 3.27 ± 0.08 2.86 ± 0.04 11.50 ± 0.30
7 6.10 ± 0.30 (1.27) 3.55 ± 0.09 (2.18) 2.5 ± 0.2 (3.10) 3.69 ± 0.09 (2.10) 7.76 ± 0.07
8 10.30 ± 0.60 (1.48) 6.20 ± 0.20 (2.47) 2.3 ± 0.2 (6.67) 7.00 ± 0.04 (2.19) 15.33 ± 0.41
9 11.80 ± 0.80 (1.02) 12.00 ± 1.47
10 12.80 ± 0.50
11 10.21 ± 0.09 (0.89) 2.9 0 ± 0.10 (3.16) 2.87 ± 0.05 (3.19) 9.1 ± 0.1 (1.01) 9.17 ± 2.36
12 22.00 ± 2.00 (0.32) 13.00 ± 0.20 (0.55) 7.17 ± 0.93
13 6.30 ± 0.30 (0.57) 7.20 ± 0.20 (0.50) 1.90 ± 0.10 (1.91) 3.80 ± 0.09 (0.95) 3.62 ± 0.03
14 53.00 ± 1.00 (0.60) 56.00 ± 2.00 (0.57) 32.03 ± 9.23
15 18.00 ± 2.00 (2.86) 18.40 ± 0.80 (2.80) 19.40 ± 0.80 (2.66) 24.30 ± 0.50 (2.12) 51.55 ± 5.14
16 5.10 ± 0.30 3.40 ± 0.20 5.70 ± 0.10 5.80 ± 0.50
17 83.00 ± 3.00
18 93.00 ± 70.00 (>1) 51.00 ± 4.00 (>2) 35.00 ± 1.00 (>2.9) 51.00 ± 1.00 (>2) >100
L2 >250
L3 >250
L4 >250
L7 >250

aValues in parentheses represent the IC50 values for the ARPE-19 cells divided by IC50 values for individual cancer cells (values > 1 indicate
selectivity for cancer cells over the noncancer ARPE-19 cells).

Journal of Medicinal Chemistry Article

DOI: 10.1021/acs.jmedchem.5b00455
J. Med. Chem. 2015, 58, 4940−4953

4944

http://dx.doi.org/10.1021/acs.jmedchem.5b00455


complex 16 is active under hypoxic conditions, albeit less so
than under normoxia (21% O2), with an IC50 value of 20 ± 2
μM at 0.1% O2. Complex 1 shows a small decrease in its activity
in response to low oxygen conditions but remains highly active
even at 0.1% O2, confirming its potential as a drug candidate for
targeting both normoxic and hypoxic cancer cells.
The preliminary in vitro screening of the complexes indicated

that the complexes with a substituent in the para position of the
β-ketoiminato ligand were highly potent against the cell lines
tested (Table 1), and these complexes made good candidates
for hypoxia studies. Therefore, in order to further probe the
effects of hypoxia on these complexes, a range of para-
substituted complexes (2, 3, 8, 9, and 11) were tested under
hypoxic conditions (Figure 6). Complexes tested at 0.1% O2

were still active under hypoxic conditions, and for all para
complexes tested, the anticancer activity actually increased at
0.1% O2, indicating that these complexes are hypoxia-sensitive.
The most noticeable results were seen for complexes 2 and 8,
which both have nearly 2-fold lower IC50 values under hypoxic
conditions. This indicates the potential of these complexes or
similar derivatives as hypoxia-targeting anticancer agents.

Inhibition of Trx-R Activity. The MTT assay is the gold
standard for in vitro chemosensitivity studies and IC50
determination, but it does not provide any information as to
how the drugs may possess their anticancer effects. To try and
gain some preliminary insight into this, additional assays were
conducted for possible effects of the drugs upon (a) Trx-R
activity, (b) induction of DNA damage, and (c) induction of
cell death. The biological effects of the Trx-R system have been
shown to contribute to tumor growth and progression.29

Overexpression of Trx-R has been reported in several tumor
types, and the enzyme is an important therapeutic target in
anticancer drug development.30−32 To investigate the mode of
action of our novel complexes, the inhibition of Trx-R activity
by complexes 1, 15, 16, and 18 was investigated. Previously, a
range of iridium picolinamide complexes were found to inhibit
Trx-R, with IC50 values in the nanomolar range. However, the
analogous ruthenium picolinamide complexes failed to show
any enzyme inhibition.33 In this work, both ruthenium and
iridium β-ketoiminato complexes (1 and 16) were found to be
potent Trx-R inhibitors, with IC50 values in the nanomolar
range. β-Diketonato complexes 15 and 18 are less active against
Trx-R, but still have IC50 values in the low micromolar range
(see Figure S3). Trx-R inhibition may thus contribute to the
anticancer activity of some of our novel complexes, although it
is likely that other mechanisms may also be important.

Induction of Cancer Cell Death by Apoptosis. The IC50
values determined by chemosensitivity studies using the MTT
assay indicate the concentration of drug required for a 50%
reduction in viable cell number. Although this provides
invaluable information on the activity of the drug against the
cell line tested, the MTT assay does not distinguish between
effects on cell proliferation and effects on cell survival. Thus,
the observed activity of our novel complexes toward the four
cancer cell lines could be caused by induction of cell growth
arrest, or the complexes may actually cause cell death. Cell
images under phase contrast microscopy at various time points
after complex addition suggested induction of cell death rather
than growth arrest. Using flow cytometry and annexin V/

Figure 5. Hypoxic values for complexes 1, 15, 16, and 18 against HT-
29.

Figure 6. Hypoxic results for complexes 2, 3, 8, 9, and 11 against HT-
29.

Figure 7. Apoptosis results for complexes 1, 15, 16, and 18 against (a) HT-29 and (b) A2780.
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propidium iodide staining, the percentage of live cells, early
apoptotic cells, and late apoptotic/necrotic cells were quantified
following incubation of HT-29 or A2780 cells with 10 or 20
μM complex 1, 15, 16, or 18 for 48 h (Figure 7 and Table S8).
β-Ketoiminato complexes 1 and 16, which were among the

most active complexes in the MTT chemosensitivity studies,
induced significant levels of apoptotic cell death in both the
HT-29 (Figure 7a) and A2780 (Figure 7b) cancer cell lines in a
dose-responsive manner. A 48 h exposure of HT-29 cells to 10
μM of β-ketominate ruthenium complex 1 resulted in ∼50%
early apoptotic cells and ∼40% late apoptotic/necrotic cells. A
20 μM dose resulted in over 70% of cells staining positive for
late apoptosis/necrosis. A 20 μM dose of active β-ketoiminato
iridium complex 16 also induced significant apoptosis, with
31.7% early apoptotic cells and 49.9% late apoptotic or necrotic
cells following 48 h exposure. In contrast, the ruthenium and
iridium β-diketonato analogues 15 and 18, respectively,
induced only very low levels of apoptosis/necrosis, consistent
with their much higher IC50 values and lower activity in the
chemosensitivity studies (Table 1). Although levels of apoptosis
and necrosis were higher than background levels obtained with
the controls and higher levels were induced by 20 μM than with
10 μM, even at the highest drug concentration of 20 μM the
majority of cells (>84%) were still viable. These observations
indicate a clear correlation between IC50 value and the levels of
apoptosis/necrosis induced.
A very similar pattern was also observed for A2780 cells,

demonstrating that at least for these two cancer cell lines
ruthenium and iridium β-ketoiminato complexes 1 and 16
induce high levels of cancer cell death by apoptosis in a dose-
dependent manner. This is consistent with their low IC50 values
and indicates a mechanism by which they are able to exert their

in vitro anticancer activity that merits further future
investigation.

Analysis of Cellular DNA Damage by the Comet
Assay. Accumulation of cellular DNA damage ultimately leads
to the demise of the cell by apoptosis (programmed cell death).
As a potential cause of the apoptotic phenotype induced by
complexes 1 and 16 (Figure 7), we therefore determined
whether the complexes induce any form of cellular DNA
damage. Complexes 1, 15, 16, and 18 and cisplatin were tested
for induction of DSBs, SSBs, and DNA cross-linking. Increasing
concentrations of the complexes or of cisplatin were incubated
with HT-29 cells for 24 h before harvesting, and quantification
of the levels of different types of DNA damage in single cells
was accomplished using the either the alkaline or neutral
Comet assay (Supporting Information). None of the complexes
induced significant levels of DSBs at any of the concentrations
tested (Figure 8a), and this was also the case for cisplatin, as
previously reported.34,35

The complexes also failed to induce DNA cross-linking
(Figure S4−S6), whereas cisplatin induced significant DNA
cross-linking, consistent with its mechanism of action.36

Importantly, however, ruthenium β-ketoiminato (N,O) com-
plex 1 induced high levels of SSBs with levels of SSB damage
increasing in a dose-dependent manner with increasing
concentrations of complex 1 (Figure 8b). In contrast, the
analogous ruthenium β-diketonato (O,O) complex 15 caused
no SSBs (Figure 9), indicating the importance of the binding
ligand and consistent with the much lower activity of complex
15 compared to complex 1 in both chemosensitivity studies
(Table 1) and cell viability analyses (Figure 7).
The iridium complexes showed the same general trend, with

β-ketoiminato (N,O) complex 16 also inducing SSB formation

Figure 8. (a) DSB and (b) SSB results for complexes 1, 15, 16, and 18 against HT-29.

Figure 9. Bar charts of tail moment (extent of damage) versus concentration for the SSB assay for (a) cisplatin and complexes (b) 1 and (c) 15.
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similar to its ruthenium analogue (complex 1), although the
extent of DNA damage was less pronounced. Iridium β-
diketonato (O,O) complex 18, like its ruthenium β-diketonato
counterpart (complex 15), induced no SSB formation. Thus,
for both ruthenium and iridium complexes, the (N,O) ligand
appears to be important for complex induction of cellular SSBs.
Although other mechanisms may also be involved, the
induction of SSB damage provides a possible cause of the
apoptotic phenotype induced by complexes 1 and 16.
The observation that complexes 1 and 16 induce significant

SSBs in a dose-dependent manner but few DSBs or DNA cross-
links (Figures 8, 9, and S4−S6) suggests a mechanism of action
different from that of cisplatin which primarily induces DNA
cross-linking. It is also informative with respect to possible
combinational chemotherapeutic approaches, suggesting that
complexes 1 and 16 may be particularly effective if used in
combination with inhibitors of SSB repair such as PARP
inhibitors. Another approach that may be effective is in
combination with DNA-damaging chemotherapeutic agents
that work by a different mechanism for example by inducing
DSBs such as doxorubicin or etoposide. Future studies will
investigate how the compounds might induce SSBs, for
example, by inhibition of topoisomerase I, and will include
combinatorial studies with other classes of DNA-damaging
chemotherapeutic agents for synergistic effects.
Overall, our results identify the ruthenium and iridium

complexes with the β-ketoiminato (N,O) ligand (complexes 1
and 16) as the most potent and promising of the novel
complexes, and these are good candidates for future
investigation including more detailed mechanistic studies, in
vitro and in vivo ADME studies, and analysis of cancer
selectivity in vivo.

■ CONCLUSIONS
From the library of novel ruthenium and iridium complexes
tested in this study, our results identify the complexes with a β-
ketoiminato ligand as the most active. IC50 values varied
depending on the complex and cell line but were typically
below 15 μM for all four cancer cell lines tested (HT-29, MCF-
7, A2780, and A2780cis). Importantly, almost all of the β-
ketoiminato complexes were slightly more active than cisplatin
against the cisplatin-resistant cell line A2780cis, with complex 1
showing a 3-fold increase in activity when compared to
cisplatin. Complexes with the aniline ring removed were tested,
and results showed this feature to also be essential for potent
vitro anticancer activity. Selected complexes were also tested
against the noncancerous ARPE-19 cell line, with compounds
9, 12, 13 and 14 showing no selectivity towards cancer cells
(ratio of IC50 values in ARPE-19 cells to cancer cells ≤ 1).
Whereas, compounds 1, 7, 8, 11, and 15 all show evidence of
selectivity to certain cancer cells. Compound 8 in particular
demonstrated good selectivity against all the cancer cell lines
tested, with selectivity ranging from 6.67- to 1.48-fold increased
chemosensitivity toward cancer cells compared to that in
ARPE-19 noncancer cells. A selection of complexes were tested
under hypoxic (1% O2) or severely hypoxic (0.1% O2)
conditions against HT-29 cells. Interestingly, although the β-
diketonato complexes tested were significantly less active under
hypoxia, many of the β-ketoiminato complexes were more
active under hypoxia, indicating that these β-ketoiminato
complexes are hypoxia-sensitive. As a possible mechanism of
action, we investigated the inhibition of Trx-R, with results
showing inhibition of this enzyme with IC50 values in the

nanomolar range. Further mechanistic investigation showed
that the β-ketoiminato complexes fail to induce growth arrest
but induce significant cancer cell death by (i) apoptosis and (ii)
SSBs indicating a mechanism of action different from that of
cisplatin. The selective modifications made to the core “piano
stool” complex in this study and our initial downstream
analyses of the biological effects of this (for example, on IC50,
cell viability, and DNA damage induction) highlight the
importance of the size and binding mode of the ligand for
activity. The unexpected enhanced activity of many of the β-
ketoiminato complexes under hypoxic conditions warrants
further investigation but is encouraging in the search for novel
anticancer agents that are capable of targeting both normoxic
and hypoxic cells of a solid tumor.

■ EXPERIMENTAL SECTION
Materials. All chemicals were supplied by Sigma-Aldrich Chemical

Co., Acros Organics, Strem Chemical Co., and BOC gases.
Functionalized β-diketonate and β-ketoiminate ligands were prepared
by adaptations of literature methods.19,20 Deuterated NMR solvents
were supplied by Sigma-Aldrich Chemical Co. or Acros Organics.

Analysis. All NMR spectra were recorded by either the author or
Mr. Simon Barrett on a Bruker DPX 300 or a Bruker DPX 500
spectrometer. Microanalyses were recorded by Mr. Ian Blakeley or Ms.
Tanya Marinko-Covell at the University of Leeds Microanalytical
Service. Mass spectra were recorded by either Ms. Tanya Marinko-
Covell or the author on a Micromass ZMD spectrometer with
electrospray ionization and photoiodide array analyzer at the
University of Leeds Mass Spectrometry Service.

Elemental Analysis. All biologically evaluated compounds must
demonstrate a purity >95%, so the compounds synthesized within this
report have been analyzed using elemental (CHN) analysis by means
of combustion. This technique requires the sample to be burned in an
excess of oxygen and has a variety of traps which collect the
combustion products: CO2, H2O, and NO. These masses are then
used to help calculate the masses of the unknown product. The
experimental values are compared with the calculated values of the
sample, and all synthesized compounds herein are within 0.5% of the
calculated values.

X-ray Crystallography. A suitable single crystal was selected and
immersed in an inert oil. The crystal was then mounted on a glass
capillary or nylon loop and attached to a goniometer head on a Bruker
X8 Apex diffractometer using graphite-monochromated Mo Kα
radiation (λ = 0.71073 Å) or an Agilent SuperNova diffractometer
using mirror-monochromated Mo Kα radiation (λ = 0.71073 Å), using
1.0° ϕ-rotation frames. The crystal was cooled to between 100 and
173 K by an Oxford Cryostream low-temperature device.37 The full
data sets were recorded and the images processed using DENZO and
SCALEPACK programs38 or CrysAlis Pro software.39

Structure solution by direct methods was achieved through the use
of SHELXS programs40 and the structural model refined by full-matrix
least-squares on F2 using SHELX97. Unless otherwise stated, hydrogen
atoms were placed using idealized geometric positions (with free
rotation for methyl groups) and allowed to move in a riding model
along with the atoms to which they were attached and refined
isotropically. Molecular graphics were plotted using POV-Ray via the
XSeed program40,41 and OLEX2.42 Editing of CIFs and construction
of tables of bond lengths and angles were achieved using WC43 and
PLATON.44

Synthesis. Ligands L2−12. All ligands were synthesized by
dissolving the corresponding functionalized β-diketonate (0.5 g) in
toluene (10 mL), followed by addition of aniline (1 mL) and HCl (0.5
mL). The mixture was stirred overnight and the precipitate filtered
under reduced pressure. The solvent was removed from the filtrate and
then recrystallized from hot ethanol to yield analytically pure
compounds.

Ligand L2 (0.63 g, 2.5 mmol, 87%). 1H NMR (CDCl3, 300 MHz,
300 K) δ 13.05 (s, 1H, NH), 7.94 (v. dd, 2H, CH, 3J(1H−1H) = 9.2
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Hz and 3J(1H−19F) = 2.3 Hz), 7.39 (br. t, 2H, CH, 3J(1H−1H) = 7.9
Hz), 7.24 (br. t, 1H, CH, 3J(1H−1H) = 7.6 Hz), 7.19 (br. d, 2H, CH,
3J(1H−1H) = 7.2 Hz), 7.11 (v. t, 2H, CH, 3J(1H−1H) = 8.7 Hz and
4J(1H−19F) = 1.9 Hz), 5.85 (s, 1H, methine CH, H9), 2.15 (s, 1H,
aliphatic CH3).

13C{1H} NMR (CDCl3, 75 MHz, 300 K) δ 187.2 (Q),
164.5 (d, Q C−F, 1J(13C−19F) = 249.7 Hz), 162.4 (Q), 138.5 (Q),
129.3 (d, 2 × CH, 2J(13C−19F) = 8.7 Hz), 129.2 (2 × CH), 125.9
(CH), 124.8 (2 × CH), 115.2 (d, 2 × CH, 3J(13C−19F) = 21.0 Hz),
93.8 (methine CH), 20.4 (aliphatic CH3). Anal. Calcd for
C16H14FNO: C 74.30, H 5.53, N 5.49. Found for C16H14FNO: C
74.35, H 5.40, N 5.25. ES MS (+): m/z 255.6 [M+].
Ligand L3 (0.35 g, 1.0 mmol, 51%). 1H NMR (CDCl3, 300 MHz,

300 K) δ 13.12 (s, 1H, NH), 7.90 (d, 2H, CH, 3J(1H−1H) = 8.5 Hz),
7.44 (d, 2H, CH, 3J(1H−1H) = 8.5 Hz), 7.42 (m, 1H, CH), 7.25 (d,
2H, CH, 3J(1H−1H) = 7.5 Hz), 7.22 (m, 2H, CH, 3J(1H−1H) = 8.5
Hz), 5.89 (s, 1H, methine CH), 2.19 (s, 3H, aliphatic CH3).

13C{1H}
NMR (CDCl3, 75 MHz, 300 K) δ 163.1 (Q), 137.4 (Q), 129.6 (CH),
128.9 (CH), 126.4 (CH), 125.3 (CH), 98.4 (methine CH), 20.8
(aliphatic CH3). Anal. Calcd for C16H14ClNO: C 70.70, H 5.19, N
5.20, Cl 13.10. Found for C16H14ClNO: C 70.70, H 5.25, N 5.40, Cl
12.80. ES MS(+): m/z 272.0 [MH+].
Ligand L4 (0.58 g, 2.0 mmol, 88%). 1H NMR (CDCl3, 300 MHz,

300 K) δ 12.86 (s, 1H, NH), 7.51 (d, 1H, CH, 3J(1H−1H) = 8.4 Hz),
7.46 (d, 2H, CH), 7.42 (d, 1H, CH, 3J(1H−1H) = 7.8 Hz), 7.33−7.30
(m, 3H, CH), 7.24 (d, 2H, CH, 3J(1H−1H) = 8.7 Hz), 5.89 (s, 1H,
methine CH), 2.14 (s, 3H, aliphatic CH3).

13C{1H} NMR (CDCl3, 75
MHz, 300 K) δ 188.7 (Q), 163.3 (Q), 139.9 (Q), 138.6 (Q), 135.7
(Q), 132.2 (Q), 130.7 (CH), 130.4 (CH), 129.7 (2 × CH), 127.4
(CH), 126.7 (CH), 125.4 (2 × CH), 98.5 (methine CH), 20.6
(aliphatic CH3). Anal. Calcd for C16H13Cl2NO: C 62.809, H 4.28, N
4.60, Cl 23.20. Found for C16H13Cl2NO: C 62.70, H 4.25, N 4.50, Cl
22.0. ES MS(+): m/z 306.1 [MH+].
Ligand L5 (0.46 g, 2.2 mmol, 68%). 1H NMR (CDCl3, 300 MHz,

300 K) δ 12.71 (s, 1H, NH), 7.43 (m, 1H, CH), 7.33 (br. t, 2H, CH,
3J(1H−1H) = 7.5 Hz), 7.24 (br. s, 1H, CH), 7.21−7.16 (m, 2H, CH),
7.13 (d, 2H, CH, 3J(1H−1H) = 7.5 Hz), 5.43 (s, 1H, methine CH),
2.03 (s, 3H, aliphatic CH3).

13C{1H} NMR (CDCl3, 75 MHz, 300 K)
δ 187.8 (Q), 163.2 (Q), 142.4 (Q), 138.1 (Q), 132.6 (Q C−Cl), 131.3
(CH), 130.0 (CH), 129.3 (CH), 126.4 (CH), 125.1 (CH), 97.9
(methine CH), 20.2 (aliphatic CH3). Anal. Calcd for C16H13Cl2NO: C
62.67, H 4.29, N 4.58, Cl 23.15. Found for C16H13Cl2NO: C 62.65, H
4.20, N 4.45, Cl 23.30. ES MS(+): m/z 306.2 [M+].
Ligand L6 (0.10 g, 0.29 mmol, 55%). 1H NMR (CDCl3, 500.23

MHz, 300.1 K) δ 12.75 (br. s, 1H, NH), 7.43−7.39 (m, 3H, 3 × CH),
7.33 (d, 1H, CH, 3J(1H−1H) = 8.2 Hz), 7.29 (br. d, 1H, CH,
3J(1H−1H) = 7.3 Hz), 7.22 (br. d, 2H, CH, 3J(1H−1H) = 7.6 Hz), 5.45
(s, 1H, methine CH), 2.11 (s, 3H, aliphatic CH3).

13C{1H} NMR
(CDCl3, 125.9 MHz, 300.0 K) δ 187.9 (Q), 163.4 (Q), 141.6 (Q),
138.0 (Q), 134.5 (Q C−Cl), 132.4 (Q C−Cl), 131.0 (Q C−Cl), 129.3
(CH), 128.4 (CH), 126.9 (CH), 126.4 (CH), 125.1 (CH), 97.8
(methane CH), 20.2 (CH3). Anal. Calcd for C16H12Cl3NO: C 56.42,
H 3.55, Cl 31.22, N 4.11. Found for C16H12Cl3NO: C 56.25, H 3.45,
Cl 31.05, N 4.05. ES MS(+): m/z 340.0 [M+].
Ligand L7 (0.42 g, 1.3 mmol, 62%). 1H NMR (CDCl3, 300 MHz,

300 K) δ 13.08 (s, 1H, NH), 8.06 (t, 1H, CH, 4J(1H−1H) = 1.7 Hz),
7.84 (br. dt, 1H, CH, 3J(1H−1H) = 8.0 Hz and 3J(1H−1H) = 1.5 Hz),
7.59 (dq, 1H, CH, 3J(1H−1H) = 7.9 Hz and 4J(1H−1H) = 0.9(×3)
Hz), 7.40 (br. t, 2H, CH, 3J(1H−1H) = 8.1 Hz) 7.31 (t, 1H, CH,
3J(1H−1H) = 7.9 Hz), 7.25 (br. t, 1H, CH, 3J(1H−1H) = 7.2 Hz), 7.20
(br. d, 2H, CH, 3J(1H−1H) = 7.5 Hz), 5.83 (s, 1H, methine CH), 2.16
(s, 3H, aliphatic CH3).

13C{1H} NMR (CDCl3, 75 MHz, 300 K) δ
186.7 (Q), 163.0 (Q), 142.0 (2 × Q), 138.4 (Q C−Br), 133.6 (CH),
130.2 (CH), 129.8 (CH), 129.2 (CH), 126.1 (CH), 125.6 (CH),
124.9 (CH), 94.0 (methine CH), 20.4 (aliphatic CH3). Anal. Calcd for
C16H14BrNO: C 60.76, H 4.47, N 4.43. Found for C16H14BrNO: C
60.80, H 4.45, N 4.43. ES MS(+): m/z 316.3 [M+].
Ligand L8 (0.44 g, 1.0 mmol, 67%). 1H NMR (CDCl3, 300 MHz,

300 K) δ 12.42 (s, 1H, NH), 7.73 (d, 2H, CH, 3J(1H−1H) = 7.2 Hz),
7.56 (m, 1H, CH), 7.45 (d, 2H, CH), 7.42 (d, 1H, CH, 3J(1H−1H) =

7.5 Hz) 7.37 (d, 2H, CH, 3J(1H−1H) = 8.0 Hz), 5.87 (s, 1H, methine
CH), 2.19 (s, 3H, aliphatic CH3).

13C{1H} NMR (CDCl3, 75 MHz,
300 K) δ 173.9 (Q), 134.9 (Q), 131.9 (2 × CH), 130.4 (2 × CH),
129.9 (2 × CH), 126.8 (CH), 125.0 (2 × CH), 102.2 (methane CH),
22.1 (aliphatic CH3). Anal. Calcd for C16H14BrNO: C 60.80, H 4.46,
N 4.40. Found for C16H14BrNO: C 61.10, H 5.05, N 4.40. ES MS(+):
m/z 316.0 [MH+].

Ligand L9 (0.76 g, 2.1 mmol, 76%). 1H NMR (CDCl3, 500.23
MHz, 300.1 K) δ 13.09 (br. s, 1H, NH), 7.79 (d, 2H, CH, 3J(1H−1H)
= 8.3 Hz), 7.65 (d, 2H, CH, 3J(1H−1H) = 8.3 Hz), 7.39 (br. t, 2H,
CH, 3J(1H−1H) = 7.8 Hz), 7.25 (br. t, 1H, CH, 3J(1H−1H) = 7.3 Hz),
7.19 (br. d, 2H, CH, 3J(1H−1H) = 7.3 Hz), 5.84 (s, 1H, methine CH),
2.15 (s, 3H, aliphatic CH3).

13C{1H} NMR (CDCl3, 75 MHz, 300 K)
δ 187.4 (Q), 162.8 (Q), 139.4 (2 × Q), 138.4 (Q C−I), 137.5 (2 ×
CH), 129.2 (2 × CH), 128.7 (2 × CH), 126.0 (CH), 124.9 (2 × CH),
93.8 (methine CH), 20.4 (aliphatic CH3). Anal. Calcd for C16H14INO:
C 52.91, H 3.89, I 34.94, N 3.86. Found for C16H14INO: C 52.95, H
4.10, I 34.65, N 3.75. ES MS(+): m/z 364.0 [MH+].

Ligand L10 (0.40 g, 1.4 mmol, 38%). 1H NMR (CDCl3, 500.13
MHz, 319.2 K) δ 13.01 (br. s, 1H, NH), 7.91 (br. d, 2H, CH,
3J(1H−1H) = 8.8 Hz), 7.39−7.34 (br. t, 2H, CH, 3J(1H−1H) = 7.3
Hz), 7.23−7.20 (m, 1H, CH), 7.18 (br. d, 2H, CH, 3J(1H−1H) = 8.8
Hz), 5.86 (s, 1H, methine CH), 4.11 (q, 2H, ethoxy CH2,

3J(1H−1H)
= 6.7 Hz), 2.14 (s, 3H, aliphatic CH3), 1.45 (t, 3H, ethoxy CH3,
3J(1H−1H) = 6.7 Hz). 13C{1H} NMR (CDCl3, 75.5 MHz, 300.0 K) δ
187.9 (Q), 161.4 (Q), 138.9 (2 × Q), 132.5 (Q), 129.1 (2 × CH),
129.0 (2 × CH), 125.5 (CH), 124.7 (2 × CH), 114.0 (2 × CH), 93.8
(methine CH), 63.6 (ethoxy CH2), 20.5 (aliphatic CH3), 14.8 (ethoxy
CH3). Anal. Calcd for C18H19NO: C75.23, H 5.65, N 13.85. Found for
C18H19NO: C 74.75, H 5.70, N 13.80. ES MS(+): m/z 282.15 [MH+].

Ligand L11 (0.42 g, 1.7 mmol, 59%). 1H NMR (CDCl3, 500.13
MHz, 319.2 K) δ 13.12 (br. s, 1H, NH), 7.87 (d, 2H, CH, 3J(1H−1H)
= 8.2 Hz), 7.41 (d, 2H, CH, 3J(1H−1H) = 7.6 Hz), 7.28 (m, 2H, CH),
7.25 (m, 2H, CH), 7.23 (m, 1H, CH), 5.89 (s, 1H, methine CH), 2.44
(s, 3H, aliphatic CH3), 2.19 (s, 3H, methyl CH3). 13C{1H} NMR
(CDCl3, 75.5 MHz, 300.0 K) δ 189.0 (Q), 162.2 (Q), 141.7 (Q),
139.2 (Q), 137.7 (Q), 129.7 (2 × CH), 129.4 (2 × CH), 127.5 (CH),
126.1 (CH), 125.1 (2 × CH), 94.5 (methine CH), 21.9 (aliphatic
CH3), 20.9 (methyl CH3). Anal. Calcd for C17H17NO: C 81.20, H
6.82, N 5.60. Found for C17H17NO: C 79.80, H 6.80, N 5.10. ES
MS(+): m/z 252.20 [MH+].

Ligand L12 (0.65 g, 2.3 mmol, 81%). 1H NMR (CDCl3, 500 MHz,
300.0 K) δ 13.13 (br. s, 1H, NH), 8.51 (d, 2H, CH, 3J(1H−1H) = 8.3
Hz), 7.89 (br. t, 2H, CH, 3J(1H−1H) = 8.3 Hz), 7.70 (br. d, 1H, CH,
4J(1H−1H) = 6.9 Hz), 7.57−7.53 (m, 1H, CH), 7.53−7.48 (m, 2H,
CH), 7.42 (br, t, 2H, CH, 3J(1H−1H) = 8.3 Hz), 7.28−7.25 (m, 2H,
CH), 5.70 (s, 1H, methine CH), 2.16 (s, 3H, aliphatic CH3).

13C{1H}
NMR (CDCl3, 125 MHz, 300 K) δ 193.0 (Q), 162.0 (Q), 143.2 (Q),
140.1 (Q), 138.6 (2 × Q), 130.3 (CH), 129.9 (CH), 129.2 (CH),
128.4 (CH), 126.6 (CH), 126.1 (CH), 125.4 (CH), 124.9 (CH),
124.9 (CH), 99.0 (methine CH), 20.3 (aliphatic CH3). Anal. Calcd for
C20H17NO: C 83.59, H 5.96, N 4.87. Found for C20H17NO: C 83.70,
H 6.00, N 4.80. ES MS(+): m/z 288.14 [MH+].

Ligand L13 (0.56 g, 1.9 mmol, 64%). 1H NMR (CDCl3, 300.13
MHz, 300.0 K) δ 12.90 (br. s, 1H, NH), 7.97−7.92 (m, 2H, CH),
7.16−7.09 (m, 3H, 3 × CH), 6.99 (ddd, 1H, CH, 3J(1H−1H) = 9.0 Hz
and 3J(1H−19F) = 3.1 and 2.0 Hz), 6.93−6.87 (m, 1H, CH), 5.95 (s,
1H, methine CH), 2.17 (s, 3H, aliphatic CH3).

13C{1H} NMR
(CDCl3, 125.9 MHz, 300.0 K) δ 188.1 (Q), 164.8 (d, Q, C−F,
1J(13C−19F) = 250.5 Hz), 161.5 (Q), 158.3 (dd, Q C−F, 1J(13C−19F)
= 242.3 Hz and 4J(13C−19F) = 3.1 Hz), 152.7 (dd, Q C−F,
1J(13C−19F) = 242.3 Hz and 4J(13C−19F) = 3.1 Hz), 135.7 (d, Q,
4J(13C−19F) = 3.1 Hz), 129.6 (d, 2 × CH, 3J(13C−19F) = 8.3 Hz),
127.9 (dd, Q, 2J(13C−19F) = 24.7 Hz and 3J(13C−19F) = 4.1 Hz), 115.3
(d, 3 × CH, 3J(13C−19F) = 21.7 Hz), 113.1 (d, CH, 3J(13C−19F) =
23.7 Hz), 113.0 (d, CH, 2J(13C−19F) = 25.8 Hz), 95.3 (methine CH),
20.3 (aliphatic CH3). Anal. Calcd for C16H12F3NO: C 65.98, H 4.15, N
4.81. Found for C16H12F3NO: C 65.35, H 4.35, N 4.70. ES MS(+): m/
z 292.09 [MH+].
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Ligand L14. This ligand was prepared as previously reported by
Roshchupkina et al.18

Complexes 2−13. Complexes 2−13 were synthesized by addition
of [p-cymRuCl2]2 (1 equiv) to a functionalized β-ketoiminate ligand
(2 equiv) and Et3N (2 equiv). All were stirred in dichloromethane (30
mL) at room temperature overnight. The solvent was removed under
reduced pressure and the crude product recrystallized using slow
evaporation from a methanolic solution.
Complex 2 (0.07 g, 0.13 mmol, 54%). 1H NMR (CDCl3, 500.57

MHz, 300.0 K) δ 7.84 (d, 2H, CH, 3J(1H−1H) = 9.0 Hz and
4J(1H−1H) = 2.2 Hz), 7.75 (br. d, 1H, CH, 3J(1H−1H) = 9.0 Hz), 7.43
(br. t, 2H, CH, 3J(1H−1H) = 7.7 Hz), 7.26−7.22 (br. dd, 1H, CH,
3J(1H−1H) = 6.2 Hz and 4J(1H−1H) = 2.1 Hz), 7.09 (br. d, 1H, CH,
3J(1H−1H) = 6.9 Hz), 7.03−6.99 (a. t (v. dd), 2H, CH, 3J(1H−1H) =
8.6 Hz and 4J(1H−1H) = 3.9 Hz), 5.37 (s, 1H, methine CH), 5.35 (br.
d, 1H, CH, 3J(1H−1H) = 6.0 Hz), 5.16 (br. d, 1H, CH, 3J(1H−1H) =
6.0 Hz), 5.06 (br. d, 1H, CH, 3J(1H−1H) = 5.6 Hz), 3.68 (br. d, 1H,
CH, 3J(1H−1H) = 5.6 Hz), 2.67 (br. sept, 1H, CH(CH3)2,

3J(1H−1H)
= 6.9 Hz), 2.03 (s, 3H, methyl CH3), 1.79 (s, 3H, aliphatic CH3), 1.20
(a. t (v. dd), 6H, CH(CH3)2,

3J(1H−1H) = 7.5 Hz). 13C{1H} NMR
(CDCl3, 125.9 MHz, 300.0 K) δ (170.6 (Q), 164.8 (Q), 163.6 (d, Q
C−F, 1J(13C−19F) = 247.4 Hz), 157.2 (Q), 137.5 (Q), 129.6 (2 ×
CH), 128.2 (d, 2 × CH, 3J(13C−19F) = 7.3 Hz), 126.1 (CH), 125.4
(CH), 123.9 (CH), 114.6 (d, 2 × CH, 2J(13C−19F) = 21.7 Hz), 100.8
(Q), 96.2 (Q), 94.2 (methine CH), 87.0 (CH), 84.6 (CH), 84.5
(CH), 79.4 (CH), 30.5 (CH(CH3)2), 24.7 (aliphatic CH3), 23.6
(CH(CH3)2), 20.9 (CH(CH3)2), 18.3 (methyl CH3). Anal. Calcd for
C26H27ClFNORu: C 59.48, H 5.18, N 2.67. Found for
C26H27ClFNORu: C 59.25, H 5.20, N 2.75. ES MS(+): m/z 490.11
[M+] − Cl.
Complex 3 (0.06 g, 0.11 mmol, 62%). 1H NMR (CDCl3, 500.23

MHz, 299.9 K) δ 7.81−7.77 (br. dt, CH, 3J(1H−1H) = 8.7 Hz and
4J(1H−1H) = 1.8 Hz), 7.74 (br. d, 1H, CH, 3J(1H−1H) = 7.5 Hz), 7.43
(br. t, 2H, CH, 3J(1H−1H) = 8.3 Hz), 7.30 (br. dt, 2H, CH,
3J(1H−1H) = 8.7 Hz and 4J(1H−1H) = 2.0 Hz), 7.26−7.22 (br. t, 1H,
CH, 3J(1H−1H) = 7.5 Hz), 7.09 (br. d, 1H, CH, 3J(1H−1H) = 6.8 Hz),
5.39 (s, 1H, methine CH), 5.35 (br. d, CH, 3J(1H−1H) = 6.0 Hz), 5.16
(br. d, 1H, CH, 3J(1H−1H) = 6.0 Hz), 5.06 (br. d, 1H, CH,
3J(1H−1H) = 5.6 Hz), 3.68 (br. d, 1H, CH, 3J(1H−1H) = 5.6 Hz), 2.67
(br. sept, 1H, CH(CH3)2,

3J(1H−1H) = 7.0 Hz), 2.03 (s, 3H, methyl
CH3), 1.79 (s, 3H, aliphatic CH3), 1.21 (d, 3H, CH(CH3)2,
3J(1H−1H) = 9.9 Hz), 1.91 (d, 3H, CH(CH3)2,

3J(1H−1H) = 9.9
Hz). 13C{1H} NMR (CDCl3, 75.5 MHz, 300.1 K) δ 170.3 (Q), 164.9
(Q), 157.2 (Q), 138.0 (Q), 135.2 (Q), 129.6 (CH), 128.2 (CH),
128.0 (CH), 127.8 (CH), 126.0 (CH), 125.5 (CH), 123.3 (CH),
104.4 (Q), 96.3 (Q), 94.5 (methine CH), 87.1 (CH), 84.6 (CH), 84.7
(CH), 84.7 (CH), 79.5 (CH), 30.5 (CH(CH3)2), 24.7 (aliphatic
CH3), 23.6 (CH(CH3)2), 20.9 (CH(CH3)2), 18.4 (methyl CH3).
Anal. Calcd for C26H27Cl2NORu: C 57.67, H 5.03, N 2.59, Cl 13.09.
Found for C26H27Cl2NORu: C 57.40, H 5.00, N 2.40, Cl 13.05. ES
MS(+): m/z 506.08 [M+] − Cl.
Complex 4 (0.06 g, 0.11 mmol, 62%). 1H NMR (CDCl3, 500.13

MHz, 240.2 K) δ 7.72 (br. d, 1H, CH, 3J(1H−1H) = 7.8 Hz), 7.45 (br.
d, 2H, CH, 3J(1H−1H) = 6.2 Hz), 7.35 (br. d, 1H, CH, 3J(1H−1H) =
5.9 Hz), 7.32 (br. d, 1H, CH, 3J(1H−1H) = 8.2 Hz), 7.26−7.23 (m,
1H, CH), 7.20 (br. dd, 1H, CH, 3J(1H−1H) = 8.2 Hz and 4J(1H−1H)
= 1.9 Hz), 5.30 (br. d, 1H, CH), 5.22 (br. d, 1H, CH, 3J(1H−1H) = 6.0
Hz), 5.01 (br. d, 1H, CH, 3J(1H−1H) = 5.2 Hz), 4.93 (s, 1H, methine
CH), 3.44 (br. d, 1H, CH, 3J(1H−1H) = 5.1 Hz), 2.74 (br. sept,
CH(CH3)2,

3J(1H−1H) = 6.6 Hz), 2.05 (s, 3H, methyl CH3), 1.74 (s,
3H, aliphatic CH3), 1.27 (br. d, 3H, CH(CH3)2,

3J(1H−1H) = 6.7 Hz),
1.22 (br. d, 3H, CH(CH3)2,

3J(1H−1H) = 6.7 Hz). 13C{1H} NMR
(CDCl3, 125.8 MHz, 240.2 K) δ 171.5 (Q), 164.3 (Q), 156.7 (Q),
138.5 (Q), 133.9 (Q C−Cl), 131.4 (Q C−Cl), 130.9 (CH), 129.6
(CH), 129.1 (CH), 127.8 (CH), 126.7 (CH), 125.2 (CH), 99.6 (Q),
98.1 (methine CH), 97.2 (Q), 87.8 (CH), 83.4 (CH), 83.2 (CH), 79.9
(CH), 30.1 (CH(CH3)2), 24.6 (aliphatic CH3), 23.8 (CH(CH3)2),
21.1 (CH(CH3)2), 18.8 (methyl CH3). Anal. Calcd for
C26H26Cl3NORu: C 54.22, H 4.55, N 2.43, Cl 18.47. Found for

C26H26Cl3NORu: C 54.05, H 4.65, N 2.35, Cl 18.45. ES MS(+): m/z
540.04 [M+] − Cl.

Complex 5 (0.32 g, 0.56 mmol 61%). 1H NMR (CDCl3, 300.13
MHz, 295.5 K) δ (7.78−7.73 (m, 1H, CH), 7.47−7.43 (br. d, 2H,
CH), 7.42 (m, 1H, CH), 7.25 (d, 2H, CH, 3J(1H−1H) = 7.0 Hz),
7.21−7.16 (m, 1H, CH), 7.13−7.08 (m, 1H, CH), 5.28 (br. d, 1H,
CH, 3J(1H−1H) = 6.2 Hz), 5.14 (br. d, 1H, CH, 3J(1H−1H) = 6.2 Hz),
5.02 (br. d, 1H, CH, 3J(1H−1H) = 5.5 Hz), 4.94 (s, 1H, methane CH),
3.64 (br. d, 1H, CH, 3J(1H−1H) = 5.7 Hz), 2.76 (br. sept, 1H,
CH(CH3)2,

3J(1H−1H) = 7.0 Hz), 2.07 (s, 3H, methyl CH3), 1.74 (s,
3H, aliphatic CH3), 1.28 (br. d, 3H, CH(CH3)2,

3J(1H−1H) = 6.8 Hz),
1.22 (br. d, 3H, CH(CH3)2,

3J(1H−1H) = 7.0 Hz). 13C{1H} NMR
(CDCl3, 75.5 MHz, 295.6 K) δ 171.4 (Q), 164.9 (Q), 156.9 (Q, 2 ×
C−Cl), 141.7 (Q), 132.3 (Q), 130.6 (CH), 130.2 (CH), 129.0 (CH),
127.0 (CH), 125.8 (CH), 125.6 (CH), 123.2 (CH), 100.7 (Q), 98.5
(methine CH), 97.2 (Q), 87.0 (CH), 83.7 (CH), 83.5 (CH), 80.4
(CH), 30.3 (CH(CH3)2), 24.3 (aliphatic CH3), 23.5 (CH(CH3)2),
21.4 (CH(CH3)2), 18.6 (methyl CH3). Anal. Calcd for
C26H26Cl3NORu: C 54.22, H 4.55, N 2.43, Cl 18.47. Found for
C26H26Cl3NORu: C 53.95, H 4.50, N 2.35, Cl 18.70. ES MS(+): m/z
540.05 [M+] − Cl.

Complex 6 (0.06g, 0.10 mmol, 60%). 1H NMR (CDCl3, 300.13
MHz, 300.0 K) δ 7.75 (dd, 1H, CH, 3J(1H−1H) = 7.3 Hz, 4J(1H−1H)
= 1.6 Hz), 7.45 (br. t, 2H, CH, 3J(1H−1H) = 8.5 Hz), 7.34 (d, 1H,
CH, 3J(1H−1H) = 8.3 Hz), 7.27−7.22 (m, 2H, CH), 7.14−7.09 (m,
1H, CH), 5.27 (br. d, 1H, CH, 3J(1H−1H) = 6.2 Hz), 5.12 (br. d, 1H,
CH, 3J(1H−1H) = 6.2 Hz), 5.03 (br. d, 1H, CH, 3J(1H−1H) = 5.7 Hz),
4.88 (s, 1H, methine CH), 3.63 (br. d, 1H, CH, 3J(1H−1H) = 5.7 Hz),
2.76 (br. sept, 1H, CH(CH3)2,

3J(1H−1H) = 7.0 Hz), 2.07 (s,
3H,methyl CH3), 1.74 (s, 3H,aliphatic CH3), 1.30 (d, 3H, CH(CH3)2,
3J(1H−1H) = 6.8 Hz), 1.23 (d, 3H, CH(CH3)2,

3J(1H−1H) = 7.0 Hz).
13C{1H} NMR (CDCl3, 75.5 MHz, 295.6 K) δ 171.7 (Q), 165.0 (Q),
156.9 (Q), 141.0 (Q), 133.4 (Q, C−Cl), 131.5 (Q, C−Cl), 130.9 (Q,
C−Cl, C22−24), 129.7 (2 × CH), 128.5 (CH), 128.1 (CH), 127.8
(CH), 125.6 (CH), 123.2 (CH), 100.8 (Q), 98.5 (methine CH), 97.2
(Q), 87.0 (CH), 83.8 (CH), 83.7 (CH), 80.4 (CH), 30.3
(CH(CH3)2), 24.3 (aliphatic CH3), 23.6 (CH(CH3)2), 21.4 (CH-
(CH3)2), 18.6 (methyl CH3). Anal. Calcd for C26H25Cl4NORu: C
51.16, H 4.13, N 2.29, Cl 23.23. Found for C26H25Cl4NORu: C 51.00,
H 4.15, N 2.20, Cl 23.20. ES MS(+): m/z 574.00 [M+] − Cl.

Complex 7 (0.31 g, 0.54 mmol, 71%). 1H NMR (CDCl3, 500.23
MHz, 300.0 K) δ 8.00 (br. t, 1H, CH, 4J(1H−1H) = 1.6 Hz), 7.76−
7.73 (br. d, 2H, CH, 3J(1H−1H) = 8.0 Hz), 7.48 (br. d, 1H, CH,
3J(1H−1H) = 7.6 Hz), 7.43 (br. t, 2H, CH, 3J(1H−1H) = 7.5 Hz), 7.24
(br. t, 1H, CH, 3J(1H−1H) = 7.6 Hz), 7.20 (t, 1H, CH, 3J(1H−1H) =
7.9 Hz), 7.09 (d, 1H, CH, 3J(1H−1H) = 6.4 Hz), 5.38 (s, 1H, methine
CH), 5.35 (br. d, 1H, CH, 3J(1H−1H) = 6.4 Hz), 5.17 (br. d, 1H, CH,
3J(1H−1H) = 6.0 Hz), 5.07 (br. d, 1H, CH, 3J(1H−1H) = 5.6 Hz), 3.69
(br. d, 1H, CH, 3J(1H−1H) = 5.6 Hz), 2.67 (br. sept, 1H, CH(CH3)2),
2.03 (s, 3H, methyl CH3), 1.79 (s, 3H, aliphatic CH), 1.22 (d, 3H,
CH(CH3)2,

3J(1H−1H) = 7.1 Hz), 1.20 (d, 3H, CH(CH3)2,
3J(1H−1H) = 7.1 Hz). 13C{1H} NMR (CDCl3, 125.9 MHz, 301.2
K) δ 169.9 (Q), 165.1 (Q), 157.1 (Q, C−Br), 141.7 (Q), 132.1 (CH),
130.0 (2 × CH), 129.7 (CH), 129.3 (CH), 127.8 (CH), 125.4 (CH),
125.4 (CH), 123.3 (CH), 122.2 (Q), 101.0 (Q), 94.8 (methine CH),
87.1 (CH), 84.6 (CH), 84.4 (CH), 79.4 (CH), 30.5 (CH(CH3)2),
24.7 (aliphatic CH3), 23.3 (CH(CH3)2), 21.0 (CH(CH3)2), 18.4
(methyl CH3). Anal. Calcd for C26H27BrClNORu: C 53.30, H 4.64, N
2.39. Found for C26H27BrClNORu: C 52.90, H 4.60, N 2.35. ES
MS(+): m/z 522.03 [M+] − Cl (79Br).

Complex 8 (0.19 g, 0.32 mmol, 66%). 1H NMR (CDCl3, 300
MHz, 300 K) δ 7.76−7.70 (m, 3H, 3 × CH), 7.49−7.44 (m, 3H, 3 ×
CH), 7.42 (br. d, 1H, CH, 3J(1H−1H) = 7.6 Hz), 7.23 (a. br. t, 1H,
CH, 3J(1H−1H) = 7.4 Hz), 7.09 (br. d, 1H, CH, 3J(1H−1H) = 6.4 Hz),
5.39 (s, 1H, methine CH), 5.35 (br. d, 1H, CH, 3J(1H−1H) = 6.2 Hz),
5.16 (br. d, 1H, CH, 3J(1H−1H) = 6.2 Hz), 5.07 (br. d, 1H, CH,
3J(1H−1H) = 5.3 Hz), 3.68 (br. d, 1H, CH, 3J(1H−1H) = 5.7 Hz), 2.66
(br. sept, 1H, CH(CH3)2,

3J(1H−1H) = 6.9 Hz), 2.02 (s, 3H, methyl
CH3), 1.79 (s, 3H, aliphatic CH3), 1.20 (a. t, 6H, CH(CH3)2,

3J(1H−
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1H) = 6.3 Hz). 13C{1H} NMR (CDCl3, 75 MHz, 300 K) δ 164.9 (Q),
157.2 (Q), 138.7 (Q, C−Br), 135.2 (Q), 130.9 (2 × CH), 129.6
(CH), 128.5 (2 × CH), 127.8 (CH), 126.0 (CH), 125.5 (CH), 123.3
(CH), 100.9 (Q), 96.2 (Q), 94.4 (methine CH), 87.1 (CH), 84.6
(CH), 84.5 (CH), 79.4 (CH), 30.5 (CH(CH3)2), 24.7 (aliphatic
CH3), 23.3 (CH(CH3)2), 20.9 (CH(CH3)2), 18.4 (methyl CH3).
Anal. Calcd for C26H27BrClNORu: C 53.30, H 4.64, N 2.39. Found for
C26H27BrClNORu: C 53.20, H 4.65, N 2.30. ES MS(+): m/z 552.03
[M+] − Cl (79Br).
Complex 9 (0.16 g, 0.25 mmol, 62%). 1H NMR (CDCl3, 300

MHz, 300 K) δ 7.74 (d, 2H, 2 × CH, 3J(1H−1H) = 8.3 Hz), 7.49−7.44
(m, 3H, 3 × CH), 7.42 (br. d, 1H, CH, 3J(1H−1H) = 7.6 Hz), 7.23 (a.
br. t, 1H, CH, 3J(1H−1H) = 7.4 Hz), 7.09 (br. d, 1H, CH, 3J(1H−1H)
= 6.4 Hz), 5.39 (s, 1H, methine CH), 5.35 (br. d, 1H, CH, 3J(1H−1H)
= 6.2 Hz), 5.16 (br. d, 1H, CH, 3J(1H−1H) = 6.2 Hz), 5.07 (br. d, 1H,
CH, 3J(1H−1H) = 5.3 Hz), 3.68 (br. d, 1H, CH, 3J(1H−1H) = 5.7 Hz),
2.66 (br. sept, 1H, CH(CH3)2,

3J(1H−1H) = 6.9 Hz), 2.02 (s, 3H,
methyl CH3), 1.79 (s, 3H, aliphatic CH3), 1.20 (a. t, 6H, CH(CH3)2,
3J(1H−1H) = 6.3 Hz). 13C{1H} NMR (CDCl3, 75 MHz, 300 K) δ
165.0 (Q), 157.2 (Q), 137.0 (Q, C−I), 135.2 (Q), 130.9 (2 × CH),
129.7 (CH), 128.7 (2 × CH), 127.8 (CH), 126.0 (CH), 125.5 (CH),
123.3 (CH), 100.9 (Q), 95.7 (Q), 94.5 (methine CH), 87.1 (CH),
84.7 (CH), 84.5 (CH), 79.5 (CH), 30.5 (CH(CH3)2), 24.7 (aliphatic
CH3), 23.4 (CH(CH3)2), 21.0 (CH(CH3)2), 18.4 (methyl CH3).
Anal. Calcd for C26H27ClINORu: C 49.34, H 4.30, N 2.21. Found for
C26H27ClINORu: C 48.80, H 4.30, N 2.20. ES MS(+): m/z 632.85
[M+].
Complex 10 (0.16 g, 0.29 mmol, 68%). 1H NMR (CDCl3, 500.57

MHz, 300.7 K) δ 7.82 (br. d, 2H, CH, 3J(1H−1H) = 8.7 Hz), 7.76 (br.
d, 1H, CH, 3J(1H−1H) = 8.2 Hz), 7.42 (br. t, 2H, CH, 3J(1H−1H) =
7.6 Hz), 7.25−7.20 (m, 1H, CH), 7.10 (br. d, 1H, CH, 3J(1H−1H) =
7.4 Hz), 6.84 (br. d, 2H, CH, 3J(1H−1H) = 8.7 Hz), 5.39 (s, 1H,
methine CH), 5.34 (br. d, 1H, CH, 3J(1H−1H) = 5.0 Hz), 5.16 (br. d,
1H, CH, 3J(1H−1H) = 6.0 Hz), 5.05 (br. d, 1H, CH, 3J(1H−1H) = 5.0
Hz), 4.07 (q, 2H, ethoxy CH2,

3J(1H−1H) = 6.9 Hz), 3.69 (br. d, 1H,
CH, 3J(1H−1H) = 5.0 Hz), 2.68 (br. sept, 1H, CH(CH3)2,

3J(1H−1H)
= 7.4 Hz), 2.03 (s, 3H, methyl CH3), 1.78 (s, 3H, aliphatic CH3), 1.43
(t, 3H, ethoxy CH3,

3J(1H−1H) = 6.9 Hz), 1.24−1.16 (br. t, 6H,
CH(CH3)2,

3J(1H−1H) = 6.9 Hz). 13C{1H} NMR (CDCl3, 125.5
MHz, 300.7 K) δ 171.4 (Q), 164.3 (Q), 160.2 (Q), 157.4 (Q), 131.
(Q), 128.5 (2 × CH), 127.7 (2 × CH), 126.3 (CH), 125.3 (CH),
123.7 (CH), 113.6 (2 × CH), 100.7 (Q), 96.1 (Q), 93.5 (methine
CH), 87.1 (CH), 84.6 (CH), 84.4 (CH), 79.4 (CH), 63.4 (ethoxy
CH2), 30.5 (CH(CH3)2), 24.7 (aliphatic CH3), 23.4 (CH(CH3)2),
21.0 (CH(CH3)2), 18.4 (methyl CH3), 14.8 (ethoxy CH3). Anal.
Calcd for C28H32ClNORu: C 61.03, H 5.85, N 2.54, Cl 6.43. Found
for C28H32ClNORu: C 59.65, H 5.85, N 2.55, Cl I/m. ES MS(+): m/z
516.15 [M+] − Cl.
Complex 11 (0.06 g, 0.12 mmol, 62%). 1H NMR (CDCl3, 300

MHz, 300 K) δ 7.76 (br. d, 2H, CH, 3J(1H−1H) = 8.3 Hz), 7.42 (br. t,
2H, CH, 3J(1H−1H) = 7.7 Hz), 7.25−7.20 (m, 2H, CH), 7.14 (br. d,
2H, CH, 3J(1H−1H) = 7.9 Hz), 7.09 (br. d, 1H, CH, 3J(1H−1H) = 7.2
Hz), 5.42 (s, 1H, methine CH), 5.35 (br. d, 1H, CH, 3J(1H−1H) = 6.0
Hz), 5.17 (br. d, 1H, CH, 3J(1H−1H) = 6.0 Hz), 5.06 (br. d, 1H, CH,
3J(1H−1H) = 5.7 Hz), 3.69 (br. d, 1H, CH, 3J(1H−1H) = 5.7 Hz), 2.68
(br. sept, 1H, CH(CH3)2, 3J(1H−1H) = 6.9 Hz), 2.37 (s, 3H, methyl
CH3), 2.03 (s, 3H, methyl CH3), 1.79 (s, 3H, aliphatic CH3), 1.24−
1.16 (m, 6H, CH(CH3)2).

13C{1H} NMR (CDCl3, 75 MHz, 300 K) δ
171.7 (Q), 164.5 (Q), 157.4 (Q), 139.4 (Q), 136.8.(Q), 128.5 (2 ×
CH), 127.6 (2 × CH), 126.9 (CH), 125.3 (CH), 123.5 (CH), 100.7
(Q), 96.2 (Q), 94.0 (methine CH), 87.2 (CH), 84.6 (CH), 84.4
(CH), 79.4 (CH), 30.4 (CH(CH3)2), 24.7 (aliphatic CH3), 23.4
(CH(CH3)2), 21.4 (methyl CH3), 20.9 (CH(CH3)2), 18.4 (methyl
CH3). Anal. Calcd for C27H30ClNORu: C 62.24, H 5.80, N 2.69, Cl
6.80. Found for C27H30ClNORu: C 62.10, H 5.85, N 2.65, Cl 6.85. ES
MS(+): m/z 486.14 [M+] − Cl.
Complex 12 (0.10 g, 0.17 mmol, 61%). 1H NMR (CDCl3, 300

MHz, 300 K) δ 7.85−7.78 (m, 3H, 3 × CH), 7.53−7.36 (m, 9H, 9 ×
CH), 5.60 (s, 1H, methine CH), 5.56 (br. d, 1H, CH, 3J(1H−1H) =
6.2 Hz), 5.49 (br. d, 1H, CH, 3J(1H−1H) = 5.5 Hz), 5.27 (br. d, 2H,

CH, 3J(1H−1H) = 5.7 Hz), 3.00−2.90 (br. q, 1H, CH(CH3)2), 2.13 (s,
3H, methyl CH3), 1.57 (s, 3H, aliphatic CH3), 1.35 (dd, 6H,
CHC(CH3)2,

3J(1H−1H) = 6.9 Hz and 3J(1H−1H) = 3.9 Hz).
13C{1H} NMR (CDCl3, 75 MHz, 300 K) δ 162.4 (Q), 154.3 (Q),
148.3 (Q), 133.7.(Q), 126.7 (Q), 125.4 (Q), 129.8 (CH), 127.8
(CH), 126.4 (CH), 126.0 (CH), 125.0 (CH), 124.6 (CH), 100.8 (Q),
99.8 (methine CH), 97.5 (Q), 84.3 (CH), 82.5 (CH), 79.1 (CH), 79.0
(CH), 30.7 (CH(CH), 27.9 (aliphatic CH3), 22.4 (CH(CH3)2), 22.3
(CH(CH3)2), 17.9 (methyl CH3). Anal. Calcd for C30H30ClNORu: C
64.68, H 5.43, N 2.51, Cl 6.36. Found for C30H30ClNORu: C 61.70, H
5.35, N 1.55, Cl 7.30. ES MS(+): m/z 522.1 [M+] − Cl.

Complex 13 (0.18 g, 0.32 mmol, 62%). 1H NMR (CDCl3, 300.13
MHz, 300.0 K) δ 7.88−7.81 (m, 2H, CH), 7.65 (ddd, 1H, CH,
3J(1H−19F) = 9.3 Hz, 4J(1H−19F) = 6.2 Hz and 4J(1H−1H) = 3.2 Hz),
7.18 (td, 1H, CH, 3J(1H−19F) = 9.1 Hz and 3J(1H−1H) = 4.8 Hz),
7.06−6.97 (m, 2H, CH), 6.93 (ddt, 1H, CH, 3J(1H−19F) = 9.1 Hz,
3J(1H−1H) = 7.2 Hz, and 4J(1H−19F) = 3.5 Hz), 5.43 (s, 1H, methine
CH), 5.41 (br. d, 1H, CH, 3J(1H−1H) = 5.7 Hz), 5.24 (br. d, 1H, CH,
3J(1H−1H) = 5.7 Hz), 5.18 (br. d, 1H, CH, 3J(1H−1H) = 6.2 Hz), 3.86
(br. d, 1H, CH, 3J(1H−1H) = 5.5 Hz), 2.65 (br. sept, 1H, CH(CH3)2,
3J(1H−1H) = 7.0 Hz), 2.05 (s, 3H, methyl CH3), 1.82 (br. d, 3H,
aliphatic CH3,

5J(1H−19F) = 0.8 Hz), 1.18 (dd (vt), 6H, CH(CH)3)2),
3J(1H−1H) = 7.3 Hz). 13C{1H} NMR (CDCl3, 75.5 MHz, 300.1 K) δ
166.1 (Q), 163.8 (d, Q, C−F, 1J(13C−19F) = 247.2 Hz), 161.4 (Q),
155.0 (d, Q, C−F, 1J(13C−19F) = 213.9 Hz), 152.6 (d, Q, C−F,
1J(13C−19F) = 225.0 Hz), 135.4 (Q), 131.3 (d, Q, 2J(13C−19F) = 119.9
Hz), 128.9 (2 × CH, 3J(13C−19F) = 8.7 Hz), 115.8 (d, CH,
2J(13C−19F) = 23.5 Hz), 115.6 (d, CH, 2J(13C−19F) = 23.5 Hz), 114.7
(2 × CH, 2J(13C−19F) = 22.3 Hz), 113.3 (d, CH, 2J(13C−19F) = 16.1
Hz), 101.1 (Q), 96.1 (Q), 94.2 (methine CH), 86.9 (CH), 84.9 (CH),
84.3 (CH), 78.5 (CH), 30.6 (CH(CH3)2), 23.9 (CH(CH3)2), 23.2
(CH(CH3)2), 20.7 (aliphatic CH3), 18.3 (methyl CH3). Anal. Calcd
for C26H25ClF3NORu: C 55.66, H 4.49, N 2.50. Found for
C26H25ClF3NORu: C 55.45, H 4.50, N 2.45. ES MS(+): m/z 526.09
[M+] − Cl.

Complex 14 (0.08 g, 0.21 mmol, 57%). Complex 14 was
synthesized according to the previously described ruthenium complex
preparation, with addition of 2 equiv of diphenyl-β-ketoiminate ligand.

1H NMR (CDCl3, 300 MHz, 300.0 K) δ 7.90−7.85 (m, 2H, CH),
7.61−7.56 (m, 2H, CH), 7.45−7.30 (m, 2H, CH), 5.72 (d, 1H, NH,
4J(1H−1H) = 2.3 Hz), 5.45 (br. s, 2H, CH), 5.21 (m, 2H, CH), 2.85
(br. sept, 1H, CH(CH3)2,

3J(1H−1H) = 7.0 Hz), 2.30 (s, 3H, methyl
CH3), 1.32 (br. d, 6H, CH(CH3)2,

3J(1H−1H) = 6.8 Hz). 13C{1H}
NMR (CDCl3, 75 MHz, 300.0 K) δ 210.3 (Q), 206.4 (Q), 174.5 (Q),
159.3 (Q), 129.7 (CH), 128.7 (CH), 127.8 (CH), 126.9 (CH), 126.2
(CH), 100.9 (Q), 99.8 (Q), 99.3 (methine CH), 91.8 (CH), 84.9
(CH), 30.7 (CH(CH3)2), 25.2 (2 × CH(CH3)2), 18.3 (methyl CH3).
Anal. Calcd for C20H24ClNORu: C 60.91, H 5.32, N 2.84, Cl 7.19.
Found for C20H24ClNORu: C 60.90, H 5.30, N 3.10, Cl 7.40. ES
MS(+): m/z 456.33 [M+] − Cl.

Complex 17 (0.04 g, 0.06 mmol, 46%). Complex 17 was
synthesized according to the previously described ruthenium complex
preparation, with addition of 2 equiv of NH-β-ketoiminate ligand.

1H NMR (300 MHz, CDCl3, 300 K) δ 7.86−7.83 (m, 2H, CH),
7.31 (ddd, 3H, CH, 3J(1H−1H) = 19.21 Hz, 11.5 and 7.6 Hz,), 5.38 (d,
1H, methine CH, 3J(1H−1H) = 2.1 Hz), 2.09 (s, 3H, aliphatic CH3),
1.68 (br. s, 15H, Cp* methyl CCH3).

13C{1H} NMR (125 MHz,
CDCl3, 300 K) δ 170.8 (Q), 163.1 (Q), 139.8 (Q), 129.3 (CH), 128.0
(2 × CH), 126.7 (2 × CH), 94.0 (methine CH), 84.7 (Q, Cp*
C(CH)3), 28.6 (aliphatic CH3), 8.7 (Cp* methyl, C(CH3)). Anal.
Calcd for C20H25ClIrNO: C 45.9, H 4.8, N 2.6. Found for
C20H25ClIrNO: C 45.9, H 4.8, N 2.6.

Complex 18 (0.07 g, 0.13 mmol, 58%). Complex 18 was
synthesized by addition of [Cp*IrCl2]2 (1 equiv) to a 3-fluoro-β-
diketonate ligand (2 equiv) and Et3N (2 equiv). The reaction was
stirred in dichloromethane (30 mL) at room temperature overnight.
The solvent was removed under reduced pressure and the crude
product recrystallized using slow evaporation from a methanolic
solution.
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1H NMR (CDCl3, 300 MHz, 299.2 K) δ 7.66−7.61 (m, 1H, CH),
7.61−7.54 (m, 1H, CH), 7.35−7.28 (m, 1H, CH), 7.19−7.10 (m, 1H,
CH), 5.85 (s, 1H, methine CH), 2.08 (s, 3H, CH3), 1.66 (br. s, 15H,
Cp* methyl C(CH)3).

13C{1H} NMR (CDCl3, 75 MHz, 300 K) δ
187.3 (Q), 175.5 (Q), 162.7 (d, Q, C−F, 1J(13C−19F) = 243.5 Hz),
141.1 (Q), 129.6 (d, CH, 3J(13C−19F) = 8.7 Hz), 122.6 (d, CH,
4J(13C−19F) = 2.5 Hz), 117.5 (d, CH, 2J(13C−19F) = 21.0 Hz), 113.9
(d, CH, 2J(13C−19F) = 23.5 Hz), 97.3 (methine CH), 83.7 (Q, Cp*
C(CH3)), 28.2 (aliphatic CH3), 8.7 (Cp* methyl C(CH3)). Anal.
Calcd for C20H23ClFIrO2: C 44.31, H 4.28. Found for C20H23ClFIrO2:
C 44.55, H, 4.20. ES MS(+): m/z 507.0 [MH+] − Cl.
Cell Line Chemosensitivity Studies. In vitro chemosensitivity

tests were performed at the Institute of Cancer Therapeutics,
Bradford, U.K., against MCF-7 (human breast adenocarcinoma),
HT-29 (human colon adenocarcinoma), A2780 (human ovarian
carcinoma), and A2780cis (cisplatin-resistant A2780 cells) cell lines.
Growth inhibitory effects were also tested against ARPE-19 cells.
ARPE-19 are a human retinal epithelial noncancer cell line that was
obtained from the American Type Culture Collection. Cancer cell
lines were routinely maintained as monolayer cultures in appropriate
medium (RPMI 1640 supplemented with 10% fetal calf serum, sodium
pyruvate (1 mM) and L-glutamine (2 mM)). AREP-19 cells were
cultured in DMEM-F12 medium containing 10% fetal calf serum. For
chemosensitivity studies, cells were incubated in 96-well plates at a
concentration of 2 × 103 cells per well and the plates were incubated
for 24 h at 37 °C in an atmosphere of 5% CO2 prior to drug exposure.
Complexes or cisplatin were each dissolved in dimethyl sulfoxide to
provide stock solutions that were diluted to provide a range of final
concentrations. Drug solutions were added to cells (the final DMSO
concentrations was less than 0.1% (v/v) in all cases) and incubated for
5 days at 37 °C in an atmosphere of 5% CO2. MTT (20 μL, 5 mg
mL−1) was added to each well and incubated for 3 h at 37 °C in an
atmosphere of 5% CO2. All solutions were then removed via pipet, and
150 μL of dimethyl sulfoxide added to each well in order to dissolve
the purple formazan crystals. A Thermo Scientific Multiskan EX
microplate photometer was used to measure the absorbance of each
well at 540 nm. Lanes containing medium only and 100% cells were
used as blanks for the spectrophotometer and 100% cell survival,
respectively. Cell survival was determined as the absorbance of treated
cells divided by the absorbance of controls and expressed as a
percentage. The IC50 values were determined from plots of % survival
against drug concentration. Each experiment was repeated three times
and a mean value obtained and stated as IC50 (μM) ± SD. To quantify
the response of tumor cells compared to normal cells, IC50 values were
expressed as the ratio of the IC50 in ARPE-19 cells to the IC50 in
individual tumor cells evaluated. A ratio of greater than one indicates
selectivity toward cancer cells. IC50 values (μM) and the standard
deviations (SD) after a minimum of three repeats are presented in
Figure S2 (Supporting Information).
Influence of Hypoxia. The hypoxia assay was conducted

according to the protocol stated previously for normoxic conditions.
However, the incubation period, the addition of the drug dilutions, and
the addition of the MTT solution were carried out inside a Don
Whitley Scientific H35 Hypoxystation which was set at 1.0 or 0.1% O2.
Cisplatin was tested as a comparison, and a well-known hypoxic
sensitive compound tirapazimine (TPZ) was tested as a positive
control. These results are presented in Table S3a,b (Supporting
Information).
Inhibition of Trx-R Activity. Trx-R sourced from rat liver was

obtained from Sigma-Aldrich. It is a buffered aqueous glycerol
solution, ≥ 100 units/mg protein, in 50 mM Tris-HCl, pH 7.5, 300
mM NaCl, 1 mM EDTA, and 10% glycerol. The rate of change of
UV−vis absorbance was measure at 412 nm over 1 min to give the
reaction velocity. The experiment was carried out using just the
enzyme to get the control (no inhibitor) reaction velocity, and then
varying dilutions of the test compound were added up to a maximum
of 10 μM. The reaction velocity in the presence of inhibitor was
normalized relative to the control to generate percent activity and
plots of percent activity versus concentration were constructed to
obtain IC50 values (that is, the concentration that inhibited 50% of

enzyme activity). For full experimental and IC50 values, see Figure S3
(Supporting Information).

Induction of Cancer Cell Death by Apoptosis. Cells were
incubated in T-25 flasks and diluted to concentrations of 2.5 × 104

cells/flask (0.5 × 104 cells/mL) using complete RMPI 1640 medium.
These were incubated for 24 h at 37 °C in an atmosphere of 5.0%
CO2. Complexes were dissolved in dimethyl sulfoxide and then further
diluted with RMPI 1640 to obtained concentrations ranging from 20
to 0 μM. The cells were then incubated with the varying
concentrations of complex for 48 h, media/drug solutions removed,
and flasks washed with PBS (5 mL), adding all washings to a centrifuge
tube. Trypsin (1 mL/flask) was added to each flask and then incubated
for 5 min until a single cell suspension was obtained. The trypsin was
then neutralized with medium (5 mL), and the whole contents of the
flask transferred to the same centrifuge tube. The tube was centrifuged
at 1000 rcf for 3−5 min, the supernatant removed, and the pellet
resuspended in PBS (1 mL). The 1 mL sample was transferred to an
Eppendorf tube and centrifuged at 1500 rpm for 5 min. The
supernatant was removed and the pellet resuspended in 16 μL of
propidium iodide (PI), 16 μL of annexin V (AnV), and 800 μL of
buffer solution (100 μL). The samples were incubated at room
temperature for 10 min and kept in suspension, then transferred to
FACS tubes for analysis. Samples were run using flow cytometry and
parameters adjusted depending on the sample tested. A cell count of
10 000 was necessary to conduct this experiment and gave results of PI
versus AnV. Each quadrant was analyzed manually and a percentage
taken from each quadrant of the plot; values are presented in Table S8
(Supporting Information).

Analysis of Cellular DNA Damage by the Comet Assay. Slides
containing a layer of agarose were prepared in advance, using 1%
normal-melting-point agarose (500 mg) in PBS (50 mL). The cells
were diluted with complete RMPI 1640 to a concentration of 1 × 106

cells/mL; 2 mL of the cell suspension was placed in each well of a 6-
well plate. The cells were incubated for 24 h at 37 °C in a 5.0% CO2
atmosphere. Drug samples were prepared in the range of 20−0 μM,
the medium removed from the wells, and 2 mL of drug sample added
to each well. The plate was then incubated again for 24 h in the drug
solutions, at 37 °C in a 5.0% CO2 atmosphere. The drug samples were
removed and added to centrifuge tubes, and the wells were each
washed with PBS (1 mL), which was also placed into the centrifuge
tube. The wells were then trypsinised (1 mL) for 5 min and then
neutralized with complete medium (1 mL); these volumes were all
added to the centrifuge tube and centrifuged at 1500 rpm for 3 min.
The supernatant was removed and the pellet resuspended in complete
medium containing 10% DMSO (did not use DMSO with single-
strand assay). The tubes were wrapped in several sheets of tissue and
stored at −80 °C until required for the assay. When conducting the
cross-linking assay, the same protocol is followed with an additional
step of exposing the cells to 10% H2O2 for 20 min before harvesting
the cells. For reagents, conditions, and graphical analysis, see Figure
S4−6 (Supporting Information).
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Synthesis and anticancer activity evaluation of
η5-C5(CH3)4R ruthenium complexes bearing
chelating diphosphine ligands†

A. Rodríguez-Bárzano,a R. M. Lord,a A. M. Basri,a R. M. Phillips,b A. J. Blackera and
P. C. McGowan*a

The complexes [RuCp*(PP)Cl] (Cp* = C5Me5; [1], PP = dppm; [4], PP = Xantphos), [RuCp#(PP)Cl] (Cp# =

C5Me4(CH2)5OH; [2], PP = dppm; [5], PP = Xantphos) and [RuCp*(dppm)(CH3CN)][SbF6] [3] were syn-

thesized and evaluated in vitro as anticancer agents. Compounds 1–3 gave nanomolar IC50 values against

normoxic A2780 and HT-29 cell lines, and were also tested against hypoxic HT-29 cells, maintaining their

high activity. Complex 3 yielded an IC50 value of 0.55 ± 0.03 µM under a 0.1% O2 concentration.

Introduction
Numerous organometallic (η6-arene)-ruthenium complexes
have been screened as anticancer agents with promising
results, for instance, compounds of the types [(η6-arene)Ru-
(NN)Cl]+ (NN = chelating nitrogen ligands, especially ethylene-
diamine (en)),1–3 [(η6-arene)Ru(NO)Cl] (NO = 3′-fluorophenyl-3-
(phenylamino)-2-buten-1-one),4 [(η6-arene)Ru(OO)X] (OO =
3-hydroxyflavone derivatives, X = Cl, Br or I)5,6 or [(η6-arene)Ru-
(pta)Cl2] (RAPTA) (pta = 1,3,5-triaza-7-phosphatricyclo [3.3.1.1]
decane).7,8 Samuelson and co-workers have published the use
of η6-p-cymene ruthenium complexes with different diphos-
phines acting as either monodentate or chelating ligands,
which showed good growth inhibitions against several cancer
cell lines.9 In contrast, fewer examples of η5-cyclopentadienyl
(Cp) or pentamethylcyclopentadienyl (Cp*) compounds have
been biologically evaluated. Sava reported the synthesis and
activity against TS/A adenocarcinoma of the compounds [(η5-
C5H5)Ru(pta)2Cl] and [(η5-C5Me5)Ru(pta)2Cl], as equivalents to
the RAPTA complexes.10 Compounds of the type [(η5-C5H5)Ru-
(PP)L][X] (PP = 2 × PPh3 or 1,2-bis(diphenylphosphino)ethane,
L = planar nitrogen σ-bonded ligand and X = CF3SO3 or PF6)

have been synthesised by Moreno et al. and some of them
show better cytotoxicities than cisplatin.11–13 However, none of
these Cp/Cp* ruthenium complexes has been tested under
hypoxic conditions. Some diphosphines have demonstrated
cytotoxicity against various cell lines,14 but it has been
observed that, upon coordination to metals, diphosphines
produce complexes with improved anticancer activity com-
pared to the free ligands; a general hypothesis considers that
the metal protects the ligands from oxidation before they inter-
act with the corresponding biological target.15

Here we present the results obtained from cell line assays
carried out under normoxic and hypoxic conditions with
ruthenium complexes containing chelating diphosphine
ligands such as 1,1-bis(diphenylphosphino)methane (dppm)
and 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene (Xant-
phos). The complexes have general structures [RuCp*(PP)Cl]
(1, PP = dppm; 4, PP = Xantphos), [RuCp#(PP)Cl] (Cp# =
C5Me4(CH2)5OH; 2, PP = dppm; 5, PP = Xantphos) and [RuCp*
(PP)(CH3CN)][SbF6] (3, PP = dppm). We investigated the bio-
logical activity of both ligands and the effect of complexation.
We were interested in assessing the impact of hydrophilic
functionalisation of Cp* with an –OH group and the different
cytotoxicities shown by analogous neutral and charged com-
plexes. The anticancer activities were assessed against A2780
and HT-29 cell lines, for HT-29 both at 21% and 0.1% O2

(hypoxic conditions) concentrations.

Results and discussion
Complexes 1 and 4 were synthesised from [RuCp*Cl2]2, which
was obtained following literature methods.16,17 A similar
method was employed for compounds 2 and 5, starting from

†Electronic supplementary information (ESI) available: Experimental and results
of the hydrophobicity studies for complexes 1 and 2, 1H, 31P and 13C NMR
spectra of the hydrolysis studies for complexes 1 and 3 and crystal structure
determination details for complex 3. CCDC 957987. For ESI and crystallographic
data in CIF or other electronic format see DOI: 10.1039/c4dt02748e

aSchool of Chemistry, University of Leeds, Woodhouse Lane, Leeds, LS2 9JT, UK.
E-mail: P.C.McGowan@leeds.ac.uk; Fax: +44 (0)113 343 6565;
Tel: +44 (0)113 343 6404
bThe Institute of Cancer Therapeutics, University of Bradford, Bradford, BD7 1DP,
UK. E-mail: R.M.Phillips@bradford.ac.uk; Fax: +44 (0)127 423 3234;
Tel: +44 (0)127 423 5367
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the novel [RuCp#Cl2]2 complex (Scheme 1). This in turn was
prepared by reaction of (5-hydroxypentyl)-tetramethylcyclo-
pentadiene18 with RuCl3 in ethanol at reflux. Compounds 119,20

and 421 had been previously reported, but not biologically
tested. Complex 3 was obtained from complex 1, acetonitrile
and NaSbF6 in methanol at room temperature (Scheme 2).
This method was adapted from the published synthesis of
[RuCp*(PP)(CH3CN)][PF6] complexes, where PP = chiral dipho-
sphines.22 The structure of complex 3 was determined by
single crystal X-ray diffraction. Compound 3 crystallised in a
triclinic cell from pentane/chloroform, and the structural solu-
tion was performed in the space group P1̄. The asymmetric
unit comprises one molecule of compound 3, including the
counterion SbF6. The molecular structure of 3 is shown in
Fig. 1 and selected bond lengths and angles are given in
Table 1. Compound 3 presents the characteristic piano-stool
geometry typical of η5- and η6-organometallic ruthenium
species. The N(1)–C(11) triple bond length is 1.153(2) Å.

The cytotoxic activities of compounds 1–5, along with cis-
platin, dppm and Xantphos were tested on the A2780 and
HT-29 cell lines after five-day exposures at 37 °C and 21% O2.
The IC50 results are shown in Table 2. The most active com-
plexes were those formed from dppm, 1, 2 and 3, all with
better cytotoxicities, in the nanomolar range, than cisplatin for
both HT-29 and A2780 cell lines. Dppm was active by itself,
with IC50 values below 1.5 µM. However, 1H and 31P NMR
spectroscopy experiments in deuterated DMSO showed no de-
coordination of dppm from complexes 1 and 3 after five days.
The observation that diphosphines do not dissociate is further
reinforced by the fact that complexes 4 and 5 gave moderate to
good activities, which are not due to a possible release of the
ligand, because Xantphos did not show anticancer behaviour
on its own. This contradicts the previous hypothesis that
the activities of these types of diphosphine complexes depend
on possible de-coordination of the ligands.15 The different
behavior of dppm and Xantphos provides interesting material
for further future studies. Complexes 4 and 5 were more
active against A2780 cells, with IC50 values close to cisplatin.
The presence of the (CH2)5OH chain in the Cp# compounds 2
and 5 produced no great effect on their anticancer activities,
compared to those of the Cp* complexes 1 and 4. The best
cytotoxicity was observed for the cationic complex 3.

To assess the extent of hydrolysis23 in complexes 1 and 3,
10 mM samples of both complexes in 0.6 ml of deuterated

Scheme 2 Synthesis of complex 3.

Fig. 1 ORTEP structure of complex 3 (cation) with thermal ellipsoids
set at 50% probability. Hydrogen atoms omitted for clarity.

Table 1 Selected bond lengths [Å] and angles [°] in the structure of
compound 3 with s.u.s. in parenthesis

Ru(1)–N(1) 2.0775(16)
Ru(1)–P(1) 2.3201(6)
Ru(1)–P(2) 2.3503(6)
N(1)–C(11) 1.153(2)
C(11)–C(12) 1.481(3)
Ru(1)–ring centroid 1.884
Ru(1)–C(Cp*) 2.25226
P(1)–Ru(1)–P(2) 71.626(19)
N(1)–C(11)–C(12) 178.5(2)
C(11)–N(1)–Ru(1) 178.90(16)
P(2)–C(13)–P(1) 93.53(8)

Table 2 IC50 values (average of three replicates) for complexes 1–5
along with cisplatin, tirapazamine, dppm and Xantphos. The drugs were
incubated for 5 days at 37 °C. The final concentration of dimethylsulf-
oxide was 0.1% (v/v) in each cell plate

IC50 (µM) at 21% O2 IC50 (µM) at
0.1% O2

Compound A2780 HT-29 HT-29

Cisplatin 1.4 ± 0.3 2.52 ± 0.09 2.4 ± 0.4
Tirapazamine — 31 ± 3 2.8 ± 0.4
dppm 1 ± 1 1.47 ± 0.02 17.19 ± 0.08
1 1.1 ± 0.2 0.73 ± 0.05 0.66 ± 0.03
2 0.9 ± 0.1 0.791 ± 0.007 0.76 ± 0.03
3 0.70 ± 0.02 0.61 ± 0.01 0.55 ± 0.03
Xantphos >250 >250 —
4 3.6 ± 0.4 10.1 ± 0.5 —
5 4.0 ± 0.3 11.9 ± 0.7 —

Scheme 1 General synthesis of complexes 1, 2, 4 and 5.
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solvent (90% deuterated DMSO + 10% deuterium oxide) were
prepared in NMR tubes and analysed by 1H NMR spectroscopy
every 24 hours during five days at room temperature. A new set
of peaks at 5.14 and 1.61 ppm appeared gradually in both
samples (see Fig. S1 and S4 in the ESI†). The new species
formed, after five days, in 48% yield from complex 1 and in
67% yield from complex 3. Mass spectrometry of this new
species showed the same peaks observed for the chloride
complex 1, where the chloride ligand was lost. By inference,
the new species is believed to be the aqua species, which
entails that monocationic complex 3 hydrolyses to a higher
extent under the same conditions, and this coincides with its
higher anticancer activity. 31P and 13C NMR analyses of both
samples were also run when they were freshly prepared and
after 5 days. 31P NMR spectra show a new peak at 5.08 ppm for
both complexes 1 and 3 (see Fig. S2 and S5 in the ESI†). This
discards the possibility of dppm de-coordination, given that
free dppm shows a characteristic peak at −23 ppm in 90%
deuterated DMSO + 10% deuterium oxide. 13C NMR spectra
show new peaks at 94.9 and 10.7 ppm after 5 days for com-
plexes 1 and 3 (see Fig. S3 and S6 in the ESI†). Neither 1H nor
13C NMR spectra show new peaks for the methyl groups of co-
ordinated DMSO, which rules out the formation of a DMSO
complex during the 5-days period of these experiments.

Table 2 gives the IC50 results obtained for the most active
compounds 1–3 against hypoxic HT-29 cells at an oxygen con-
centration of 0.1%. Cancerous cells are known to proliferate
within hypoxic environments, with oxygen content below
2%,24 therefore hypoxic experiments tend to reproduce the
conditions found in human solid tumours. Apart from cis-
platin, whose activity remains practically unmodified, tirapaz-
amine, a drug known to be hypoxia sensitive,25 was also
employed as reference. Interestingly, the IC50 of dppm under
hypoxic conditions increased considerably from 1.47 µM to
17.19 µM. A possible explanation for this is that the active
species might be an oxidized form of dppm. However,
Samuelson et al. have reported that, while dppm is moderately
active against H460 lung cells (IC50 = 18.2 μM), mono-oxidised
dppm shows no cytotoxic activity (IC50 > 250 μM),9 and similar
conclusions had been drawn by Sadler et al.14 The activities of
complexes 1–3 improved slightly at a low O2 concentration.
Complex 3 showed again the best performance, with an IC50

of 0.55 ± 0.03 µM, which is of particular significance and
interest.

Conclusions
In summary, a series of Cp*-based diphosphine ruthenium
complexes (1–5) was prepared and biologically tested against
A2780 and HT-29 cancerous cell lines. Both normoxic and
hypoxic studies showed activities in the nanomolar range. The
best anticancer activity was obtained with complex 3, which
maintained a low IC50 value even under hypoxic conditions
with 0.1% O2 concentration, and showed a higher degree of
hydrolysis than its neutral analogue 1 under the same con-

ditions. Testing other free and coordinated phosphines and
phosphine oxides could shed some light on the effect that the
oxidation state and structure of the ligand have on cytotoxic
activity.

Experimental
General

All of the manipulations for the syntheses of complexes 1–5
and [RuCp#Cl2]2 were conducted using standard Schlenk line
techniques under an inert atmosphere of dry dinitrogen in a
dual vacuum/dinitrogen line. Dry dinitrogen was obtained by
passing dinitrogen gas through a double column with phos-
phorus pentoxide and activated 4 Å molecular sieves. All of the
1H, 31P and 13C NMR spectra were recorded using a Bruker
DPX (300 MHz) or a Bruker DRX (500 MHz) spectrometers.
Microanalyses were obtained at the University of Leeds Micro-
analytical Service. Mass spectra were obtained at the University
of Leeds Mass Spectrometry Service.

[RuCp*Cl2]2 16,17 and (5-hydroxypentyl)-tetramethylcyclo-
pentadiene18 were prepared according to literature methods.
All other reagents are commercially available and were used as
received. Complexes 119,20 and 421 had already been reported
in the literature and were synthesised with the same general
method used for compounds 2 and 5.

X-Ray crystallography

A suitable single crystal was selected under the microscope
and immersed in inert oil. The crystal was mounted on a glass
capillary and attached to a goniometer head on a Bruker X8
Apex diffractometer using graphite monochromated Mo-Kα
radiation (λ = 0.71073 Å) and 1.0° Φ-rotation frames. The
crystal was cooled to 150 K by an Oxford cryostream low temp-
erature device.26 The full data sets were recorded and the
images processed using the Apex2 software, Bruker Nonius
2004. Structure solution by direct methods was achieved
through the use of the SHELXS-97 program,27 and the
structural model refined by full matrix least squares on F2

using SHELXL-97.27 Editing of Crystallographic Information
Files (CIFs) and construction of tables of bond lengths and
angles were achieved using WC.28 Hydrogen atoms were placed
using idealised geometric positions (with free rotation for
methyl groups), allowed to move in a “riding model” along
with the atoms to which they were attached, and refined
isotropically.

Cell line testing

The in vitro normoxic studies were performed at the Institute
of Cancer Therapeutics, Bradford, on the cell lines A2780
(human ovarian carcinoma) and HT29 (human colon carci-
noma). Cells were incubated in 96-well plates at a cell concen-
tration of 2.0 × 104 cells mL−1. Complete cell medium
containing RPMI-1640, supplemented with 10% foetal calf
serum, sodium pyruvate (1 mM) and L-glutamine (2 mM), was
used to prepare the desired cell concentration and reference
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wells. Plates containing cells were incubated for 24 hours at
37 °C in an atmosphere of 21% O2 and 5% CO2, prior to drug
exposure. All compounds were dissolved in dimethylsulfoxide
to give an initial concentration of 25 mM and diluted further
with cell medium to obtain concentrations ranging from
250–0.49 µM. A final dimethylsulfoxide concentration of 0.1%
(v/v) was obtained, which is non-toxic to cells. 100 µL of cell
medium was added to the reference cells and 100 µL of
differing concentrations of drug solution were added to the
remaining wells. The plates were incubated for a further 5 days
at 37 °C in an atmosphere of 5% CO2. 20 µL of 3-(4,5-
dimethylthiazol-1-yl)-2,5-diphenyltetrazolium bromide (MTT)
solution (5 mg mL−1) was added to each well and incubated
for a further 3 hours at 37 °C in an atmosphere of 5% CO2.
Upon completion, all solutions were removed from the wells
via pipette, and 150 µL of dimethylsulfoxide was added to each
well to dissolve the purple formazan crystals. A Thermo Scien-
tific Multiskan EX microplate photometer was used to
measure the absorbance at 540 nm. Lanes containing 100%
cell medium and 100% cell solution were used as a blank and
100% cell survival respectively. Cell survival was determined as
the absorbance of treated cells minus the blank cell medium,
divided by the absorbance of the 100% cell solution; this value
was expressed as a percentage. The IC50 values were deter-
mined from a plot of percentage cell survival against drug con-
centration (µM), and each experiment was carried out three
times to obtain average IC50 values. The in vitro hypoxic
studies were carried out on HT-29 cells following a similar pro-
cedure, but in this case the cells were incubated in a Don
Whitley Scientific H35 Hypoxystation, kept at 37 °C with an O2

concentration of 0.1%.

Synthesis of [RuCp#Cl2]2

(5-Hydroxypentyl)-tetramethylcyclopentadiene (3.14 g,
15.1 mmol) was added to a solution of RuCl3·3H2O (1.73 g,
6.62 mmol) in dry ethanol (50 ml) and the mixture was stirred
and heated to reflux under nitrogen for three hours. After that,
it was concentrated and left in the freezer overnight, which
resulted in precipitation of an orange solid. This was filtered,
washed with dry hexane (×3), dried under vacuum and kept in
the glove box (1.214 g, 3.20 mmol, 48%). Calculated for
[C14H23Cl2ORu] (379.25 g mol−1): C 44.3; H 6.1; Cl 18.7%
Found: C 44.7; H 6.3; Cl 18.3%. 1H NMR (CDCl3, 500.57 MHz,
300.0 K): δ 5.11 [br. s, 6H, C5(CH3)4(CH2)5OH], 4.15 [br. s, 6H,
C5(CH3)4(CH2)5OH], 4.09 [m, 4H, C5(CH3)4(CH2)5OH], 3.35
[br. s, 2H, C5(CH3)4(CH2)5OH], 2.73 [br. s, 2H,
C5(CH3)4(CH2)5OH], 2.29 [m, 2H, C5(CH3)4(CH2)5OH]; 13C{1H}
NMR (CDCl3, 125.77 MHz, 299.2 K): δ 142.3 [C5(CH3)4(CH2)5OH],
135.3 [C5(CH3)4(CH2)5OH], 128.2 [C5(CH3)4(CH2)5OH], 63.3
[C5(CH3)4(CH2)5OH], 33.7 [C5(CH3)4(CH2)5OH], 27.2
[C5(CH3)4(CH2)5OH], 24.6 [C5(CH3)4(CH2)5OH], 12.5
[C5(CH3)4(CH2)5OH], 11.8 [C5(CH3)4(CH2)5OH].

Synthesis of 2

1,1′-Bis(diphenylphosphino)methane (0.29 g, 0.75 mmol) was
added to a solution of [Ru(C5Me4(CH2)5OH)Cl2]2 (0.19 g,

0.5 mmol) in dry dichloromethane (100 ml) and the mixture
was stirred under nitrogen overnight. The solvent was evapor-
ated to give a brown residue, which was extracted with diethyl
ether (×2). The orange ether extract was concentrated and left
in the freezer. A precipitate formed, which was then filtered.
The obtained filtrate was evaporated to give an orange solid,
and this was recrystallised from dichloromethane/hexane
(0.1184 g, 0.163 mmol, 33%). Calculated for C39H45ClOP2Ru
(727.87 g mol−1): C 64.3; H 6.2; Cl 4.9% Found: C 64.1; H 6.3;
Cl 5.1%. 1H NMR (C6D5CD3, 500.57 MHz, 300.0 K): δ 7.64–6.82
[20H, (C6H5)4P2CH2], 4.47 [dt, 2J(H–H) = 14.5 Hz, 2J(H–P) = 9.4 Hz,
1H, (C6H5)4P2CH2], 4.22 [dt, 2J(H–H) = 14.2 Hz, 2J(H–P) = 11.3 Hz,
1H, (C6H5)4P2CH2], 3.26 [t, 3J(H–H) = 6.2 Hz, 2H,
C5(CH3)4(CH2)4CH2OH], 2.23 [m, 2H, C5(CH3)4(CH2)4CH2OH],
1.81 [t, 4J(H–P) = 1.9 Hz, 6H, C5(CH3)4(CH2)4CH2OH], 1.79 [t,
4J(H–P) = 2.0 Hz, 6H, C5(CH3)4(CH2)4CH2OH], 1.36 [quint,
3J(H–H) = 7.6 Hz, 2H, C5(CH3)4(CH2)4CH2OH], 1.25 [m, 4H,
C5(CH3)4(CH2)4CH2OH]; 31P{1H} NMR (C6D5CD3, 121.49 MHz,
300.0 K): δ 12.38 [s]; 13C{1H} NMR (C6D5CD3, 125.77 MHz,
299.2 K): δ 137.5 [s, (C6H5)4P2CH2], 133.7 [t, 2,3J(C–P) = 5.4 Hz,
(C6H5)4P2CH2], 133.0 [t, 2,3J(C–P) = 5.4 Hz, (C6H5)4P2CH2], 92.6
[m, C5(CH3)4(CH2)4CH2OH], 89.1 [t, 2J(C–P) = 2.6 Hz,
C5(CH3)4(CH2)4CH2OH], 87.9 [t, 2J(C–P) = 2.6 Hz,
C5(CH3)4(CH2)4CH2OH], 62.6 [s, C5(CH3)4(CH2)4CH2OH], 49.2
[t, 1J(C–P) = 19.2 Hz, (C6H5)4P2CH2], 33.1 [s,
C5(CH3)4(CH2)4CH2OH], 30.8 [s, C5(CH3)4(CH2)4CH2OH], 26.6
[s, C5(CH3)4(CH2)4CH2OH], 26.4 [s, C5(CH3)4(CH2)4CH2OH],
10.9 [s, C5(CH3)4(CH2)4CH2OH], 10.8 [s,
C5(CH3)4(CH2)4CH2OH]. ES MS (+): m/z 693.2 [M − Cl]+.

Synthesis of 3

Dry methanol (80 ml) and dry acetonitrile (4 ml) were added to
a mixture of complex 1 (0.15 g, 0.23 mmol) and NaSbF6 (0.6 g,
2.3 mmol) under nitrogen. The initial orange suspension
changed to a light yellow solution, and this was stirred over-
night. The solvent was evaporated and the residue treated with
dichloromethane and filtered. The filtrate was concentrated
and, after adding diethyl ether and placing the mixture in the
freezer for some hours, the light yellow precipitate formed was
filtered off, washed with diethyl ether and dried (0.1597 g,
0.178 mmol, 77%). Calculated for C37H40F6NP2RuSb (897.07 g
mol−1): C 49.5; H 4.5; N 1.6% Found: C 49.6; H 4.6; N 1.5%.
1H NMR (CD2Cl2, 300.13 MHz, 300.0 K): δ 7.49 [m, 16H,
(C6H5)4P2CH2], 7.36 [m, 4H, (C6H5)4P2CH2], 5.13 [dt, 2J(H–H) =
16 Hz, 2J(H–P) = 9.8 Hz, 1H, (C6H5)4P2CH2], 4.37 [dt, 2J(H–H) =
16 Hz, 2J(H–P) = 10.5 Hz, 1H, (C6H5)4P2CH2], 1.64 [t, 5J(H–P) = 1.7
Hz, 3H, CH3CN], 1.59 [t, 4J(H–P) = 2.2 Hz 15H, C5(CH3)5];
31P{1H} NMR (CD2Cl2, 121.49 MHz, 300.0 K): δ 9.56 [s]; 13C{1H}
NMR (CD2Cl2, 125.88 MHz, 300.0 K): δ 155.9 [s, CH3CN], 132.8
[m, (C6H5)4P2CH2], 131.9 [t, 2,3J(C–P) = 5.2 Hz, (C6H5)4P2CH2],
131.2 [d, 1J(C–P) = 32.7 Hz, (C6H5)4P2CH2], 129.3 [dt, 2,3J(C–P) =
18.7, 5.2 Hz, (C6H5)4P2CH2], 92.0 [s, C5(CH3)5], 51.3 [s,
(C6H5)4P2CH2], 10.2 [s, C5(CH3)5], 3.8 [s, CH3CN]. ES MS (+):
m/z 662.2 [M − SbF6]+.
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Synthesis of 5

4,5-Bis(diphenylphosphino)-9,9-dimethylxanthene (0.43 g,
0.75 mmol) was added to a solution of [Ru(C5Me4(CH2)5OH)-
Cl2]2 (0.19 g, 0.5 mmol) in dry dichloromethane (100 ml) and
the mixture was stirred under nitrogen overnight. The solvent
was evaporated to give a brown residue, which was extracted
with diethyl ether (×4). The yellow ether extract was concen-
trated and left in the freezer overnight. The precipitate formed
was filtered, and the orange filtrate evaporated. The residue
was recrystallised from dichloromethane/hexane to give a
yellow solid (0.0897 g, 0.097 mmol, 19%). Calculated for
C53H55ClO2P2Ru (921.94 g mol−1): C 69.0; H 6.0; Cl 3.9%
Found: C 68.3; H 6.1; Cl 4.3%. 1H NMR (C6D5CD3,
300.13 MHz, 300.0 K): δ 8.20–6.49 [26H, (C6H5)4P2OC-
(CH3)2(C6H3)2], 3.15 [t, 3J(H–H) = 6.2 Hz, 2H, C5(CH3)4(CH2)4-
CH2OH], 1.64 [s, 3H, (C6H5)4P2OC(CH3)2(C6H3)2], 1.59 [s, 3H,
(C6H5)4P2OC(CH3)2(C6H3)2], 1.57 [br. s, 6H,
C5(CH3)4(CH2)4CH2OH], 1.29 [m, 2H, C5(CH3)4(CH2)4CH2OH],
0.98 [br. s, 6H, C5(CH3)4(CH2)4CH2OH], 0.85 [m, 4H,
C5(CH3)4(CH2)4CH2OH], 0.45 [m, 2H, C5(CH3)4(CH2)4CH2OH];
31P{1H} NMR (C6D5CD3, 202.63 MHz, 300.0 K): δ 33.26 [s]; 13C
{1H} NMR (C6D5CD3, 125.77 MHz, 299.2 K): δ 137.5
[(C6H5)4P2OC(CH3)2(C6H3)2], 92.4 [s, C5(CH3)4(CH2)4CH2OH],
62.5 [s, C5(CH3)4(CH2)4CH2OH], 36.8 [s, (C6H5)4P2OC
(CH3)2(C6H3)2], 32.0 [s, C5(CH3)4(CH2)4CH2OH], 30.7 [s,
C5(CH3)4(CH2)4CH2OH], 30.3 [s, (C6H5)4P2OC(CH3)2(C6H3)2],
26.7 [s, C5(CH3)4(CH2)4CH2OH], 23.6 [s,
C5(CH3)4(CH2)4CH2OH], 23.1 [s, (C6H5)4P2OC(CH3)2(C6H3)2],
9.6 [s, C5(CH3)4(CH2)4CH2OH], 9.2 [s, C5(CH3)4(CH2)4CH2OH].
ES MS (+): m/z 922.2 [M]+; 887.3 [M − Cl]+.

Hydrolysis studies

Complexes 1 and 3 (0.006 mmol) were dissolved in deuterated
DMSO (0.54 ml, 90%) and deuterium oxide (0.06 ml, 10%) to
give 0.6 ml of 10 mM solutions, in NMR tubes. The fresh
samples were analysed by 1H, 31P and 13C NMR spectroscopy at
300.0 K with a Bruker DPX 300.13 MHz spectrometer. 31P and
13C NMR analyses were repeated after five days. 1H NMR ana-
lyses were repeated every 24 hours within that 5-days period.
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b-Diketonate Titanium Compounds Exhibiting High In Vitro
Activity and Specific DNA Base Binding
Rianne M. Lord,*[a] James J. Mannion,[b] Benjamin D. Crossley,[b] Andrew J. Hebden,[b]

Max W. McMullon,[b] Julie Fisher,[b] Roger M. Phillips,[c] and Patrick C. McGowan*[b]

This publication is dedicated to the memory of Dr. Julie Fisher.

Herein, we report 30 new b-diketonate titanium compounds of
the type [Ti(O,O)2X2], whereby O,O = asymmetric or symmetric
b-diketonate ligand and X = Cl, Br, OEt or OiPr. Thirteen new
crystal structures are discussed and show that these octahedral
species all adopt cis geometries in the solid state. These
compounds have been tested for their cytotoxicity using SRB
and MTT assays, showing several of the compounds are as
potent as cisplatin against a range of tumor cell lines. Results
also show the [Ti(O,O)2Br2] complexes are more potent than [Ti
(O,O)2Cl2], [Ti(O,O)2(OEt)2] and [Ti(O,O)2(OiPr)2]. Using a simple

symmetrical heptane-3,5-dione (O,O) ligand bound to titanium,
we observed more than a 50-fold increase in potency with the
[Ti(O,O)2Br2] (28) when compared to [Ti(O,O)2Cl2] (27). One of
the more potent compounds (6) has been added to three
different sixmers of DNA, in order to analyse the potential DNA
binding of the compound. NMR studies have been carried out
on the compounds, in order to understand the structural
properties and the species formed in solution during the
in vitro cell assays.

Introduction

Titanium is widely used in many applications, including pig-
ments and coatings, aerospace, nuclear waste storage, catalysts
and medical treatment.[1–5] Titanium itself is non-toxic and not
rejected by the body, and due to its biocompatibility, the
medical industry has embraced its use as implants in hip and
joint replacements.[1] Even though there are many advantages
for the uses of titanium as pro-drugs, very little work has been
undertaken to optimise their potential in cancer therapy.
Recent studies by Zhou et al. have shown the effects of
titanium nanoparticles (n-TiO2) on the bioavailability, metabo-
lism and toxicity in zebra fish.[6] Treatment with n-TiO2 did not
induce lipid peroxidation, DNA damage or the generation of
reactive oxygen species (ROS). The low toxicities observed

in vivo show the promising effects of titanium for further
research into potential titanium based pro-drugs.

The discovery of the therapeutic effects of titanocene
dichloride (Figure 1) by Köpf and Köpf-Maier et al. in 1979 led

to further research into titanium compounds as potential anti-
cancer drugs.[7, 8] Köpf and Köpf-Maier et al. synthesised func-
tionalised metallocenes with differing ancillary ligands, and
showed that the replacement of the chloride ligand with other
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Figure 1. Structures of Titanocene dichloride (Cp2TiCl2), Titanocene Y and
BNPP.
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groups had little effect on the activity of the compounds
against Ehrlich ascites tumors in mice.[8, 9] The activity of these
compounds is thought to be due to the lability of the Ti!X
bond, and the less labile the bond, the slower the rate of
hydrolysis. This, subsequently leads to the inability to form the
active species in solution.[10] Tacke et al. reported the synthesis
of the benzyl-substituted titanocene dichloride ‘Titanocene Y’
(Figure 1) with in vitro studies showing moderate IC50 values.
Against xenograft A431 tumors in mice, Titanocene Y saw a
40 % inhibition of tumor growth in comparison to control
mice.[11] The oxalate derivative, ‘Oxali-Titanocene Y’ was more
potent and caused a 38 % inhibition in tumor growth in the
xenograft A431 mouse model, and was also found to have an
anti-angiogenic effect on tumors.[12]

Tacke et al. have recently shown drug uptake and DNA
assays of Titanocene Y against HCT-8 cells (ileocecal colorectal
adenocarcinoma). High DNA-adduct levels were obtained at
IC50 concentrations, indicating DNA is a potential target for
these metallocene drugs.[13] Computational studies of Titano-
cene Y with double-stranded DNA have since shown, that after
the loss of the two chloride ligands, the dicationic Titanocene Y
coordinates strongly to a phosphate group.[14] In addition,
hydrolysis and DNA studies of Cp2TiCl2 and Titanocene Y, with
bis(4-nitrophenyl) phosphate (BNPP) have been studied (Fig-
ure 1).[15] They show that Cp2TiCl2 solutions promoted the
hydrolysis of the activated phosphate di- and mono-esters,
BNPP and NPP. However, no phosphate di-ester hydrolysis was
observed in solutions containing the Titanocene Y species.
Their results suggest that Cp2TiCl2 is not able to cleave the
phosphate di-ester linkages of DNA, but that coordination to
DNA leads to titanocene-induced apoptosis.

Shortly after the discovery of titanocene dichloride, Keppler
et al. discovered the therapeutic effects of budotitane.[16–18] The
in vivo results highlighted this compound as an attractive
therapeutic drug due to its high activity against a range of
transplantable tumors, with no known evidence of mutagenic-
ity. However, the clinical trials were terminated at Phase I due
to severe adverse side effects.[19] These compounds can exist as
five different isomers (Figure 2), and even though budotitane
has been crystallised by Dubler et al., the solid state structure is
only present in 19 % concentration when considering the
solution studies. It is postulated that overcoming this isomer
issue in solution could prevent the side effects observed with
this compound.[20]

Work has since continued in this area, with promising
results from Huhn et al. and Tshuva et al., using salan type
ligands (Figure 3).[21] Huhn et al. have synthesised sulfonamide
functionalised TiIV-salan bis-chelates and the preliminary in vitro
evalutions reveal they are cytotoxic in the sub micromolar
range, and 7 times more cytotoxic than cisplatin.[22] Tshuva
et al. have carried out the in vitro assays with Ti(OiPr)4 and TiCl4

(THF)2, two labile TiIV compounds, and reported both as being
inactive against colon and ovarian cells. It is thought that this
inactivity is due to the rate of hydrolysis towards unreactive
aggregates being too fast for any DNA binding to occur, and
thus the need for inert ligands for anti-cancer activity is
confirmed.[23] Consequently a new class of TiIV anti-cancer drug

was reported containing amine-phenolato (salan) ligands,
designed to provide relatively high hydrolytic stability.[23–25] In
vitro testing against HT-29 (human colorectal adenocarcinoma)
and OVCAR-1 (human ovarian carcinoma) cell lines were very
promising, and values are much lower than titanocene
dichloride and are significantly lower than cisplatin.[24]

We have been interested in the synthesis of group IV
compounds, including both metallocenes and coordination
compounds. We reported metallocenes containing functional-
ised Cp (cyclopentadiene) substituents, which increased solubil-
ities and in vitro cytotoxicity.[26] These compounds have good
activity against a range of cancer cell lines, in particular against
the cisplatin-resistant ovarian cell line A2780cis, where one of
the compounds is 10 times more active than its non-
functionalised equivalent.[27] Recently, we reported a series of
functionalised budotitane analogues, showing a general in-
crease in cytotoxicity from Ti < Zr < Hf. We reported the first
cytotoxic seven-coordinate tris(b-diketonate) hafnium complex,
in which the complexes with symmetrical b-diketonate ligands
are >8-fold more potent than the asymmetric b-diketonate
ligands.[28] Herein, we report a series of titanium compounds

Figure 2. Five possible isomers of compounds of the type [M(O,O)2X2].

Figure 3. Examples of TiIV salan compounds by Huhn et al.[21] and Tshuva
et al.[25]
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incorporating both asymmetric and symmetric functionalised
b-diketonate ligands, with thirteen new crystal structures
discussed. Their cytotoxicity values using the SRB assay have
been evaluated in order to gain structure-activity-relationships
(SARs). We have further enhanced the SARs by the synthesis of
titanium compounds with varying ancillary ligands (Cl, Br, OEt
and OiPr). As a possible target, DNA binding studies were
undertaken for one of the more potent compounds, to
determine if DNA binding occurs and contributes to the drugs
mode of action. In order to assess the consistency of the IC50

values, 5-day and 1-hour MTT assays have been carried out on
selected compounds and mechanistic studies are discussed in
order to determine the lability of these compounds during
in vitro.

Results and Discussion

Synthesis and Characterization

Compounds 1–31 were all synthesised according to Sche-
me 1a), b) and c) and isolated as analytically pure samples.
Scheme 1a) shows the synthesis of functionalised asymmetric
ligands with titanium chloride and titanium bromide. Sche-
me 1b) shows the synthesis of asymmetric titanium com-
pounds with different ancillary ligands; chloride, bromide,
ethoxide and isopropoxide. Scheme 1c) shows symmetric
ligands with different titanium starting precursors. Compound
5 was previously reported,[28] and all other compounds have
been fully characterised by 1H and 13C{1H} NMR spectroscopy,
mass spectrometry and elemental analysis. X-ray crystallo-
graphic data has also been obtained for compounds 1, 3, 4, 9–
12, 14, 16, 17, 19, 20 and 30.

Orange-red single crystals were obtained and the com-
pounds crystallised in a triclinic (1), orthorhombic (3, 9, 19 and
20) or monoclinic (4, 10, 11, 12, 14, 16, 17, and 30) cell. The

Scheme 1. Synthetic pathway a), b) and c) for bis(b-diketonate)titanium compounds 1–31 and budotitane.[16]
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molecular structures are shown in Figure 4 and the structures
adopt a mix of geometries either cis-trans-cis or cis-cis-trans,
with half or one molecule in the asymmetric unit cell. The
crystallographic data is presented in Table S1-S2 (see SI),
selected bond lengths are presented in Table S3, and the cis
bond angles around the titanium center are all in the range of
83.17(19)-98.02(16)8 (Table S4, SI), consistent with an octahe-
dral geometry. The single crystal structure of budotitane has
previously been reported by Dubler et al. and showed that in
solid state this analogous compound also adopts a cis-cis-trans
geometry, showing a similarity to the structures presented
here.[20]

SRB Chemosensitivity Studies

In the first instance compounds were chosen to be tested using
the SRB assay, these were selected according to previous
cytotoxicity results we have obtained.[16] Compounds 5, 6, 9–
14, 19–23, 25 and 26, and cisplatin were incubated with A2780
(human ovarian carcinoma), A2780cis (cisplatin-resistant human
ovarian carcinoma), CaSki (human cervical carcinoma), HT-29
(human colorectal adenocarcinoma), LoVo (human colorectal
adenocarcinoma), MCF-7 (human breast adenocarcinoma) and
PC3 (human prostate cancer) cell lines, and results are
presented in Table 1. The results show a general trend that the
b-diketonate titanium bromide compounds are more cytotoxic
than their corresponding b-diketonate titanium chloride ana-
logues. The most promising result was observed for compound
6, which is as active as cisplatin against the HT-29 cell line. The
4-fluoro-b-diketonate ligand was tested and showed no
cytotoxicity, with IC50 values >100 mM, meaning the activity
seen for compound 6 is due to the titanium complex.
Compound 6 appears to be selective in its activity against HT-
29, as when tested against other cell lines this compound is
only moderately active. Compounds 13 and 14 show the
highest cytotoxicity against all cell lines tested, and increasing
the number of electron withdrawing substituents increases the
potency. This can be seen when comparing IC50 values against

A2780, the mono-substituted 4-chloro compounds 9 (X = Cl)
and 10 (X = Br) have IC50 values of 15.84 mM and 11.77 mM,
whereas the 2’,4’-dichloro compounds 13 (X = Cl) and 14 (X =
Br) have IC50 values of 2.3 mM and 2.6 mM respectively. Up to a
6.8-fold increase in potency was observed upon addition of
another electron withdrawing substituent.

The ancillary ligand is thought to be significant for the
cytotoxicity of a compound, and this ligand is usually hydro-
lysed in vivo and replaced by -OH2/-OH. Therefore size and
lability of the ligands can affect the rates of hydrolysis.[5] It is
essential to choose the correct ligand to make sure hydrolysis
occurs only once the drug has entered the cell. We synthesised
a library of compounds to compare the IC50 values, using the
ancillary ligands; X = Cl (21), Br (22), OEt (budotitane) and OiPr
(23). The results show that budotitane, which is the current
leading compound of this type, has high activity against all cell
lines. However, compound 22 which has a bromide ancillary
ligand, shows a 2-fold increase in activity against A2780 (1.64
mM) and A2780cis (1.87 mM) cell lines, when compared to
budotitane (3.9 mM and 3.17 mM respectively). The unsubsti-
tuted b-diketonate ligand was also tested and shows no
cytotoxicity, having IC50 values >100 mM.

MTT Chemosensitivity Studies

To allow us to make comparisons with our previously published
work, compounds 1–4, 7–10, 15–31, budotitane and cisplatin
were tested using the 5 day MTT assay. The compounds were
incubated with A2780, HT-29 and MCF-7 cells, and additional 1
hr exposure times against MCF-7 cells were conducted
(Table 2). The results are not in the same magnitude as those
seen from the SRB assay (Table 1), however the trends are still
consistent. When comparing the titanium chloride compound
9 (23 ! 2 mM) with the corresponding titanium bromide
compound 10 (9 ! 2 mM), the trend shows again that the
bromide compound is the most cytotoxic, with up to a 2.5-fold
increase in IC50 against the MCF-7 cell line. When comparing
the unsubstituted b-diketonate ligand on titanium chloride (21)

Table 1. IC50 values (mM) for the SRB assay for cisplatin, compounds5, 6, 9–13, 19–23, 24, 25 and budotitane against a range of cell lines.

Compound A2780 A2780cis CaSki HT-29 LoVo MCF-7 PC3

Cisplatin 0.38 2.74 1.66 2.29 0.63 0.62 0.3
5 42.12 40.68 44.7 >100.0 42.25 40.05 36.32
6 15.06 17.65 24.16 2.61 19.56 23.51 21.81
9 15.84 20.83 23.97 23.14 19.61 19.27 19.16
10 11.77 20.91 23.12 23.73 20.7 20.61 17.57
11 13.09 31.8 15.11 10.44 30.97 24.35 35.82
12 12.27 18.41 13.51 >25.0 12.54 17.71 16.71
13 2.3 13.0 4.2 6.2
14 2.6 9.5 4.7 6.8
19 16.51 40.95 29.47 41.17 30.62 18.49 36.12
20 11.28 12.73 12.92 >25.0 13.41 15.66 13.9
21 38.45 49.75 33.69 23.51 26.85 43.68 41.45
22 1.64 1.87 20.57 23.48 7.11 8.9 4.25
budotitane 3.9 3.17 3.64 42.19 4.65 5.49 5.34
23 >25.0 19.43 >25.0 >25.0 >25.0 21.62 >25.0
25 >12.5 7.34 8.67 >12.5 >12.5 11.68 >12.5
26 11.81 11.29 9.08 >25.0 11.23 9.58 11.59
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Figure 4. Molecular structures of compounds 1, 3, 4, 9–12, 14, 16, 17, 19, 20 and 30. Hydrogen atoms and solvent molecules are omitted for clarity and
displacement ellipsoids are at the 50 % probability level.
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and titanium bromide (22), the same trend is seen with that of
the SRB assay, whereby the bromide ancillary ligand is
consistently more active against all cell lines tested.

The compounds were also tested against MCF-7 using a 1
hr exposure time, in order to assess how potent the
compounds are upon initial exposure and to determine the
rate at which cytotoxicity is attained. The results (Table 2) show
that after a 1 hr incubation with compound 10, the IC50 value
of 18 ! 5 mM is lower than that seen for cisplatin, 53 ! 8 mM.
Compound 10 has bromide ancillary ligands, which, as stated
previously, has a lower IC50 value than its chloride analogue,
compound 9. On comparing compounds 9/ 10 and 21/ 22,
there is an 8.1 and 9.9-fold increase in potency observed on
changing the ancillary ligands from chloride to bromide. The
high in vitro cytotoxicity seen after just 1 hr exposure high-
lights these compounds as attractive candidates for further
assays and potential in vivo testing.

When comparing the IC50 values of the symmetric b-
diketonate compounds, the most significant result was seen for
27 and 28. These two compounds have a simple symmetrical
heptane-3,5-dione ligand bound to either titanium chloride
(27) or titanium bromide (28). Compound 27 is inactive against
all cell lines tested, whereas upon changing the ancillary ligand
to bromide, the compound becomes active against all cell lines
with up to a 50-fold increase observed against MCF-7 (27>500
mM versus 28 = 10 ! 2 mM). Also when considering the 1 hr
exposure for compound 28 (46 ! 6 mM), it is as active as
budotitane (64 ! 19 mM) and cisplatin (53 ! 8 mM). Against
MCF-7, the isopropoxide compound 29 (22 ! 4 mM) is also >

22 times more cytotoxic than the analogous chloride com-
pound 27 (> 500 mM), showing the ancillary ligand can affect
the observed toxicity and further highlighting the compounds

with ancillary bromides (X = Br) as attractive compounds for
future studies.

DNA Binding Studies

To gain further understanding regarding the mode of action of
these compounds, DNA binding experiments were carried out.
Using a cGMP machine, three sixmers were synthesised (Fig-
ure 5), incorporating adenosine/thymine (Strand 1), a mixture

of all four bases (Strand 2) or cytosine/guanine (Strand 3).
Compound 6 was incubated with the individual strands and
the HPLC data analysed of the strand alone and then further
after a period of 1 and 2 weeks incubation with compound 6
(Figure S1-S3, SI).

Compound 6 was incubated with Strand 1 and after one
week no significant changes were observed and the major
starting material peak was still present. However, after a period
of two weeks this major peak disappears and a new peak at
16.69 minutes can be identified as a cleaved section of Strand
1. Compound 6 was incubated with Strand 2 and after a period
of one week there was a significant decrease in the amount of
starting strand present and a second peak was observed. After
a further week, the peak corresponding to the parent strand
was essentially non-existent, with a new major peak now

Table 2. IC50 values (mM) for the MTT assays for cisplatin compounds 1–4, 7–10, 15–31 and budotitane against a range of cell lines.

Compound A2780 HT-29 MCF-7 MCF-7, 1 hr exp

Cisplatin 2.2 ! 0.5 10 ! 3 3 ! 1 53 ! 8
1 13 ! 3 30 ! 5 24 ! 5 346 ! 46
2 9 ! 2 20 ! 8 19 ! 3 278 ! 77
3 9 ! 2 25 ! 9 24 ! 5 353 ! 28
4 6 ! 1 10 ! 2 11 ! 4 53 ! 29
7 5.4 ! 0.7 25 ! 4 19 ! 1 350 ! 16
8 5 ! 2 18 ! 5 12 ! 1 290 ! 48
9 13 ! 4 29 ! 6 23 ! 2 147 ! 37
10 5.8 ! 0.7 12 ! 6 9 ! 2 18 ! 5
15 9 ! 2 14 ! 6 16 ! 5 273 ! 29
16 6 ! 1 10 ! 2 11 ! 4 233 ! 25
17 12 ! 3 14 ! 4 23 ! 4 364 ! 21
18 10.3 ! 0.4 14 ! 4 21 ! 2 330 ! 44
21 19.0 ! 0.8 61 ! 16 42 ! 5 458 ! 42
22 12 ! 1 38 ! 12 33 ! 12 46 ! 18
26 18 ! 3
24 12 ! 1
budotitane 9 ! 2 26 ! 4 22 ! 6 64 ! 19
27 93 ! 46 >500 >500
28 18 ! 4 17 ! 5 10 ! 2 46 ! 6
29 32 ! 10 22 ! 4 100 ! 21
30 169 ! 31 346 ! 30 353 ! 19 440 ! 38
31 175 ! 13 175 ! 11 45 ! 9 376 ! 41

Figure 5. Three different sixmers of DNA synthesised using cGMP.
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occurring at 7.39 minutes and a secondary peak occurring at
16.29 minutes. This again suggests that the DNA strand is
cleaved into smaller portions; however in this case it suggests
that there are two portions of differing sizes produced with the
larger of these being converted to the smaller by further
cleavage. Lastly, compound 6 was incubated with Strand 3, and
the chromatograms show how after a period of 1 week
incubation there is a decrease in the amount of starting strand
present in solution, corresponding to the peak at 20.47
minutes. There is the appearance of one cleavage product at
9.60 minutes, and after two weeks this cleavage product
appears to be the major product, corresponding to the peak at
7.76 minutes. These DNA binding studies suggest that the
mode of action of this class of compounds is different to that
of cisplatin in that they appear to cleave the DNA sequence as
opposed to performing cross-linking.[29–31] Also the presence of
the guanine base in the DNA chain appears to help facilitate
the compound’s action but is not a necessity.

NMR Studies

We have previously shown preliminary results on the displace-
ment of the ancillary ligands when compounds are incubated
with dimethylsulfoxide (DMSO), this was to mimic the MTT
assay, and showed a new DMSO-titanium compound.[16] Further
mechanistic studies have been carried out to understand the
solvolysis of these titanium compounds with DMSO and water,
in particular compound 10 which contains a bromide ancillary
ligand. It is thought that determining the mechanism of action
of these drugs in the MTT assay should help to gain an
understanding of the behavior of titanium drugs in the body.
NMR studies were conducted using compound 6 and addition
of two equivalents of DMSO, then the 1H NMR spectra recorded
after 20 minutes, 1 day, 2 days and then 2 weeks. Changes
were observed in the aromatic region, a decrease in the
diketonate resonances and new signals corresponding to free
ligand and free DMSO are now visible (Figure S4, SI). It is
postulated that the labile ancillary chloride ligands are sub-
stituted for DMSO solvent. Equimolar solutions of both
compounds 9 and 10 in d6-DMSO were prepared and 1H NMR
spectra were recorded after 5 minutes, 1 hour, 5 hours and 1–5
days, to investigate changes on the same time scale as the MTT
assay. After 5 minutes, the majority of compound 10 appears to
have dissociated, with the major resonances all corresponding
to free diketonate ligand [(O,O)] and additional resonances for
the complex [Ti(O,O)2(DMSO)2][2Br] (10-DMSO) (Figure S5, SI).
Integration of the signals in the diketonate region shows after
5 minutes a ratio of 0.6:1:4.2 is observed for [Ti(O,O)2Br2] : [Ti
(O,O)2(DMSO)2][2Br] : [(O,O)]. The NMR spectra for compounds 9
and 10 in d6-DMSO show clear differences in rates of reaction
(Figure S6-S7, SI). For compound 9, after five minutes there is
no [Ti(O,O)2Cl2] remaining, indicating that a reaction with DMSO
or ligand dissociation has given a solution containing only [Ti
(O,O)2(DMSO)2][2Cl] (9-DMSO) and free diketonate ligand. For
compound 10, the [Ti(O,O)2Br2] is observed until one day after
dissolution, indicating the rate of reaction with DMSO or the
rate of ligand dissociation is much slower than for compound

9. Once the resonances for starting complexes 9 and 10 are no
longer present, there is more 10-DMSO present in solution
than 9-DMSO. If the DMSO compounds are the active species,
as hypothesised, this observation offers a possible explanation
for the increased activity of the titanium bromide compounds
over the corresponding chlorides.

Compound 10 was dissolved in d6-DMSO and 4-chloro-b-
diketonate ligand was added, the 1H NMR spectra were
recorded after 10 minutes, 1 hour, 1 day and 7 days. Ten
minutes after the addition of free ligand, resonances for both
free ligand and complex 10 were observed. Addition resonan-
ces were also observed at 8.06, 6.62 and 2.24 ppm, which
match the signals seen in the previous study, thought to
correspond to 10-DMSO. Integrating the diketonate peaks at
6.58 and 6.62 ppm gives a ratio of 1:14.8 for compound:free
ligand. After 7 days, this increased to 1:13.7. Therefore, this
experiment offers proof that there exists in solution, an
equilibrium between compound and free diketonate ligand.

Two equivalents of water were added to a solution of
compound 10 in anhydrous CDCl3, and the 1H NMR spectrum
was recorded after 20 minutes, 1 day and 2 weeks (Figure S8-
S9, SI). The spectra showed that all the diketonate ligand had
dissociated from the compound and only free ligand was
observed. A broad water peak is visible at 1.83 ppm, and a
second broad peak is visible at 4.85 ppm, and bothdecrease
ignificantly after 1 day s and furthermore after 2 weeks. The
13C{1H} NMR spectrum recorded after 2 weeks also shows only
free diketonate ligand present in solution, with no titanium
compound visible.

Conclusions

A library of titanium bis(b-diketonate) compounds of the type,
[Ti(O,O)2X2], has been synthesised and characterised using both
asymmetric and symmetric ligands. X-ray crystallography analy-
sis shows that they adopt cis geometries in the solid state.
Selective compounds were tested against several cell lines
using the SRB assay, and when comparing the same com-
pounds for titanium chloride and titanium bromide, the
bromides always gave an increase in cytotoxicity. An increase in
potency was observed upon addition of more electron with-
drawing substituents to the b-diketonate ligand. The com-
pounds were also tested using the MTT assay, to allow
comparisons with literature results. Even though different
assays were conducted and the magnitude of activity is
different between the two, the general trends are similar for
both the SRB and MTT assays.

Compound 6 was potent against HT-29 but had only
relatively mild toxicity against other cell lines. Therefore we
tested the possible binding of this compound by incubating it
with three different sixmers of DNA and the results suggest
that the mode of action of this class of compounds differs to
that of cisplatin, as they appear to cleave the DNA sequence as
opposed to cross-linking. Also the presence of the guanine
base in the DNA chain appears to help facilitate the compound
and therefore it is possible that these compounds could
interact with this base and that DNA is a potential target.
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The NMR studies have shown that in the presence of a
small amounts of DMSO, compounds 9 and 10 react to form
new titanium compounds in which the ancillary halides are
substituted for DMSO, [Ti(O,O)2(DMSO)2][2Cl] (9-DMSO) and [Ti
(O,O)2(DMSO)2][2Br] (10-DMSO) respectively. It is suggested that
these new compounds are the cytotoxic species. In solution,
there is an equilibrium between the titanium compounds (9
and 10) and their DMSO analogues (9-DMSO and 10-DMSO).
As the equilibrium of the titanium bromides lies further
towards the active DMSO species, it is postulated that this is
the reason that the bromide compounds exhibit greater in vitro
cytotoxicity than the chlorides.

Supplementary Information

The supplementary information contains the experimental
details and characterisation data for compounds 1–31. Exper-
imental procedures are also detailed for both the SRB and MTT
assays. X-ray crystallographic data tables and tables of
important bond lengths and angles are provided. HPLC
chromatograms for the incubation of compounds 6 with
Strands 1, 2 and 3 are discussed. The document also contains
NMR time-dependent spectra which are provided for com-
pounds 9 and 10 in both d6-DMSO and CDCl3. All crystal
structures have been submitted to the CCDC, with depository
numbers 1495265–1495277.
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Increasing anti-cancer activity with longer tether
lengths of group 9 Cp* complexes†
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Roger M. Phillips,b A. John Blackera and Patrick C. McGowan*a

Here in, we report the cytotoxicity of both rhodium and iridium

functionalised Cp* analogues of the [Cp*MCl2]2 dimers. The func-

tionalised dimers contain a hydroxy tethered arm of differing

carbon length. These show promising IC50 values when tested

against HT-29, A2780 and cisplatin-resistant A2780cis human

cancer cell lines, with the cytotoxicity improving proportionally

with an increase in carbon tether length of the Cp* ring. The most

promising results are seen for the 14-carbon Cp* tethered rhodium

(2d) and iridium (3b) complexes, which show up to a 24-fold

increase in IC50 compared to the unfunctionalised [Cp*MCl2]2
dimer. All complexes were potent inhibitors of purified thioredoxin

reductase suggesting that disruption of cellular anti-oxidant func-

tion is one potential mechanism of action.

In a search for less toxic and more potent alternatives to cis-
platin, organometallic complexes have shown promising
activity as anti-cancer agents.1–4 There are relatively few reported
studies on the anti-cancer activity of rhodium and iridium Cp*
complexes.5–17 Sadler et al. reported that for complexes with the
general structure [Cp‡Ir(XY)Cl]0/+, where Cp‡ is either Cp* or
arene-functionalised Cp* ligands. Their potency towards
A2780 human ovarian cancer cells increases with an increase in
aryl substitution on the cyclopentadienyl ligand.17 Recently we
demonstrated the use of various iridium Cp* piano stool com-
plexes with promising activity for HT-29 and MCF-7 cell lines,
where [Cp*IrCl2]2 was inactive.16 Therefore, breaking up the
rhodium and iridium dihalide Cp* dimers with different biden-
tate ligands led to the development of complexes which show
high in vitro cytotoxic activity against tumour cell lines.5–19

Where tested, studies have reported negligible activities of
the starting dimers, i.e. [Cp*MCl2]2 (M = Rh or Ir)16 and there
have been no previously reported examples of group 9 dihalide
functionalised Cp* dimers demonstrating cytotoxic behaviour.
We are interested in the potential of converting these inactive
dimers [Cp*MCl2]2 (M = Rh or Ir) to active cytotoxic agents
through modifications of the Cp* ligand. Herein, we report the
synthesis of ten complexes and a discussion of five new crystal
structures of the type, [Cp‡MCl2]2 (M = Rh or Ir). These com-
plexes have also been evaluated for their cytotoxic activity
in vitro against three tumour cell lines. Previous data has
shown that the monomers were cytotoxic and therefore these
dimers were tested in the hope to deliver two metal centres to
the cancerous cells, potentially increasing the potency of the
complex by up to 2-fold. To allow comparisons to be made
between monomer and dimer, we have explored the effects of
adding monodentate pyridine ligands and bidentate picolina-
mide ligands to both of the functionalised Cp‡ iridium and
rhodium dimers.

Complexes 1b, 1d, 2b, 2d, 3a and 3b have been previously
reported for their catalytic potential.20–22 We investigated the
immobilisation of these complexes onto Wang resin for use as
recyclable transfer hydrogenation catalysts.21 In the hope to
maximise the amount of metal that can reach the cancerous
cells and to increase the drugs potency, the library of dimers
has been tested against human colorectal adenocarcinoma
(HT-29), human ovarian carcinoma (A2780) and cisplatin-
resistant human ovarian carcinoma (A2780cis). Due to the
ability of the cyclopentadienyl hydroxyl-substituent to bind
well to solid supports and with the previous evidence we have
of the Cp* ligand binding to a metal centre,23 it is possible
that this alcohol could provide stability to the metal centre if
the dimer breaks apart during its interaction with cells. The
preparation of the dimeric complexes 2a–2d, 3a and 3b are
shown in Scheme 1. The addition of monodentate pyridine
and bidentate picolinamide ligands to the dimers, gave com-
plexes 4a, 4b, 5a and 5b. These were synthesised by a reaction
of 3a or 3b with the corresponding ligand, as shown in
Scheme 2. All of the complexes were characterised by 1H and

†Electronic supplementary information (ESI) available: Experimental procedures
for complexes, chemosensitivity studies, Trx-R enzyme assay and crystal structure
determination details. The cifs for complexes 2a, 2c, 4a, 5a and 5b were de-
posited to the CCDC 927162, 927163, 947905–947907. For ESI and crystallo-
graphic data in CIF or other electronic format see DOI: 10.1039/c6dt00186f

aSchool of Chemistry, University of Leeds, Woodhouse Lane, Leeds, LS2 9JT, UK.
E-mail: p.c.mcgowan@leeds.ac.uk
bDepartment of Pharmacy, School of Applied Sciences, University of Huddersfield,
Huddersfield, HD1 3DH, UK
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13C{1H} NMR spectroscopy, mass spectrometry and the novel
complexes by elemental analysis.

Single crystals of 2a and 2c were obtained by layer diffusion
of hexane into a dichloromethane solution and vapour
diffusion from dichloromethane/pentane solvent system
respectively. The alcohol chain in 2c showed disorder, with
four of the carbons equally occupied over two positions each
(Fig. S2†). The rhodium and iridium pyridine complexes, 4a
and 4b, were recrystallised from vapour diffusion of dichloro-
methane/diisopropylether and chloroform/pentane solvent
systems respectively. Complex 4b could not be solved to a pub-
lishable quality, however, it clearly shows the connectivity of
iridium to a pyridine ligand, two chloride ligands and a

5 carbon functionalised Cp‡ ligand. The picolinamide com-
plexes, 5a and 5b, were crystallised using slow diffusion from a
methanolic solution and layer diffusion from a dichloro-
methane/hexane solvent system respectively.

The complexes were obtained as orange-red single crystals
and solutions were performed in either monoclinic (2a, 2c, 5a),
triclinic (4a), or orthorhombic (5b) space groups. Selected
bond lengths (Å) are presented in Table 1 and are in the range
expected for these structures. All of the angles around the
metal centre show the geometry expected for pseudo octa-
hedral complexes which is common for these “piano-stool”
structures (Tables S1–2, ESI†). The angles between the metal
and bidentate ligands are in the range 77–91°, with the remain-
ing three coordination sites occupied by the functionalised Cp‡

ligand and the angles observed for their centroids (Cg) to the
chloride or ligands ranges between 125–134°. Molecular struc-
tures for complexes 2a, 2c, 4a, 5a and 5b are shown in Fig. 1.

The cytotoxic activities of complexes 2b–2d, 3a and 3b along
with [Cp*RhCl2]2, [Cp*IrCl2]2 and cisplatin, were tested against
HT-29, A2780 and A2780cis cell lines. The IC50 values (μM) ±
standard deviation are presented in Table 2. The potency of the
monomeric pyridine complexes, 4a and 4b, were assessed
against HT-29 cells and the picolinamide complexes, 5a and
5b, were assessed against A2780 cells. The pyridine complexes
were less active than their dimeric precursors, 2b and 3a, with
a 3-fold decrease in activity observed against HT-29 between 2b
(30 ± 1 μM) and 4b (92 ± 1 μM). Against A2780, the iridium
picolinamide complex, 5b (52.5 ± 0.8 μM), was also less active
than its starting dimer, 3a (23.2 ± 0.8 μM) with a 2.2-fold
decrease in activity observed. The dimeric species, except for
the anomalous result of 2b against A2780cis, upon replacing a
Cp* methyl group with a longer aliphatic chain alcohol substi-
tuent, an increase in cytotoxicity is observed against all cell
lines. The cytoxicity improves upon increasing the functionali-
sation of the Cp‡ ligand, i.e. a longer alcohol chain decreases
the complex’s IC50 value and is therefore more potent. These
results give the indication that the chain length of the Cp‡

could be a feature required for increased potency.
Both the rhodium and iridium complex 2d or 3b are the

most potent of the dimers, with values comparable to cis-
platin. Complex 2d is the first example of a cytotoxic functiona-
lised Cp‡ rhodium complex. Previous rhodium Cp* complexes
with reported cytotoxic activity have contained bidentate
ligands that were designed to intercalate with DNA.11,18 This
rhodium 14-carbon tether dimer 2d (3.9 ± 0.1 μM), shows a
24-fold increase in IC50 against A2780 when compared to the
unsubstituted dimer, [Cp*RhCl2]2 (95.0 ± 2.0 μM). The iridium

Scheme 1 Formation of alcohol functionalised Cp‡ rhodium dimers
2a–2d and iridium dimers 3a–b.

Scheme 2 Formation of alcohol functionalised Cp* rhodium and
iridium pyridine and picolinamide complexes 4a. 4b. 5a and 5b.

Table 1 Selected bond lengths (Å) for complexes 2a, 2c, 4a, 5a and 5b

Bond lengths (Å) M(1)–Cl(1) M(1)–X M(1)–Y M(1)–Cg

2a(X = Cl(2), Y = Cl(2′)) 2.4341(7) 2.4857(6) 2.4775(6) 1.774
2c(X = Cl(2), Y = N(1)) 2.4353(8) 2.4693(8) 2.4776(9) 1.769
4a(X = Cl(2), Y = N) 2.4502(5) 2.4393(5) 2.150(1) 1.789
5a(X = N(1), Y = N(2)) 2.4416(8)/2.4452(8) 2.121(3)/2.127(3) 2.114(2)/2.111(2) 1.8091/1.812
5b(X = N(1), Y = N(2)) 2.451(2) 2.136(5) 2.125(4) 1.823
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complex 3a, with a 5 carbon chain, is significantly more active
than its rhodium analogue 2b, most noticeably against the
cisplatin-resistant A2780cis line with an IC50 of 28.4 ± 0.6 µM
compared to 127.0 ± 6.0 μM. Against the A2780cis line, com-
plexes 2d (4.9 ± 0.2 μM) and 3b (5.3 ± 0.1 μM) have a 2-fold
increase in active when compared to cisplatin (11.1 ± 0.6 μM),
showing these complexes potential to circumvent cisplatin-
resistance in cells.

The in vitro MTT assay for determining chemosensitivity is
a useful indication of drugs cytotoxicity but it provides little
information as to individual drugs’ mode or modes of action.
To gain a preliminary insight into this, the effects of the com-
plexes on thioredoxin reductase activity were assessed. Thio-
redoxin reductase (Trx-R) is one of the key anti-oxidant
enzymes in the cell, is commonly over expressed in tumours
and can promote tumour growth and progression.24 We have
previously reported a range of iridium picolinamide complexes
that inhibit Trx-R, with IC50 values in the nanomolar
range.19,25 This prompted us to investigate whether these novel
complexes 2b, 2c, 2d, 3a and 3b reported here are also able to
inhibit Trx-R activity. Significantly, all the active rhodium and
iridium functionalised Cp‡ dimers were found to be potent
Trx-R inhibitors with IC50 values in the nanomolar or low
micromolar range (Table 3 and Fig. S1†).

Fig. 1 Molecular structures of 2a, 2c, 4a, 5a and 5b. Hydrogen atoms are omitted for clarity and displacement ellipsoids are at the 50% probability
level.

Table 2 IC50 (μM) values ± SD (standard deviation) from a 5 day MTT
assay for complexes 2ab–d, 3a–b, 4a–b and 5a–b along with cisplatin,
[IrCp*Cl2]2 and [RhCp*Cl2]2 for reference

IC50 (μM) ± SD

Complex HT-29 A2780 A2780cis

Cisplatin 2.5 ± 0.1 0.95 ± 0.05 11.1 ± 0.6
[RhCp*Cl2]2 141.0 ± 2.0 95.0 ± 2.0 90.0 ± 2.0
[IrCp*Cl2]2 92.0 ± 4.0 30.9 ± 0.4 43.0 ± 3.0
2b 123.0 ± 2.0 85.0 ± 7.0 127.0 ± 6.0
2c 13.0 ± 0.2 6.2 ± 0.3 10.8 ± 0.7
2d 12.7 ± 0.4 3.9 ± 0.1 4.9 ± 0.2
3a 30.0 ± 1.0 23.2 ± 0.8 28.4 ± 0.6
3b 10.6 ± 0.8 5.2 ± 0.2 5.3 ± 0.1
4a 132.0 ± 2.0 — —
4b 92.0 ± 1.0 — —
5a — 85.0 ± 4 —
5b — 52.5 ± 0.8 —

(—) indicates no data is available.

Table 3 Thioredoxin reductase 1 (Trx-R) IC50 values (nM) ± SD for
complexes 2b–d and 3a–b

Complex IC50 (nM) ± SD

2b 510 ± 59
2c 398 ± 71
2d 552 ± 34
3a 217 ± 50
3b 2098 ± 410
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Complexes 2b and 2c are the most potent when assessing
the chemosensitivity studies, however, they are not the most
potent inhibitors of Trx-R. In fact, the least chemosensitive
complex 3a is the most potent Trx-R inhibitor, with an IC50

value of 217 ± 50 nM. These results show that Trx-R inhibition
may contribute to the mode of action and the anti-cancer
activity of some or all of our novel complexes; although it is
likely that additional mechanisms may also be important and
future studies will aim to explore this further.

Conclusions
We have extended our library of complexes of the type
[Cp‡MCl2]2 where M = Rh/Ir and Cp‡ = C5(CH3)4(CH2)nOH, and
have evaulated the complexes’ in vitro activities against HT-29,
A2780 and A2780cis cell lines. In general, the anti-cancer
activity improves upon increasing the chain length between
the Cp ring and the OH, with the most promising IC50 values
seen for the 14-carbon length tethered dimers. The most sig-
nificant result was that of the rhodium 14-carbon tether dimer
2d (3.9 ± 0.1 μM), in which a 24-fold increase in IC50 was
observed when compared to the unsubstituted dimer,
[Cp*RhCl2]2 (95.0 ± 2.0 μM). This is the first example of a cyto-
toxic functionalised Cp‡ rhodium complex. The mechanism of
action of organometallic complexes is generally complex but
here we demonstrate that one potential mechanism involves
inhibition of thioredoxin reductase (Trx-R) activity. In a cell
free assay, complexes 2b–d and 3a inhibited Trx-R activity with
IC50 values in the nanomolar range. Whilst the active com-
plexes 2b–d and 3a–b all show potent inhibitory activity
against Trx-R. There was no strict correlation with the differen-
tial cytotoxicity of the complexes suggesting that additional
mechanisms might also contribute to the mode of action of
these complexes.
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&Antitumor Agents

Bis-picolinamide Ruthenium(III) Dihalide Complexes:
Dichloride-to-Diiodide Exchange Generates Single trans Isomers
with High Potency and Cancer Cell Selectivity
Aida M. Basri,[a] Rianne M. Lord,[b] Simon J. Allison,[c] Andrea RodrÌguez-Bµrzano,[a]

Stephanie J. Lucas,[a] Felix D. Janeway,[a] Helena J. Shepherd,[d] Christopher M. Pask,[a]

Roger M. Phillips,[c] and Patrick C. McGowan*[a]

Abstract: A library of new bis-picolinamide ruthenium(III) di-
halide complexes of the type [RuX2L2] (X = Cl or I, L = picoli-
namide) have been synthesised and characterised. The com-
plexes exhibit different picolinamide ligand binding modes,
whereby one ligand is bound (N,N) and the other bound
(N,O). Structural studies revealed a mixture of cis and trans
isomers for the [RuCl2L2] complexes but upon a halide ex-
change reaction to yield [RuI2L2] , only single trans isomers
were detected. High cytotoxic activity against human cancer
cell lines was observed, with the potencies of some com-
plexes similar to or better than cisplatin. The conversion to
[RuI2L2] substantially increased the activity towards cancer

cell lines by more than twelvefold. The [RuI2L2] complexes
displayed potent activity against the A2780cis (cisplatin-re-
sistant human ovarian cancer) cell line, with a more than
fourfold higher potency than cisplatin. Equitoxic activity was
observed against normoxic and hypoxic cancer cells, which
indicates the potential to eradicate both the hypoxic and
aerobic fractions of solid tumours with similar efficiency. The
activity of selected complexes against non-cancer ARPE-19
cells was also tested. The [RuI2L2] complexes were found to
be more potent than the [RuCl2L2] analogues and also more
selective towards cancer cells with a selectivity factor in
excess of sevenfold.

Introduction

The use of trans dihalide ancillary ligands in the design of new
antitumour drugs, based on the structure of transplatin, has re-
ceived little attention for many years, due to early studies
showing the trans-platinum complexes to be inactive due to
high kinetic instability.[1] However, in recent years, examples of
active trans-platinum antitumour complexes (Figure 1) have
been reported.[2–9] In 1993, Coluccia et al. substituted the
ammine in both cisplatin (a) and transplatin (b) for imino ether
substituents and showed the trans geometry (c) to have the

greatest in vitro cytotoxicity against P388 leukaemia cells.[2]

Kelland et al. showed that addition of a benzene ring to trans-
platin resulted in the trans complex JM335 (d) that is more
than threefold more active than its cis analogue.[4] Unlike trans-
platin, JM335 produced an increase in inter-strand crosslinking
with an increase in drug concentration. Farrell et al. synthes-
ised compounds of the type trans-[PtL2Cl2] (e) and showed
they are as active as cisplatin against a range of cell lines and
are dramatically more active than transplatin.[10] More recently,
Sadler and co-workers reported the complex trans-
[Pt(N3)2(OH)2(Py)2] (f), which is photo-activated by visible light
at 420 nm and is more potent upon light irradiation.[9]

Figure 1. Previously reported trans-platinum complexes a–f.
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Ruthenium-based complexes are some of the most promis-
ing antitumour drugs, with reported selective potency in vitro
and in vivo (Figure 2).[11, 12] However, there has been a lack of
suitable trans ruthenium derivatives due to the propensity of

the molecules to undergo isomerisation. The first reported cy-
totoxic trans-ruthenium complexes were KP1019 (g)[13–15] and
NAMI-A (h),[16–19a] which in Phase I clinical trials were well toler-
ated showing only limited side-effects.[20, 21] NAMI-A has also
undergone Phase II clinical studies in combination with gemci-
tabine, however, this combination had some adverse toxicity
and failed to show any improvement in results compared with
gemcitabine treatment alone.[22, 23] The activity of NAMI-A is
likely to involve multiple mechanisms. At a physiological pH of
7.4 it can undergo hydrolysis leading to the release of chloride
and DMSO and the formation of a number of potentially active
species.[19a, 24–26] The activity of NAMI-A is also influenced by its
redox status. The reduction of NAMI-A strongly depends on pH
and is accelerated on increasing the pH, resulting in the gener-
ation of active RuII product(s).[27] Amongst potential intracellu-
lar targets, reduced NAMI-A binds human serum albumin.[28]

Unlike cisplatin, DNA is not the main pharmacological target
for NAMI-A, although it has been reported that this complex
can bind to DNA and inhibit DNA replication in vitro.[29, 30]

KP1019 is thought to be reduced in vivo to an active RuII spe-
cies and also offers a different mode of action to cisplatin, with
increased selectivity.[21, 31] KP1019, like NAMI-A, also reacts with
human serum proteins, including human albumin and transfer-
rin.[32, 33] KP1339 (i), the sodium salt of KP1019, has better solu-

bility than KP1019[34, 35] and has shown promising results in
both Phase I and II clinical trials.[36, 37] More recently, new ruthe-
nium–nitrosyl complexes of the type (H2ind)[trans-
RuCl4(NO)(Hind)] (j) were reported in which both the cis and
trans isomers exhibit time-dependent responses against
human cancer cell lines[38, 39] with the trans isomer displaying
higher antiproliferative activity than the analogous cis isomer.

Ruthenium complexes of the type [RuX2L2] (X = halide, L = bi-
dentate ligand) were seen previously to undergo isomerisation,
giving rise to six different structural geometries (Figure 3), in-

cluding the cis–cis–cis enantiomer.[40] Reedijk and co-workers
have reported the anticancer activities of [Ru(azpy)2Cl2] (azpy =
2-(phenylazo)pyridine) complexes with differences in their ac-
tivities due to different structural isomers. The trans geome-
tries were found to have very low cytotoxicity against a series
of cancer cell lines.[41, 42] More recently, Glazer and co-workers
have compared the activities of cis-[Ru(bpy)2Cl2] (bpy = 2,2’-bi-
pyridine) with trans-[Ru(qpy)Cl2] (qpy = 2,2’:6’,2’’:6’’,2’’’-quater-
pyridine), finding the trans isomer to be 7–10 times more
active than the cis isomer.[43] This propensity for the formation
of different isomers is one of the reasons that there has been
much effort dedicated to the synthesis and development of
transition-metal-based candidates that are based on the mo-
lecular architectures associated with M–arene,[44–51] MCp*[47, 52–57]

and ferrocene derivatives.[58, 59]

The complexation of ruthenium to picolinamide ligands is of
interest because of its relevance to previously reported metal-
ion peptide chemistry and the possibility of different ligand
binding modes that can potentially alter the biological activity
of the complexes.[60–68] Picolinamide ligands are able to bind to
the metal centre either as monoanionic (N,N) or (N,O) donors
through the loss of the amide proton or as neutral (N,O)
donors.[68, 69] Different coordination modes of metal-functional-
ised amide complexes have been shown to affect their activity
towards cancer cells.[70–72] The different coordination modes of
picolinamide derivatives have also been shown to dramatically
affect the potencies of the compounds.[50] The (N,N) bound
complexes undergo rapid hydrolysis, bind with guanine and
are cytotoxic to cancer cells, whereas the (N,O) bound com-
plexes show low activity and undergo slow hydrolysis.

Figure 2. Previously reported trans-ruthenium complexes g–j.

Figure 3. Possible structural isomers for ruthenium complexes of the type
[RuX2L2] . Enantiomers of the cis–cis–cis structure are also shown.
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Herein we report on the synthesis and evaluation of a library
of new ruthenium complexes of the type [RuX2L2] (X = Cl or I,
L = bidentate functionalised picolinamide ligands), whereby
one ligand coordinates (N,N) and the second ligand coordi-
nates (N,O) to the ruthenium metal centre. The complexes
were synthesised following the known procedure of Chan and
co-workers (see Scheme 1),[73] in which the group had previ-
ously reported complex 6 and assessed its potential as a cata-
lyst for the epoxidation of cyclic alkenes. Bhattacharya and co-
workers have also synthesised similar complexes consisting of
one or three picolinamide (L) ligands, [Ru(L)(PPh3)(H)(CO)] and
[Ru(L)3] , respectively, in which the ligands are all bound (N,N)
to the ruthenium metal centre.[68, 74] We report on halide ex-
change reactions to yield the diiodide complexes [RuI2(L)2] ,
which give single trans isomers, thus potentially minimising
any future drug formulation issues, which may occur due to
the presence of multiple isomers with different effects or po-
tency. These complexes have been studied in both the solid
state and in solution to identify the potential isomers present.
The trans isomers show surprisingly high cytotoxicity, with IC50

values in the nanomolar range, and high selectivity towards
cancer cells.

Results and Discussion

Synthesis of bis-picolinamide ruthenium(III) dihalide com-
plexes

The picolinamide ligands were synthesised by a known litera-
ture procedure from picolinic acid and a functionalised ani-

line.[58] Complexes 1–16 were prepared by treating RuCl3·3H2O
with 2 equivalents of functionalised picolinamide ligand and
heating at reflux for 2 hours in ethanol in the presence of
1 equivalent of triethylamine (Scheme 1a). Complex 6 has pre-
viously been reported by Chan and co-workers[73] and was syn-
thesised to compare with its diiodide analogue and to com-
plete our library of [RuX2L2] structures. Complexes 17–31 were
synthesised by a halide-exchange reaction of the ruthenium di-
chloride complexes with an excess of KI, by heating to reflux
in ethanol overnight (Scheme 1b).[75, 76] The IR spectra of the pi-
colinamide ligand precursors and the ruthenium dihalide com-
plexes verified the successful synthesis of the complexes. The
spectra show CO and NH stretches for the ligand precursor at
around 1690 and 3300 cmˇ1, respectively. Upon complexation,
these peaks were shifted to lower wavenumbers of around
1590 and 3060 cmˇ1, respectively, for both the [RuCl2L2] and
[RuI2L2] complexes. Magnetic susceptibility measurements also
confirmed all the ruthenium dihalide complexes to be in the
+ 3 oxidation state and low-spin d5 with one unpaired electron
(meff = 1.60–2.53mB).

Structural characterisation

Six structural isomers are possible for complexes of the type
[RuX2L2] , as shown in Figure 3.[77] The [RuCl2L2] complexes gave
red single crystals by vapour diffusion of pentane into metha-
nol or hexane into methanol, and black/green single crystals
for the [RuI2L2] complexes, which were obtained by vapour dif-
fusion of diethyl ether into DMF. The molecular structures for
the [RuCl2L2] complexes 1, 3, 5–7, 9, 11–13, 15 and 16, and for

Scheme 1. Synthetic pathways to: a) [RuCl2L2] , and b) [RuI2L2] complexes, showing the yields for different R and X substituents.
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the [RuI2L2] complexes 18, 19, 28 and 29, as determined by X-
ray crystallography, are presented in Figure 4 and Figure 5, re-
spectively. Complex 6 was previously reported as the cis(X)-
cis(N,N)-trans(N,O) conformer,[73] however, here we crystallised
the complex as the cis(X)-cis(N,N)-cis(N,O) conformer. Selected
bond lengths and angles are presented in Tables 1 and 2 for
the [RuCl2L2] complexes and in Table 3 for the [RuI2L2] com-
plexes. The X-ray crystallographic data are detailed in Ta-
bles S3–S5 in the Supporting Information. The picolinamide li-
gands bind to the ruthenium metal centre in an (N,N) and
(N,O) bidentate fashion, as confirmed by their crystal struc-
tures, giving ruthenium complexes with a + 3 oxidation state.
Upon the recrystallisation of complexes 1, 7 and 16, different

crystal morphologies were observed in the crystallisation vials.
X-ray crystallographic analysis of the different morphologies
confirmed that these complexes co-crystallise as a mixture of
isomers, and their structures are shown in Figures 4. Three dif-
ferent types of structural isomer were observed for the
[RuCl2L2] complexes, cis(X)-cis(N,N)-cis(N,O) (1 a, 6, 7 a and 12),
cis(X)-trans(N,N)-cis(N,O) (15 and 16 a) and trans(X)-trans(N,N)-
trans(N,O) (1 b, 3, 5, 7 b, 9, 11, 13 and 16 b). Owing to the
larger ionic radius of iodine and potential structural constraints
around the ruthenium metal centre posed by this, we hypoth-
esised that the ruthenium iodide complexes might exhibit
fewer structural isomers than their dichloride analogues
(Scheme 1). Indeed, the crystal structures of the [RuI2L2] com-

Figure 4. Molecular structures of the [RuCl2L2] complexes exhibiting different structural isomers; complexes 1 a, 6, 7 a and 12 showing cis(X)-cis(N,N)-cis(N,O)
arrangements, complexes 15 and 16 a showing cis(X)-trans(N,N)-cis(N,O) arrangements, and complexes 1 b, 3, 5, 7 b, 9, 11, 13 and 16 b all showing trans(X)-
trans(N,N)-trans(N,O) arrangements. Hydrogen atoms and solvent molecules have been omitted for clarity and displacement ellipsoids are at the 50 % proba-
bility level (shown only for the heteroatoms).

Chem. Eur. J. 2017, 23, 6341 – 6356 www.chemeurj.org ⌫ 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim6344

Full Paper

http://www.chemeurj.org


plexes 18, 19, 28 and 29 reveal stable trans arrangements
(Figure 5). The bis-picolinamide ruthenium dihalide complexes
have typical MˇX bond lengths and angles characteristic of
a distorted octahedral geometry (Tables 1 and 2 for [RuCl2L2]
and Table 3 for [RuI2L2]).

Powder X-ray diffraction

Powder X-ray diffraction (PXRD) studies were carried out on
both bulk samples and single crystals of the [RuCl2L2] and
[RuI2L2] complexes. The diffractogram obtained for the

Figure 5. Molecular structures of the [RuI2L2] complexes 18, 19 and 28 showing trans(X)-trans(N,N)-trans(N,O) arrangements and 29 showing a trans(X)-
cis(N,N)-cis(N,O) arrangement. Hydrogen atoms and solvent molecules have been omitted for clarity and displacement ellipsoids are at the 50 % probability
level (shown only for the heteroatoms).

Table 1. Bond lengths [ä] and angles [8] for [RuCl2L2] cis(X)-cis(N,N)-cis(N,O) complexes 1 a, 6, 7 a and 12 and cis(X)-trans(N,N)-cis(N,O) complexes 15 and
16 a.

Bond length [ä] 1 a 6 7 a 12 15 16 a

Ru1̌ Cl1 2.3540(9)/ 2.345(2) 2.3594(6) 2.3505(7) 2.3462(10) 2.3241(13)
Ru1̌ Cl2 2.3769(9) 2.381(3) 2.3848(5) 2.3833(7) 2.3943(10) 2.3600(13)
Ru1̌ N1 2.018(3) 2.030(8) 2.0510(15) 2.053(2) 2.089(3) 2.045(4)
Ru1̌ N2 1.997(3) 2.013(8) 2.0270(14) 2.029(2) 2.052(3) 2.030(4)
Ru1̌ N3 2.045(3) 2.071(8) 2.0741(16) 2.080(2) 2.096(3) 2.060(4)
Ru1̌ O2 2.087(3) 2.091(7) 2.1089(12) 2.1043(17) 2.113(2) 2.056(3)

Bond angle [8] 1 a 6 7 a 12 15 16 a

Cl1-Ru1-Cl2 96.16(3) 95.39(9) 95.033(19) 95.57(2) 94.71(4) 92.54(5)
N1-Ru1-O2 175.63(10) 176.8(3) 177.80(6) 178.36(8) 98.88(10) 93.55(14)
N2-Ru1-O2 96.34(11) 97.1(3) 98.13(5) 98.69(8) 85.17(10) 91.98(14)
N2-Ru1-N3 86.23(11) 87.7(3) 88.07(6) 87.81(8) 97.05(11) 94.94(15)
N1-Ru1-N3 98.72(11) 100.8(3) 100.49(6) 102.07(8) 175.62(11) 171.69(15)

Table 2. Bond lengths [ä] and angles [8] for [RuCl2L2] trans(X)-trans(N,N)-trans(N,O) complexes 1 b, 3, 5, 7 b, 9, 11, 13 and 16 b.

Bond length [ä] 1 b 3 5 7 b 9 11 13 16 b

Ru1̌ Cl1 2.3408(14) 2.3318(10) 2.3328(9) 2.3355(9) 2.3543(6) 2.3452(9) 2.3397(13) 2.330(4)
Ru1̌ Cl2 2.3498(13) 2.3533(10) 2.3664(9) 2.3362(9) 2.3767(5) 2.3914(8) 2.3425(14) 2.352(3)
Ru1̌ N1 2.037(4) 1.999(3) 2.036(3) 2.033(3) 2.0514(15) 2.056(3) 2.039(4) 2.023(13)
Ru1̌ N2 2.008(4) 2.036(3) 2.027(3) 2.006(3) 2.0273(15) 2.036(3) 1.996(4) 2.016(10)
Ru1̌ N3 2.102(4) 2.113(3) 2.102(3) 2.106(3) 2.1219(15) 2.106(3) 2.089(4) 2.067(12)
Ru1̌ O2 2.067(3) 2.087(3) 2.077(2) 2.061(2) 2.1056(13) 2.095(2) 2.100(4) 2.116(9)

Bond angle [8] 1 b 3 5 7 b 9 11 13 16 b

Cl1-Ru1 Cl2 175.93(5) 176.60(5) 176.80(3) 174.66(3) 173.54(18) 174.27(3) 176.59(5) 173.82(13)
N1-Ru1-O2 96.51(16) 97.82(16) 95.46(11) 96.70(10) 96.08(6) 96.76(10) 97.83(16) 98.3(4)
N2-Ru1-O2 175.18(16) 176.38(16) 174.21(10) 175.10(10) 175.25(6) 174.07(10) 176.41(16) 176.3(5)
N2-Ru1-N3 106.92(16) 105.90(18) 107.74(11) 107.74(11) 106.95(6) 106.13(11) 105.86(18) 104.6(5)
N1-Ru1-N3 174.22(16) 175.45(18) 173.36(11) 173.84(10) 173.80(6) 174.43(11) 175.47(18) 175.8(5)
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[RuCl2L2] complex 7 is compared with both the simulated cis
and simulated trans geometries in Figure 6; multiple isomers
are evident in the bulk sample, which correlates well with the
multiple morphologies observed in the crystallisation vials.

Powder diffraction studies on single crystals of the [RuI2L2]
complex 18 and a simulation revealed the bulk powder
sample contains only a single stable trans geometry (Figure 7,
black). This result is consistent with the crystal morphology ob-
served in the crystallisation vial, from which only trans isomers
of the [RuI2L2] complexes were isolated. The simulated pattern
for the trans geometry is the same as that of the single crystal
structure and indicates that the [RuI2L2] complex only exists as
a single trans geometry in the solid state.

The isomerisation of complexes during the formulation of
drugs is a key issue as different isomers can potentially have
different therapeutic effects, and the synthesis of single iso-
mers is therefore very important. The PXRD results indicate
that we can synthesise the [RuI2L2] complexes as single trans
isomers, thereby satisfying this key requirement and highlight-
ing the potential progression of these compounds towards fur-
ther clinical trials.

Cell line chemosensitivity studies

The bis-picolinamide ruthenium(III) dihalide complexes were
tested for their cytotoxicity against three human cancer cell
lines, A2780 (human ovarian cancer), A2780cis (cisplatin-resist-
ant human ovarian cancer) and HT-29 (human colorectal
cancer).

To assess the selectivity towards cancer cells, the cytotoxicity
towards an epithelial non-cancer cell line (ARPE-19) was also
studied. The IC50 values for these compounds and cisplatin,
which is in clinical use for treatment of human ovarian cancer,
are shown in Table 4.

Against A2780 cancer cells, the unsubstituted picolinamide
ruthenium dichloride complex 1 was found to be moderately
active with an IC50 value of 24(⌃1.6) mm. Addition of a substitu-
ent to the phenyl ring of the picolinamide ligands generally in-
creased potency especially when a substituent was placed in
the meta or para position (Table 4, complexes 3, 7, 8, 12, 13,
23, 24, 28 and 29). The most active ruthenium dichloride com-
plex against A2780 cells was complex 12, which has a bromide
substituent in the meta position on the phenyl ring of the pi-
colinamide ligand, with an IC50 value of 3.3(⌃0.2) mm, compara-
ble to that of cisplatin (1.4(⌃0.3) mm). The least active was
complex 5, which has a 2’,5’-difluoro substituent and only
a moderate IC50 value of 45(⌃2) mm. A similar trend for the
ruthenium dichloride complexes was observed against the cis-
platin-resistant A2780cis cancer cell line with the exception of
the fluoride substituents, with o-fluoro (2) proving more active
than p-fluoro (3). Complexes 7, 8 and 12, which were amongst
the most active ruthenium dichloride complexes against the
A2780 cancer cells, were all more active than cisplatin against
A2780cis cancer cells, with IC50 values of 6.7(⌃0.1), 4.4(⌃0.4)
and 6.0(⌃0.4) mm, respectively, compared with an IC50 value of
11.0(⌃0.6) mm for cisplatin (p<0.01, for complexes 7, 8 and 12
compared with cisplatin). Interestingly, p-chloro complex 8 was
around twofold more cytotoxic (p<0.01) towards the cisplatin-
resistant A2780cis cancer cells than the A2780 cisplatin-sensi-
tive cells (Figure 8).

In addition to complex 8, complex 10 and ruthenium diio-
dide complexes 25 and 31 were also more active towards the
cisplatin-resistant cells than the parental cisplatin-sensitive

Table 3. Bond lengths [ä] and angles [8] for [RuI2L2] trans(X)-trans(N,N)-
trans(N,O) complexes 18, 19, 28 and trans(X)-cis(N,N)-cis(N,O) complex 29.

Bond length [ä] 18 19 28 29

Ru1̌ I1 2.6507(17) 2.6589(8) 2.701(4) 2.664(11)
Ru1̌ I2 2.6670(18) 2.7149(8) 2.703(4) 2.685(11)
Ru1̌ N1 2.031(13) 2.051(6) 2.065(3) 2.039(7)
Ru1̌ N2 2.009(11) 2.021(6) 2.023(3) 2.023(7)
Ru1̌ N3 2.123(12) 2.119(6) 2.122(3) 2.118(7)
Ru1̌ O2 2.106(10) 2.089(5) 2.092(3) 2.066(6)

Bond angle [8] 18 19 28 29

I1-Ru1-I2 174.89(6) 177.93(3) 174.3 (14) 174.1(4)
N1-Ru1-O2 97.1(4) 96.6(2) 96.85(12) 174.9(3)
N2-Ru1-O2 175.4(5) 174.3(2) 175.56(13) 96.2(3)
N2-Ru1-N3 107.2(5) 107.4(2) 107.41(12) 171.6(3)
N1-Ru1-N3 173.7(5) 173.7(2) 173.65(13) 108.0(3)

Figure 6. Powder X-ray diffractograms for the [RuCl2L2] complex 7, showing
experimental pattern and the simulated cis and trans geometries.

Figure 7. Powder X-ray diffractograms for the [RuI2L2] complex 18, showing
the experimental pattern and the simulated trans geometry.
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A2780 cells (Figure 8). Furthermore, many of the ruthenium
diiodide complexes were equally active against A2780 and
A2780cis cells (complexes 17, 20, 21, 24 and 30), in contrast to
the ruthenium dichloride complexes (Figure 8). There are cur-
rently only a few transition metal complexes that have been
shown to overcome the mechanisms of cisplatin resistance in

cancer cells.[78–80] These results suggest that these complexes
may be able to circumvent cisplatin-resistance mechanisms in
ovarian cancer cells,[81–84] which is a critical goal in developing
new transition metal complexes with high cytotoxic activity
against cancer cell lines.

Against HT-29 cells, complexes 1, 7, 12 and 13 showed very
similar activity to that observed against the A2780 cancer cells.
However, the majority of ruthenium dichloride complexes were
significantly more active against HT-29 cells. For example, com-
plex 9 showed poor activity against A2780 cells (IC50 = 41.0(⌃
0.7) mm), but was approximately fourfold more active (p<0.01)
against HT-29 cells (IC50 = 9.7(⌃0.3) mm). Further studies are re-
quired but this suggests that some of the complexes may
have preferential activity towards certain cancer cell types. The
least active complex against HT-29 cells was unsubstituted
complex 1; with the addition of a para or meta substituent on
the phenyl ring of the picolinamide ligand, the compounds
generally showed an increase in cytotoxicity.

The effects of halide exchange from ruthenium dichloride to
diiodide were investigated for each of the 15 different picolina-
mide complexes (Table 4). Unexpectedly, the replacement of di-
chloride with diiodide resulted in remarkably higher potency
for most of the complexes, and this was observed against all
three human cancer cell lines tested (Figure 9). The ruthenium
dichloride complex 9 (R = 2’,4’-Cl) is one of the least cytotoxic
in the series, and the substitution of dichloride with diiodide
decreased the IC50 values by more than twelvefold. Against cis-
platin-resistant A2780cis cancer cells, over half of the diiodide
complexes were more active than cisplatin. In particular, com-
pounds 23, 24, 28 and 29 were particularly potent with IC50

values of 2.4–3.3 mm compared with 11 mm for cisplatin.
Against all three cancer cell lines, the diiodide complexes 24
(4’-Cl) and 29 (4’-Br) were highly potent, with more than four-
fold higher cytotoxicity against the A2780cis cancer cells than
cisplatin, and showed nanomolar potency towards HT-29
cancer cells (Table 4).

Table 4. Responses of the A2780, A278cis, HT-29 and ARPE-19 cell lines to complexes 1–31 and cisplatin.

IC50
[a] [mm]

compound A2780 A2780cis HT-29 ARPE-19
cisplatin 1.4⌃0.3 11⌃0.6 2.8⌃0.3 5.97⌃0.95[b]

X = Cl X = I X = Cl X = I X = Cl X = I X = Cl X = I X = Cl X = I
1 17 24⌃2 5.4⌃0.5 47⌃3.0 5.3⌃0.2 23.0⌃0.4 5.5⌃0.4 2.8⌃0.2
2 18 13⌃1 13.0⌃0.6 21⌃1.8 31⌃2 6.2⌃0.4 13.0⌃0.9
3 19 6.9⌃0.8 3.4⌃0.1 35⌃3 12.0⌃0.5 17⌃1 8.4⌃0.3 17.9⌃0.1 6.3⌃0.3
4 20 22⌃1 14⌃1 25.0⌃0.6 13.0⌃0.4 7.3⌃0.4 8.5⌃0.7 30⌃2 26⌃4
5 21 45⌃2 16.0⌃0.3 93⌃2 15⌃1 20⌃1 14⌃2
6 22 21.0⌃0.4 7.2⌃0.1 33⌃1 22⌃2 11.0⌃0.5 10⌃1
7 23 3.6⌃0.2 2.8⌃0.3 6.7⌃0.1 3.2⌃0.1 3.0⌃0.1 2.3⌃0.1
8 24 9.2⌃0.4 2.5⌃0.2 4.4⌃0.4 2.4⌃0.2 2.8⌃0.3 0.9⌃0.1 2.53⌃0.01 3.42⌃0.04
9 25 41.0⌃0.7 6.6⌃0.6 55⌃2 4.3⌃0.3 9.7⌃0.3 3.4⌃0.3 59⌃3 11⌃2
10 26 31.0⌃0.9 10.0⌃0.4 24⌃2 12.0⌃0.4 11.0⌃0.9 6.5⌃0.3
11 27 18⌃2 11.0⌃0.6 37⌃1 40⌃2 8.3⌃0.3 24⌃2
12 28 3.3⌃0.2 2.0⌃0.2 6.0⌃0.4 3.3⌃0.1 3.3⌃0.2 1.5⌃0.1
13 29 7.5⌃0.3 2.3⌃0.2 12.0⌃0.9 2.9⌃0.2 6.8⌃0.3 0.8⌃0.1 4.85⌃0.05 2.34⌃0.02
14 30 18.0⌃0.8 6.7⌃0.3 26⌃1 6.6⌃0.3 7.7⌃0.3 4.3⌃0.2 37⌃7 34⌃4
15 31 20⌃2 11.0⌃0.6 22⌃2 7.6⌃0.3 10.0⌃0.6 4.9⌃0.4

[a] Each value represents the mean (⌃ standard deviation) of at least 3 independent experiments. [b] See reference [15b].

Figure 8. Response of A2780 and A2780cis cells to complexes 1–31 and cis-
platin. The results are expressed as the resistance factor defined as the ratio
of the mean IC50 for A2780cis divided by the mean IC50 for A2780 cells.
Values >1 indicate that the complex is less cytotoxic towards A2780cis cells
than A2780 parental cells whereas values of 1 indicate that the complexes
are equally as active against A2780 and A2780cis cells. Values <1 indicate
that complexes are preferentially active against cisplatin-resistant A2780cis
cells.
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Selectivity towards cancer cells

A major limitation of many existing antitumour drugs is poor
selectivity towards cancer cells. This restricts the drug dosage
that can be used and thus effectiveness of treatment, as well
as resulting in harmful side-effects for the patient. Here we
have compared the responses of cancer cells and non-cancer
ARPE-19 cells to a sub-set of the complexes to obtain a prelimi-
nary indication of their cancer selectivity (Figure 10; complexes
3, 4, 8, 9, 13, 14, 17, 19, 20, 24, 25, 29 and 30). The results are
expressed in terms of the selectivity index, defined as the ratio
of the mean IC50 for the normal ARPE-19 cells (Table 4) divided
by the mean IC50 for each individual cancer cell line tested

Table 4), with values >1 indicating selectivity for cancer cells in
vitro.

Strikingly, with the exception of complex 3 versus complex
19, a general trend was seen whereby the ruthenium diiodide
complexes showed increased cancer selectivity compared with
their dichloride analogues, as well as higher potency. The ef-
fects of ruthenium dichloride versus diiodide (compare the
paired compounds 3 vs. 19, 4 vs. 20, 8 vs. 24, 9 vs. 25, 13 vs.
29 and 14 vs. 30) and other substitutions on selectivity are
shown in Figure 10 (top panel X = Cl, bottom panel X = I).
Ruthenium dichloride complexes 8 and 13 and unsubstituted
ruthenium diiodide complex 17 were more cytotoxic towards
the non-cancer ARPE-19 cells than towards the three cancer
cell lines, as indicated by selectivity ratios <1. In contrast,
ruthenium dichloride complexes 4, 9 and 14 and ruthenium
diiodide complexes 20, 24, 25, 29 and 30 all showed good
cancer selectivity with selectivity indices against HT-29 cancer
cells ranging from 2.8- to 7.8-fold. Ruthenium diiodide com-
plexes 20, 25 and 30 showed good selectivity towards the cis-
platin-resistant A2780 cancer cells, with selectivity ranging
from two- to fivefold increased chemosensitivity towards the
cisplatin-resistant cancer cells compared with the healthy non-
cancer cells.

When comparing the ruthenium diiodide and ruthenium di-
chloride complexes, on substituting R = 4’-F/Cl/Br with R =
2’,4’-diF/diCl/diBr a general reduction in potency towards the
cancer cell lines was observed (Table 4). However, interestingly,
these substitutions reduced the activity towards the non-
cancer ARPE-19 cells to a greater extent. The consequence of
this is that substitution of R = 4’-F/Cl/Br with R = 2’,4’-diF/diCl/
diBr (3 vs. 4, 8 vs. 9, 13 vs. 14, 19 vs. 20, 24 vs. 25 and 29 vs.
30) generally increased cancer cell selectivity, as indicated by
a higher selectivity index (Figure 10). For example, complex 30
with 2’,4’-dibromo substitution showed 2.8- to 6.3-fold higher
cancer selectivity against all cell lines compared with 4’-
bromo-substituted complex 29 (Figure 10).

Based upon their potency, selective activity and lack of cross
resistance with cisplatin, diiodide complexes 25 and 30 ap-
peared particularly promising as potential lead compounds
and were further analysed for their activity with very short cel-
lular exposure times (see Table S7 in the Supporting Informa-
tion). Although complexes 25 and 30 showed very similar ac-
tivity against HT-29 cells upon 5 days continuous exposure
(IC50 = 3.4 and 4.3 mm, respectively), notable differences were
observed for short drug exposure times. With drug exposure
times of 1, 3 and 6 hours, complex 30 was consistently the
more active with an IC50 of 30 mm for 1 h exposure decreasing
to 20 mm for 6 h exposure compared with an IC50 of 49 mm for
complex 25. Although there are a number of possible reasons
for these differences, this indicates the need for further phar-
macological evaluation of the most promising compounds.

Chemosensitivity under hypoxic conditions

Owing to poor and chaotic tumour vasculature, a proportion
of the cancer cells within a solid tumour are in a hypoxic (low
oxygen) environment.[85] These cancer cells are typically more

Figure 9. Bar chart showing the decrease in IC50 values and increase in po-
tency against A2780, A2780cis and HT-29 cell lines on conversion from the
ruthenium dichloride to the diiodide (1 vs. 17, 4 vs. 20, 5 vs. 21, 9 vs. 25
and 14 vs. 30). The broken lines separate pairs of Cl/I compounds.

Figure 10. Response of human cancer cell lines compared with non-cancer-
ous ARPE-19 cells. The results are expressed in terms of a selectivity index
defined as the ratio of mean IC50 values for ARPE-19 cells divided by the IC50

for each cancer cell line. Values >1 indicate that complexes are selectively
cytotoxic towards cancer cells as opposed to ARPE-19 cells.
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resistant to chemotherapy[86] and there is a pressing need for
new antitumour drugs with activities that are not adversely af-
fected by hypoxia.[85, 87] To assess the impact of hypoxia on the
potency of these novel bis-picolinamide ruthenium complexes,
the cytotoxicity of several of the complexes were compared
for HT-29 colorectal cancer cells growing under normal oxygen
conditions and under hypoxia (0.1 % O2). The two most potent
ruthenium dichloride (7, 12) and diiodide (24, 29) complexes
were selected to assess their activity towards cells under hy-
poxic conditions. Table 5 shows the normoxic and hypoxic IC50

values against HT-29 cells for complexes 7, 12, 24 and 29 as
well as cisplatin and tirapazamine (TPZ), a hypoxia-activated
drug[88] that was used to validate the hypoxic conditions. As
expected, TPZ was significantly more active under hypoxic
conditions than normoxia. All four of the dihalide complexes
tested retained their potency under hypoxic conditions with
very similar activity observed under both normoxic and hypox-
ic conditions. For complexes 24 and 29, slight increases in the
IC50 values up to 1.2 and 1.3 mm, respectively, were observed
but this was found to be statistically insignificant (p>0.05). Al-
though none of the complexes showed preferential activity to-
wards hypoxic cells, importantly, the equitoxic activity ob-
served indicates that these complexes could potentially be
used to target both the hypoxic and aerobic fractions of solid
tumours with similar efficiency.

Impact of hydrolysis on biological activity

The cytotoxicity of cisplatin[89–92] is dependent on its hydroly-
sis,[93] however, recent computation studies suggest no involve-
ment of cis-[Pt(NH3)2(OH2)2]2 + or cis-[Pt(NH3)2(OH2)(OH)]+ in the
mode of action of the drug.[94] As discussed previously, the
modes of action of both NAMI-A and KP1019 are thought to
involve the reduction of RuIII to RuII.[24, 27] However, ruthenium
“piano-stool” complexes with ancillary halide ligands have
been shown to hydrolyse and bind to nucleobase bases,[50, 95, 96]

and the intermediate is thought to be a cationic di- or mono-
hydrated species under physiological conditions. The hydroly-
sis potential has been assessed here for both the [RuCl2L2] and
[RuI2L2] complexes, both of which can form the di- or monohy-
drated species (Scheme 2).[97, 98]

Compounds 3, 5, 7, 10, 12 and 14 were analysed in aqueous
solutions as these represent some of the most active rutheni-
um dichloride complexes (7, 12) and some of the least active
(5, 10) across the cell lines tested. ES-MS analysis of com-
pounds 3, 7 and 12 was carried out and peaks were detected
that can be assigned to a dihydrated species. In contrast, for
compounds 5, 10 and 14, the detected peaks can only tenta-
tively be assigned to the monohydrated species (see Figur-
es S15 and S17 in the Supporting Information). UV/Vis spectra
were recorded over time to confirm the species in aqueous so-
lution. The spectra observed for all the [RuCl2L2] compounds
show a decrease in Amax with time in the region of 200–320 nm
and predominantly hypsochromic shifts ranging from 11–
414 eV (see Table S8). A decrease in Amax is also observed in the
region of 550–650 nm, which suggests metal-to-ligand charge
transfer (MLCT), however, the spectral peaks are too broad to
assign specific hypsochromic shifts and charge-transfer bands.
Therefore, the changes observed in all the UV/Vis spectra at
shorter wavelengths have been assigned to intra-ligand pp*
transitions.[99] ES-MS analysis was also carried out for the
[RuI2L2] compounds 23 and 26–28, and the peaks were tenta-
tively assigned to the monohydrated species for all four com-
pounds (see Figure S16). Their UV/Vis spectra also show
changes in the MLCT region but the peaks are too broad to
assign to specific charge-transfer bands (see Figure S9). All the
compounds show hypochromic behaviour when monitored in
aqueous solution over time, which also correlates to a decrease
in the initial concentration of both the [RuCl2L2] and [RuI2L2]
compounds. The decrease in initial concentration and subse-
quently the percentage increase of hydrated species has been
plotted against time (Figure 11), with the largest effects seen
for the [RuCl2L2] compounds, which are the least active against
all the cell lines tested. The UV/Vis spectra also show isosbestic
points; this suggests that the halide compounds are in equilib-
rium with a possible hydrated species, which is potentially the
active compound, and therefore hydrolysis may be involved in
the mode of action of these compounds.

Conclusions

We have presented a library of 31 bis-picolinamide ruthenium-
(III) dihalide complexes that contain a mixed ligand system in
which one picolinamide ligand is bound (N,N) whereas the
other is bound (N,O). The [RuCl2L2] and [RuI2L2] compounds
were prepared to allow pairwise comparison of the effects of
the different dihalide ligands. X-ray crystallographic analysis
was performed on 15 of the new compounds and the results

Table 5. Response of HT-29 cells to compounds 7, 12, 24, 29, cisplatin
and tirapazamine (TPZ), under normoxic and hypoxic conditions.

Compound IC50 [mm]
normoxia,
21 % O2 level

hypoxia,
0.1 % O2 level

hypoxic
cytotoxicity ratio

tirapazamine 33.0⌃2.0 2.8⌃0.4 11.8
cisplatin 2.8⌃0.1 2.4⌃0.3 1.2
7 3.0⌃0.1 2.6⌃0.3 1.2
12 3.3⌃0.2 3.9⌃0.2 0.8
24 0.86⌃1.2 1.2⌃0.2 0.7
29 0.84⌃1.3 1.3⌃0.1 0.6

Scheme 2. Proposed scheme for the hydrolysis of the bis(picolinamide) ruth-
enium(III) dichloride complexes to cationic mono- and di-aquated intermedi-
ates.
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confirmed the binding modes of the picolinamide ligands and
that these complexes are all in the + 3 oxidation state. Some
of the [RuCl2L2] complexes were found to co-crystallise with
different crystal morphologies, which reflects their ability to
form more than one structural isomer and switch isomeric con-
figuration. The cis(X)-cis(N,N)-cis(N,O), cis(X)-trans(N,N)-cis(N,O)
and trans(X)-trans(N,N)-trans(N,O) arrangements have all been
observed. In contrast, only a single stable trans isomer was ob-
tained for the [RuI2L2] complexes. This was confirmed by
single-crystal X-ray crystallography and powder X-ray diffrac-
tion. The ability to synthesise and purify single isomers of the
diiodide complexes is very important for the further develop-
ment of these complexes as potential drugs. By knowing the
configuration of the active drug and being able to synthesise
these as single isomers, potential isomer-related formulation
issues are eliminated.

The complexes were evaluated against several different
human cancer cell lines for potential cytotoxic activity. Many of
the complexes showed significant cytotoxicity with IC50 values
commonly in the low mm range. The activity was both ligand-
and structure- dependent with several clear structure–activity
relationships emerging. As exemplified by cisplatin and trans-
platin, historically trans isomers have generally been found to
be less active than their cis isomers. Interestingly, this study
has revealed picolinamide ruthenium(III) diiodide complexes,
which form a single trans isomer, to be significantly more
potent than their dichloride analogues (Figure 9), which form
a mixture of cis and trans isomers. For both the ruthenium di-

chloride and diiodide complexes, enhanced potency was also
consistently observed when an electron-withdrawing substitu-
ent was placed in the meta or para position on the picolina-
mide ligand.

A preliminary evaluation of the selectivity of these picolina-
mide ruthenium(III) dihalide complexes towards cancer cells
versus non-cancer cells was undertaken. The ruthenium diio-
dide complexes, as well as being more potent (Table 4), were
also more selective towards cancer cells than their dichloride
analogues (Figure 10). For both the ruthenium diiodide and di-
chloride complexes, substitution of R = 4’-F/Cl/Br with R = 2’,4’-
diF/diCl/diBr reduced the potency, however, these substitu-
tions increased cancer selectivity (Figure 10), which indicates
the importance of assessing both the potency and selectivity
in the selection of potential lead compounds for further inves-
tigation.

The picolinamide ruthenium(III) dihalide complexes were
evaluated for their activity against the cisplatin-resistant
human ovarian cancer cell line A2780cis. Importantly, many of
the diiodide complexes showed good activity against
A2780cis, with several complexes being more potent against
cisplatin-resistant A2780cis cancer cells than cisplatin-sensitive
A2780 cancer cells. In the development of new transition
metal antitumour drugs, there is a need for compounds that
are not cross resistant with cisplatin and have good selectivity
towards cancer cells as opposed to normal cells. These studies
have identified a number of highly potent compounds that
have good activity against cisplatin-resistant A2780cis cells and
good cancer cell selectivity. Of all the compounds tested, com-
plexes 25 and 30 particularly emerge as good lead candidates
for further evaluation based on their potency (Table 4), lack of
cross resistance in the cisplatin-resistant A2780cis cells
(Figure 8) and good selectivity towards cancer cells compared
with normal cells (Figure 10).

Studies were performed in aqueous solution to gain an un-
derstanding of the hydrolysis in the mode of action of the
complexes. UV/Vis and ES-MS data suggest the possibility of
hydrated species in aqueous solution, with the increase in con-
centration of hydrate species being most significant for the
[RuCl2L2] compounds. These hydrated species are potentially
the active species; however, further studies are required to iso-
late these products and understand their effects in vitro. Un-
derstanding the mode of action of these intermediate species
could help to enhance both potency and cancer selectivity by
tuning compound design.

Experimental Section

General

All the complexes are air-stable and the reactions were carried out
in air. Chemicals were obtained from Sigma–Aldrich Chemical Co. ,
Acros Organics, Alfa Aesar and Strem Chemical Co. , and, unless
otherwise stated, were used as supplied. The general details of
preparation of the complexes 1–31 are reported here along with
the characterisation data obtained by IR spectroscopy, ES + MS and
microanalysis as well as the meff values. In addition, the general de-

Figure 11. Time-dependent formation of new species in aqueous solution
for: a) compounds 3, 5, 7, 10, 12 and 14 in 10 % MeOH/90 % H2O, and
b) compounds 23 and 26–28 in 10 % DMF/90 % H2O at 293 K.
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tails of preparation of the N-phenylpicolinamide ligands and the
characterisation data are also given.

Instrumentation

All NMR spectra were recorded on a Bruker DPX 300, a Bruker DRX
500 or a Bruker DRX 500 spectrometer. Elemental analyses were
carried out at the University of Leeds Microanalytical Service. Mass
Spectra were recorded on a Bruker maXis impact mass spectrome-
ter or on a Micromass ZMD spectrometer with electrospray ionisa-
tion and photodiode array analyser at the University of Leeds Mass
Spectrometry Service. IR spectra were obtained by using a Platinum
ATR Spectroscopy on a crystal plate with samples analysed by
using the OPUS software. Magnetic susceptibilities were measured
by using a Sherwood Scientific Susceptibility instrument at room
temperature.

Elemental analysis

All biologically evaluated compounds must demonstrate a purity
of >99 %, and so the compounds synthesised within this report
were analysed by using elemental (CHN) analysis by a means of
combustion. This technique required the sample to be burned in
an excess of oxygen and a variety of traps with which to collect
the combustion products: CO2, H2O and N2. These masses were
then used to calculate the masses of the “unknown” product. The
experimental values have been compared with the calculated
values of the samples, and all synthesised compounds reported
herein are within 0.5 % of the calculated values.

X-ray crystallographic analysis

A suitable single crystal was selected and immersed in inert oil.
The crystal was then mounted on a glass capillary and attached to
a goniometer head on a Bruker X8 Apex diffractometer using
graphite-monochromated MoKa radiation (l= 0.71073 ä) or an Agi-
lent SuperNova X-ray diffractometer fitted with an Atlas area detec-
tor and a kappa-geometry 4-circle goniometer using graphite-mon-
ochromated MoKa (l= 0.71073 ä) or CuKa radiation (l= 1.5418 ä)
using 1.08 f rotation frames. The crystal was cooled to 100–150 K
by using an Oxford Cryostream low-temperature device.[100] The full
data set was obtained and the images processed by using the
APEX2[101] or CrysAlis Pro software.[102] Structure solution by direct
methods was achieved through the use of the SHELXS pro-
grams[103] and the structural model defined by full-matrix least-
squares on F2 using SHELX97[104] and SHELXS 2014/7.[105] Molecular
graphics were plotted by using Mercury.[106] The CIFs were edited
and the tables of bond lengths and angles were constructed by
using WC[107] and PLATON[108] or the Olex2 program.[109] Unless oth-
erwise stated, hydrogen atoms were placed in idealised geometric
positions (with free rotation for methyl groups), allowed to move
within a “riding model” along with the atoms to which they are at-
tached and refined isotropically. The SQUEEZE[110] routine was used
to remove disordered solvent molecules present in complex 7 and
12.

CCDC 947781, 947782, 947783, 947784, 947785, 947786, 947787,
947789, 947790, 947791, 1441964, 1441965, 1441966, 1441967,
1441968, 1441969, 1441970, 1449661 and 1449662 contain the
supplementary crystallographic data for this paper. These data are
provided free of charge by The Cambridge Crystallographic Data
Centre.

Cell line chemosensitivity studies

In vitro chemosensitivity tests were performed by using the MTT
assay against A2780 (human ovarian adenocarcinoma), A2780cis
(human ovarian cisplatin0resistant adenocarcinoma), HT-29 (human
colon adenocarcinoma) and ARPE-19 non-cancer cell lines. Cells
were incubated in 96-well plates at a concentration of 2 î 103 cells/
well for 24 h at 37 8C in an atmosphere of 5 % CO2 prior to drug ex-
posure. Complexes 1–31 were all dissolved in dimethyl sulfoxide
and diluted further with medium to obtain drug solutions ranging
from 250 to 0.49 mm. The final dimethyl sulfoxide concentration
was 0.1 % (v/v), which is non-toxic to cells. Drug solutions or di-
methyl sulfoxide solvent control were applied to cells and incubat-
ed for 5 days at 37 8C in an atmosphere of 5 % CO2. For short drug
exposure times, after 1, 3 or 6 h the media containing the drug
was removed and the cells washed twice with phosphate-buffered
saline (PBS) before the addition of fresh complete media for a fur-
ther 5 days. Cell survival was determined by means of the MTT
assay, as described previously.[48] On day 5, MTT (20 mL of
a 5 mg mLˇ1 stock solution) was added to each well and the plates
were incubated for a further 3 h at 37 8C in an atmosphere of 5 %
CO2. The solutions were then removed and dimethyl sulfoxide
(150 mL) was added to each well to dissolve the purple formazan
crystals. A Thermo Scientific Multiskan EX microplate spectropho-
tometer was used to measure the absorbance at 540 nm. Lanes
containing medium only and cells in medium (no drug, solvent
control) were used as blanks for the spectrophotometer and 100 %
cell survival, respectively. Cell survival was determined as the ab-
sorbance of treated cells divided by the absorbance of controls
and expressed as a percentage. The IC50 values were determined
from plots of % cell survival against drug concentration. Each ex-
periment was repeated three times and a mean value obtained.

Chemosensitivity under hypoxic conditions

The hypoxia assay was conducted according to the protocol stated
previously for normoxic conditions. However, during the incuba-
tion period, the addition of the drug dilutions and the addition of
the MTT solution were carried out inside a Don Whitley Scientific
H35 Hypoxystation set at 0.1 % O2. Drug solutions of complexes
and tirapazamine (TPZ) were incubated for 5 days and cell survival
was determined by using the MTT assay as described.

Hydrolysis studies

Samples were prepared by dissolving complexes 3, 5, 7, 10, 12
and 14 in 10 % methanol, and complexes 23, 26–28 in 10 % DMF,
followed by the addition of 90 % deionised water to give a final
concentration of 70 mm. These aqueous solutions were scanned at
various time points by UV/Vis spectrophotometry over 5 days at
293 K. The concentration of the complex was determined from
a calibration curve of each complex taken at a specific wavelength
of maximum absorbance to calculate the percentage of the hydro-
lysed complex.

Data analysis

Statistical analysis of the results was conducted by using Student’s
t-test: p values <0.05 are considered as significant and p values
<0.01 as very significant.

Preparation of the N-phenylpicolinamide ligands

The ligands used for complexes 1–10 and 16–26 have previously
been reported[19a] and were prepared by the same synthetic route,
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which is a modification of the procedure published by Bhattachar-
ya et al.[19b] The yields varied in the range 37–69 %. The general
procedure for the synthesis of the new ligands 11–15 (used for
complexes 11–15 and 27–31) are also provided along with the
characterisation data.

Functionalised aniline (25 mmol) was added to a solution of pyri-
dine-2-carboxylic acid (25 mmol) in pyridine (15 mL) and the mix-
ture warmed to 50 8C for 15 min. Triphenyl phosphite (25 mmol)
was added to this mixture and heated at 110 8C for 18 h to yield an
orange solution. Addition of water (100 mL) yielded a white paste,
to which dichloromethane (40 mL) was added and the organic
layer was separated from the aqueous layer. The aqueous layer
was extracted with 1:1 (v/v) aqueous HCl (3 î 100 mL). To neutralise
the extract, sodium bicarbonate was added until pH 7. The brown
solid was isolated by filtration and then washed with distilled
water. After recrystallisation of the product from methanol, wash-
ing with water and drying in vacuo, analytically pure product was
obtained.

Ligand 11: Yield: 3.48 g, 12.6 mmol, 50 %; 1H NMR (CDCl3,
300.13 MHz, 300 K): d= 10.72 (br s, 1 H; CONH), 8.70 (d, 3J(1H-1H) =
4.7 Hz, 1 H; CH of C5H4N), 8.60 (dd, 3J(1H-1H) = 8.3 Hz, 4J(1H-1H) =
1.4 Hz, 1 H; CH of C5H4N), 8.32 (d, 3J(1H-1H) = 7.8 Hz, 1 H; CH of
C6H4Br), 7.94 (td, 3J(1H-1H) = 7.7 Hz, 4J(1H-1H) = 1.7 Hz, 1 H; CH of
C5H4N), 7.62 (dd, 3J(1H-1H) = 8.0 Hz, 4J(1H-1H) = 1.3 Hz, 1 H; CH of
C6H4Br), 7.53 (ddd, 3J(1H-1H) = 7.5 Hz, 4J(1H-1H) = 4.8 Hz, 5J(1H-1H) =
1.6 Hz, 1 H; CH of C5H4N), 7.40 (m, 1 H; CH of C6H4Br), 7.04 ppm (td,
3J(1H-1H) = 7.7 Hz, 4J(1H-1H) = 1.5 Hz, 1 H; CH of C6H4Br) ; 13C{1H} NMR
(CDCl3, 75.47 MHz, 300 K): d= 162.28 (Q, CONH), 149.78 (Q), 148.33
(CH of C5H4N), 137.64 (CH of C5H4N), 135.94 (Q), 132.49 (CH of
C5H4N), 128.37 (CH of C6H4Br), 126.62 (CH of C6H4Br), 125.13 (CH of
C6H4Br), 122.43 (CH of C6H4Br), 121.41 (CH of C5H4N), 113.90 ppm
(Q, CBr of C6H4Br) ; IR (ATR FTIR): ñ= 3288 (m), 3105 (m), 1691 (s),
1577 (m), 1503 (m), 1462 (w), 1429 (w), 1375 (s), 1294 (s), 1227 (w),
1146 (w), 1119 (m), 1072 (s), 1038 (s), 997 (s), 890 (m), 857 (m), 822
(s), 748 (s), 682 (s), 621 (m), 540 cmˇ1 (s) ; MS (ES + , CHCl3): m/z :
298.98 [M++Na]+ ; elemental analysis calcd (%) for C12H9BrN2O: C
52.0, H 3.3, N 10.1, Br 28.8; found: C 52.0, H 3.2, N 10.3, Br 28.9.

Ligand 12 : Yield: 3.90 g, 14.1 mmol, 56 %; 1H NMR (CDCl3,
300.13 MHz, 300 K): d= 10.06 (br s, 1 H; NH), 8.61 (d, 3J(1H-1H) =
3.6 Hz, 1 H; CH of C5H4N), 8.29 (d, 3J(1H-1H) = 7.8 Hz, 1 H; CH of
C5H4N), 8.05 (s, 1 H; CH of C6H4Br), 7.92 (t, 3J(1H-1H) = 7.6 Hz, 1 H; CH
of C5H4N), 7.69 (d, 3J(1H-1H) = 7.7 Hz, 1 H; CH of C6H4Br), 7.5 (dd,
3J(1H-1H) = 7.0 Hz, 4J(1H-1H) = 4.8 Hz, 1 H; CH of C5H4N), 7.25 ppm (m,
2 H; CH of C6H4Br) ; 13C{1H} NMR (CDCl3, 75.47 MHz, 300 K) d=
161.96 (Q, CONH), 149.37 (Q), 147.93 (CH of C5H4N), 139.04 (Q),
137.88 (CH of C5H4N), 130.36 (CH of C6H4Br), 127.30 (CH of C6H4Br),
126.70 (CH of C5H4N), 122.76 (Q, CBr of C6H4Br), 122.61 (CH of
C5H4N), 118.15 ppm (CH of C6H4Br) ; IR (ATR FTIR): ñ= 3335 (s), 3058
(m), 1698 (s), 1590 (m), 1537 (m), 1483 (m), 1402 (m), 1314 (s), 1234
(s), 1160 (w), 1125 (m), 1092 (m), 1038 (m), 997 (s), 897 (m), 850 (s),
810 (m), 769 (s), 661 (s), 587 cmˇ1 (s) ; MS (ES + , CHCl3): m/z : 298.98
[M++Na]+ ; elemental analysis calcd (%) for C12H9BrN2O: C 52.0, H
3.3, N 10.1, Br 28.8; found: C 52.1, H 3.2, N 10.3, Br 28.5;

Ligand 13 : Yield: 4.78 g, 17.2 mmol, 69 %; 1H NMR (CDCl3,
300.13 MHz, 300 K): d= 10.06 (br s, 1 H; NH), 8.63 (d, 3J(1H-1H) =
4.7 Hz, 1 H; CH of C5H4N), 8.31 (d, 3J(1H-1H) = 7.8 Hz, 1 H; CH of
C5H4N), 7.94 (td, 3J(1H-1H)= 7.7 Hz, 4J(1H-1H) = 1.7 Hz, 1 H; CH of
C5H4N), 7.71 (d, 3J(1H-1H)= 8.8 Hz, 2 H; CH of C6H4Br), 7.52 ppm (m,
3 H; CH of C5H4N, 2 î CH of C6H4Br) ; 13C{1H} NMR (CDCl3, 75.47 MHz,
300 K): d= 161.99 (Q, CONH), 149.51 (Q), 147.98 (CH of C5H4N),
137.79 (CH of C5H4N), 136.85 (Q), 132.06 (CH of C6H4Br), 126.63 (CH
of C5H4N), 122.47 (CH of C5H4N), 121.21 (CH of C6H4Br), 116.87 ppm
(Q, CBr of C6H4Br); IR (ATR FTIR): ñ= 3335 (s), 3058 (m), 1691 (w),

1590 (w), 1490 (w), 1227 (m), 1186 (w), 1099 (w), 1038 (w), 997 (m),
816 (m), 688 (m), 614 (s), 506 (s), 486 cmˇ1 (m); MS (ES + , CHCl3):
m/z : 298.98 [M++Na]+ ; elemental analysis calcd (%) for C12H9BrN2O:
C 52.0, H 3.3, N 10.1, Br 28.8; found: C 51.8, H 3.2, N 10.4, Br 28.9.

Ligand 14 : Yield: 3.83 g, 10.8 mmol, 43 %; 1H NMR (CDCl3,
300.13 MHz, 300 K): d= 10.63 (br s, 1 H; NH), 8.60 (d, 3J(1H-1H) =
4.7 Hz, 1 H; CH of C5H4N), 8.50 (d, 3J(1H-1H) = 8.9 Hz, 1 H; CH of
C5H4N), 8.22 (d, 3J(1H-1H) = 7.8 Hz, 1 H; CH of C6H3Br2), 7.86 (td, 3J(1H-
1H) = 7.7 Hz, 4J(1H-1H)= 1.7 Hz, 1 H; CH of C5H4N), 7.68 (d, 3J(1H-1H) =
2.3 Hz, 1 H; CH of C6H3Br2), 7.44 ppm (m, CH of C5H4N, CH of
C6H3Br2); 13C{1H} NMR (CDCl3, 75.47 MHz, 300 K): d= 162.31 (Q,
CONH), 149.50 (Q), 148.39 (CH of C5H4N), 137.76 (CH of C5H4N),
135.24 (Q), 134.68 (CH of C6H3Br2), 131.43 (CH of C6H3Br2), 126.83
(CH of C5H4N), 122.56 (CH of C6H3Br2), 122.27 (CH of C5H4N), 116.65
(Q, CBr of C6H3Br2), 114.28 ppm (Q, CBr of C6H3Br2) ; IR (ATR FTIR):
ñ= 3288 (m), 3112 (m), 1691 (s), 1563 (m), 1509 (m), 1456 (w), 1381
(m), 1301 (s), 1234 (w), 1113 (m), 1078 (m), 1038 (s), 997 (m), 890
(m), 863 (m), 810 (s), 742 (m), 669 (s), 621 (m), 540 cmˇ1 (m); MS
(ES + , CHCl3): m/z : 378.9 [M++Na]+ ; elemental analysis calcd (%) for
C12H9Br2N2O: C 40.5, H 2.3, N 7.9, Br 44.9; found: C 40.6, H 2.2, N
7.7, Br 44.7.

Ligand 15 : Yield: 3.26 g, 9.17 mmol, 37 %; 1H NMR (CDCl3,
300.13 MHz, 300 K): d= 10.65 (br s, 1 H; NH), 8.82 (d, 3J(1H-1H) =
2.4 Hz, 1 H; CH of C6H3Br2), 8.61 (d, 3J(1H-1H) = 4.7 Hz, 1 H; CH of
C5H4N), 8.22 (d, 3J(1H-1H) = 7.8 Hz, 1 H; CH of C5H4N), 7.86 (td, 3J(1H-
1H) = 7.7 Hz, 4J(1H-1H) = 1.7 Hz, 1 H; CH of C5H4N), 7.45 (ddd, 3J(1H-
1H) = 7.6 Hz, 4J(1H-1H) = 4.7 Hz, 5J(1H-1H) = 1.2 Hz, 1 H; CH of C5H4N),
7.38 (d, 3J(1H-1H) = 8.6 Hz, 1 H; He), 7.08 ppm (dd, 3J(1H-1H)= 8.5 Hz,
4J(1H-1H) = 2.4 Hz, 1 H); 13C{1H} NMR (CDCl3, 75.47 MHz, 300 K): d=
162.31 (Q, CONH), 149.38 (Q), 148.38 (CH of C5H4N), 137.76 (CH of
C5H4N), 137.05 (Q), 133.36 (CH of C6H3Br2), 128.00 (CH of C6H3Br2),
126.87 (CH of C5H4N), 124.01 (CH of C6H3Br2), 122.58 (CH of C5H4N),
121.25 (Q, CBr of C6H3Br2), 112.21 ppm (Q, CBr of C6H3Br2) ; IR (ATR
FTIR): ñ= 3301 (s), 3112 (s), 1698 (m), 1570 (m), 1516 (m), 1288 (m),
1227 (m), 1112 (m), 1018 (s), 870 (s), 803 (s), 742 (s), 675 (s), 580
(m), 500 cmˇ1 (m); MS (ES + , CHCl3): m/z : 356.90 [M++H]+ ; elemen-
tal analysis calcd (%) for C12H9Br2N2O: C 40.5, H 2.3, N 7.9, Br 44.9:
found: C 40.6, H 2.3, N 7.7, Br 44.8.

Preparation of complexes 1–16

Functionalised N-phenylpicolinamide (0.80 mmol) was added to
a solution of RuCl3·3H2O (0.40 mmol) in ethanol (30 mL), followed
by the addition of triethylamine (0.40 mmol); the solution was
heated at reflux for 2 h to give a red-orange solution. The volume
of solvent was reduced by one third to yield an orange solid. The
solid was filtered, washed with pentane, dried in vacuo and recrys-
tallised by vapour diffusion in methanol-pentane yielding red crys-
tals.

Complex 1: Yield: 0.347 g, 0.60 mmol, 74 %; meff = 1.97(⌃0.12) mb ; IR
(ATR FTIR): ñ= 3482 (br), 3260 (w), 3200 (m), 3058 (s), 1617 (br),
1570 (s), 1490 (br), 1449 (br), 1355 (s), 1294 (s), 1146 (s), 1025 (s),
997 (w), 971 (s), 897 (s), 836 (w), 803 (s), 748 (s), 688 (s), 587 (s),
506 cmˇ1 (s) ; MS (ES + , CH3OH): m/z : 568.0 [M++H]+ ; elemental
analysis calcd (%) for C24H26Cl2N4O5Ru: C 46.4, H 4.0, N 9.0; found:
C 46.9, H 3.60, N 8.9.

Complex 2 : Yield: 0.12 g, 0.20 mmol, 50 %; meff = 1.97(⌃0.12) mb ; IR
(ATR FTIR): ñ= 3489 (br), 3200 (w), 3065 (m), 1617 (br), 1577 (s),
1496 (s), 1449 (w), 1355 (s), 1301 (s), 1267 (s), 1206 (s), 1153 (s),
1099 (s), 1031 (s), 964 (s), 917 (s), 863 (s), 755 (s), 682 (s), 601 (s),
547 (w), 519 (w), 473 cmˇ1 (s) ; MS (ES + , CH3OH): m/z : 604.0
[M++H]+ ; elemental analysis calcd (%) for C24H22Cl2F2N4O4Ru: C 45.1,
H 3.3, N 8.8; found: C 45.1, H 3.3, N 8.6.
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Complex 3 : Yield: 0.13 g, 0.21 mmol, 52 %; meff = 1.83(⌃0.03) mb ; IR
(ATR FTIR): ñ= 3510 (br), 3254 (w), 3220 (w), 3058 (m), 1624 (br),
1469 (w), 1409 (s), 1348 (s), 1294 (w), 1234 (s), 1153 (s), 1092 (w),
1058 (w), 1018 (w), 971 (w), 904 (s), 829 (s), 762 (w), 688 (s), 547
(w), 507 (w), 493 cmˇ1 (w); MS (ES + , CH3OH): m/z : 604.0 [M++H]+ ;
elemental analysis calcd (%) for C24H24Cl2F2N4O5Ru: C 43.8, H 3.7, N
8.5; found: C 43.9, H 3.5, N 8.5.

Complex 4 : Yield: 0.18 g, 0.28 mmol, 72 %; meff = 1.87(⌃0.07) mb ; IR
(ATR FTIR): ñ= 3470 (br), 3220 (w), 3058 (m), 1611 (br), 1503 (w),
1469 (w), 1429 (w), 1355 (s), 1301 (w), 1260 (w), 1220 (m), 1139 (s),
1092 (s), 1052 (m), 1031 (m), 964 (s), 924 (m), 850 (m), 803 (m), 755
(m), 735 (w), 694 (s), 607 (m), 540 (m), 459 cmˇ1 (m); MS (ES + ,
CH3OH): m/z : 640.0 [M++H]+ ; elemental analysis calcd (%) for
C24H18Cl2F4N4O3Ru: C 43.7, H 2.8, N 8.3; found: C 43.1, H 2.8, N 8.0.

Complex 5 : Yield: 0.07 g, 0.11 mmol, 28 %; meff = 1.96(⌃0.16) mb ; IR
(ATR FTIR): ñ= 3482 (br), 3207 (w), 3065 (m), 1584 (br), 1496 (w),
1341 (m), 1241 (m), 1206 (w), 1173 (s), 1099 (s), 1058 (w), 978 (s),
924 (w), 870 (m), 762 (s), 688 (s), 587 (w), 506 (w), 473 cmˇ1 (s) ; MS
(ES + , CH3OH): m/z : 641.96 [M]+ ; elemental analysis calcd (%) for
C24H20Cl2F4N4O4Ru: C 42.7, H 3.0, N 8.3; found: C 43.1, H 3.1, N 8.2.

Complex 6 : Yield: 0.15 g, 0.23 mmol, 58 %; meff = 2.21(⌃0.07) mb ; IR
(ATR FTIR): ñ= 3476 (br), 3220 (w), 3065 (w), 2856 (w), 1590 (br),
1469 (w), 1442 (w), 1341 (m), 1301 (w), 1260 (w), 1146 (s), 1052 (s),
1031 (m), 964 (m), 924 (s), 850 (w), 803 (m), 755 (s), 688 (s), 601
(m), 500 (m), 452 cmˇ1 (w); MS (ES + , CH3OH): m/z : 637.9 [M++H]+ ;
elemental analysis calcd (%) for C24H20Cl4N4O3Ru: C 43.9, H 3.1, N
8.5, Cl 21.; found: C 43.4, H 3.1, N 8.1, Cl 22.1.

Complex 7: Yield: 0.15 g, 0.23 mmol, 55 %; meff = 2.40(⌃0.04) mb ; IR
(ATR FTIR): ñ= 3442 (br), 3254 (w), 3193 (w), 3065 (m), 1597 (br),
1476 (m), 1435 (w), 1391 (s), 1307 (m), 1260 (m), 1146 (m), 1065
(w), 965 (m), 883 (m), 762 (s), 675 (s), 594 (w), 513 cmˇ1 (w); MS
(ES + , CH3OH): m/z : 637.9 [M++H]+ ; elemental analysis calcd (%) for
C24H20Cl4N4O3Ru: C 43.90, H 3.1, N 8.5, Cl 21.6; found: C 44.0, H 3.2,
N 8.3, Cl 21.5.

Complex 8 : Yield: 0.07 g, 0.11 mmol, 28 %; meff = 2.08(⌃0.03) mb ; IR
(ATR FTIR): ñ= 3496 (br), 3247 (w), 3058 (m), 1584 (br), 1490 (m),
1409 (m), 1355 (m), 1294 (m), 1260 (w), 1241 (w), 1146 (m), 1085
(s), 1052 (w), 1018 (s), 971 (m), 910 (m), 822 (s), 755 (s), 722 (m),
688 (s), 506 (s), 466 cmˇ1 (w); MS (ES + , CH3OH): m/z : 637.9
[M++H]+ ; elemental analysis calcd (%) for C24H21Cl4N4O3.5Ru: C 43.4,
H 3.2, N 8.4, Cl 21.4; found: C 43.2, H 3.0, N 8.1, Cl 21.8.

Complex 9 : Yield: 0.12 g, 0.17 mmol, 44 %; meff = 1.99(⌃0.06) mb ; IR
(ATR FTIR): ñ= 3510 (br), 3207 (w), 3058 (m), 1590 (br), 1469 (m),
1341 (m), 1301 (w), 1260 (w), 1146 (m), 1099 (s), 1052 (s), 1025 (w),
964 (w), 917 (m), 857 (m), 803 (m), 762 (s), 688 (m), 560 (w),
526 cmˇ1 (m); MS (ES + , CH3OH): m/z : 705.8 [M++H]+ ; elemental
analysis calcd (%) for C24H18Cl6N4O3Ru: C 39.8, H 2.5, N 7.4, Cl 29.4;
found: C 39.7, H 2.5, N 7.6, Cl 29.5.

Complex 10 : Yield: 0.11 g, 0.16 mmol, 40 %; meff = 2.53(⌃0.02) mb ; IR
(ATR FTIR): ñ= 3496 (br), 3200 (w), 3065 (w), 1577 (br), 1469 (m),
1388 (m), 1334 (m), 1301 (w), 1260 (w), 1139 (m), 1092 (m), 1052
(m), 964 (m), 931 (m), 890 (w), 863 (w), 803 (s), 762 (s), 688 (s), 594
(m), 566 (m), 519 (w), 459 cmˇ1 (w); MS (ES + , CH3OH): m/z : 705.8
[M++H]+ ; elemental analysis calcd (%) for C24H16Cl6N4O2Ru: C 40.8, H
2.3, N 7.9, Cl 30.1; found: C 40.6, H 2.9, N 7.5, Cl 30.0.

Complex 11: Yield: 0.13 g, 0.18 mmol, 46 %; meff = 2.02(⌃0.06) mb ; IR
(ATR FTIR): ñ= 3496 (br), 3214 (m), 3065 (m), 1584 (s), 1476 (s),
1442 (w), 1348 (s), 1307 (s), 1260 (m), 1146 (m), 1052 (s), 971 (w),
924 (s), 843 (w), 810 (m), 748 (s), 688 (m), 594 (w), 533 (w),
493 cmˇ1 (w); MS (ES + , CH3OH): m/z : 725.8 [M++H]+ ; elemental
analysis calcd (%) for C24H22Br2Cl2N4O4Ru: C 37.9, H 2.8, N 7.4;
found: C 37.6, H 2.6, N 7.1.

Complex 12 : Yield: 0.19 g, 0.25 mmol, 62 %; meff = 2.05(⌃0.10) mb ;
IR (ATR FTIR): ñ= 3489 (br), 3254 (w), 3072 (m), 1570 (br), 1476 (s),
1429 (w), 1348 (s), 1294 (m), 1260 (m), 1146 (m), 1065 (w), 997 (w),
971 (m), 857 (m), 762 (s), 722 (w), 675 (s), 601 (w), 560 (w),
500 cmˇ1 (w); MS (ES + , CH3OH): m/z : 725.8 [M++H]+ ; elemental
analysis calcd (%) for C24H20Br2Cl2N4O3Ru: C 38.8, H 2.7, N 7.5;
found: C 38.8, H 2.6, N 7.3.

Complex 13 : Yield: 0.13 g, 0.17 mmol, 44 %; meff = 2.04(⌃0.16) mb ;
IR (ATR FTIR): ñ= 3482 (br), 3247 (w), 3072 (m), 1570 (br), 1490 (m),
1402 (w), 1348 (m), 1288 (m), 1260 (w), 1146 (m), 1065 (m), 1025
(w), 1004 (s), 964 (w), 910 (w), 822 (s) 755 (s), 688 (s), 513 cmˇ1 (s) ;
MS (ES + , CH3OH): m/z : 725.8 [M++H]+ ; elemental analysis calcd (%)
for C24H20Br2Cl2N4O3Ru: C 38.8, H 2.7, N 7.5; found: C 38.9, H 2.8, N
7.4.

Complex 14 : Yield: 0.19 g, 0.21 mmol, 51 %; meff = 2.10(⌃0.14) mb ;
IR (ATR FTIR): ñ= 3496 (br), 3200 (w), 3065 (m), 1584 (br), 1462 (m),
1341 (m), 1301 (m), 1260 (m), 1146 (s), 1072 (s), 1045 (s), 964 (w),
917 (s), 850 (w), 816 (w), 748 (m), 682 (m), 547 (w), 506 cmˇ1 (m);
MS (ES + , CH3OH): m/z : 882.6 [M]+ ; elemental analysis calcd (%) for
C24H18Br4Cl2N4O3Ru: C 32.0, H 2.0, N 6.2; found: C 31.8, H 2.1, N 5.9.

Complex 15 : Yield: 0.19 g, 0.21 mmol, 54 %; meff = 2.03(⌃0.02) mb ;
IR (ATR FTIR): ñ= 3510 (br), 3186 (w), 3065 (m), 1584 (br), 1469 (m),
1388 (m), 1334 (m), 1301 (w), 1267 (w), 1146 (s), 1085 (s), 1031 (s),
971 (m), 931 (m), 870 (m), 810 (m), 755 (s), 694 (s), 601 (w), 566 (w),
506 cmˇ1 (m); MS (ES + , CH3OH): m/z : 882.6 [M]+ ; elemental analy-
sis calcd (%) for C24H18Br4Cl2N4O3Ru: C 32.0, H 2.0, N 6.2; found: C
31.8, H 2.2, N 5.9.

Complex 16 : Yield: 0.09 g, 0.13 mmol, 34 %; meff = 2.01(⌃0.01) mb ;
IR (ATR FTIR): ñ= 3476 (br), 3200 (w), 3051 (m), 1590 (s), 1556 (s),
1469 (s), 1435 (w), 1341 (m), 1301 (m), 1146 (m), 1018 (m), 917 (m),
803 (w), 748 (s), 722 (w), 682 (m), 647 (m), 594 (m), 526 (w),
500 cmˇ1(m); MS (ES + , CH3OH): m/z : 819.79 [M]+ ; elemental analy-
sis calcd (%) for C24H22Cl2I2N4O4Ru: C 33.6, H 2.6, N 6.5; found: C
33.3, H 2.2, N 6.2.

Preparation of complexes 17–31

Functionalised N-phenylpicolinamide (0.80 mmol) was added to
a solution of RuCl3·3H2O (0.40 mmol) in ethanol (30 mL), followed
by the addition of triethylamine (0.40 mmol). The solution was
heated at reflux for 2 h to give a red-orange solution. An excess of
KI (4 mmol) was added and the solution heated at reflux for
18 hours, which resulted in a dark-coloured solution. A solid forms
which was filtered, washed with water to remove KCl, dried in
vacuo and recrystallised by vapour diffusion in DMF/diethyl ether
to yield black/green crystals.

Complex 17: Yield: 0.26 g, 0.35 mmol, 58 %; meff = 1.68(⌃0.07) mb ; IR
(ATR FTIR): ñ= 3288 (br), 3072 (w), 2856 (w), 1570 (s), 1483 (m),
1449 (m), 1368 (w), 1294 (w), 1260 (w), 1173 (w), 1153 (w), 1072
(w), 1025 (w), 903 (w), 755 (s), 694 (s), 587 (m), 513 (m), 473 cmˇ1

(w); MS (ES + , DMF): m/z : 751.9 [M++H]+ ; elemental analysis calcd
(%) for C24H20I2N4O2Ru: C 38.4, H 2.7, N 7.5; found: C 38.8, H 2.7, N
7.3.

Complex 18 : Yield: 0.22 g, 0.27 mmol, 59 %; meff = 1.71(⌃0.07) mb ;
IR (ATR FTIR): ñ= 3247 (w), 3072 (w), 2883 (br), 1577 (s), 1490 (m),
1456 (w), 1362 (m), 1301 (w), 1260 (m), 1213 (w), 1153 (w), 1099
(w), 1025 (w), 964 (w), 910 (w), 863 (w), 789 (m), 748 (s), 688 (w),
513 (w), 473 cmˇ1 (w); MS (ES + , DMF): m/z : 787.9 [M++H]+ ; ele-
mental analysis calcd (%) for C24H20F2I2N4O3Ru: C 35.7, H 2.5, N 7.0;
found: C 35.2, H 2.2, N 6.6.

Complex 19 : Yield: 0.24 g, 0.31 mmol, 58 %; meff = 1.70(⌃0.09) mb ;
IR (ATR FTIR): ñ= 3226 (w), 3072 (w), 2863 (br), 1584 (m), 1496 (m),

Chem. Eur. J. 2017, 23, 6341 – 6356 www.chemeurj.org ⌫ 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim6353

Full Paper

http://www.chemeurj.org


1416 (s), 1375 (w), 1348 (w), 1213 (m), 1153 (m), 1085 (w), 1011 (w),
971 (w), 910 (w), 836 (m), 762 (m), 675 (m), 540 (m), 500 (w),
473 cmˇ1 (w); MS (ES + , DMF): m/z : 787.8 [M++H]+ ; elemental anal-
ysis calcd (%) for C24H18F2I2N4O2Ru: C 36.6, H 2.3, N 7.0; found: C
37.0, H 2.2, N 7.0.

Complex 20 : Yield: 0.17 g, 0.20 mmol, 36 %; meff = 1.83(⌃0.05) mb ;
IR (ATR FTIR): ñ= 3226 (w), 3072 (br), 2883 (w), 1584 (br), 1503 (m),
1429 (w), 1368 (m), 1253 (m), 1213 (w), 1139 (s), 1092 (s), 1018 (w),
957 (s), 910 (m), 863 (m), 803 (m), 762 (s), 675 (s), 601 (s), 573 (w),
533 (s), 473 cmˇ1 (m); MS (ES + , DMF): m/z : 823.8 [M++H]+ ; elemen-
tal analysis calcd (%) for C24H16F4I2N4O2Ru: C 35.0, H 2.0, N 6.8;
found: C 35.1, H 1.8, N 6.6.

Complex 21: Yield: 0.19 g, 0.24 mmol, 31 %; meff = 1.79(⌃0.04) mb ; IR
(ATR FTIR): ñ= 3214 (w), 3072 (br), 2883 (w), 1577 (br), 1496 (m),
1355 (m), 1247 (m), 1186 (m), 1132 (m), 1085 (m), 1058 (w), 971 (s),
917 (m), 876 (m), 803 (m), 762 (s), 694 (m), 668 (m), 594 (m), 506
(m), 466 cmˇ1 (m); MS (ES + , DMF): m/z : 823.8 [M++H]+ ; elemental
analysis calcd (%) for C24H16F4I2N4O2Ru: C 35.0, H 2.0, N 6.8; found:
C 35.0, H 1.8, N 6.8.

Complex 22 : Yield: 0.29 g, 0.36 mmol, 34 %; meff = 1.77(⌃0.03) mb ;
IR (ATR FTIR): ñ= 3226 (w), 3072 (br), 2951 (w), 1563 (s), 1476 (m),
1442 (w), 1355 (m), 1301 (w), 1253 (m), 1153 (w), 1052 (w), 1031
(w), 964 (w), 917 (w), 748 (s), 688 (m), 634 (w), 533 (w), 500 cmˇ1

(w); MS (ES + , DMF): m/z : 819.8 [M]+ ; elemental analysis calcd (%)
for C26H24Cl2I2N4O3Ru: C 36.1, H 2.7, N 6.5; found: C 36.1, H 2.2, N
6.1.

Complex 23 : Yield: 0.21 g, 0.25 mmol, 62 %; meff = 1.60(⌃0.09) mb ;
IR (ATR FTIR): ñ= 3240 (w), 3065 (br), 2863 (w), 1563 (s), 1469 (m),
1341 (m), 1301 (w), 1253 (m), 1153 (w), 1072 (w), 991 (w), 937 (w),
883 (m), 789 (m), 762 (s), 668 (m), 587 (w), 566 (w), 513 (w),
473 cmˇ1 (w); MS (ES + , DMF): m/z : 841.8 [M++Na]+ ; elemental
analysis calcd (%) for C24H20Cl2I2N4O3Ru: C 34.4, H 2.4, N 6.7; found:
C 34.6, H 2.2, N 6.7.

Complex 24 : Yield: 0.25 g, 0.30 mmol, 60 %; meff = 1.77(⌃0.02) mb ;
IR (ATR FTIR): ñ= 3254 (w), 3058 (br), 2964 (w), 1556 (s), 1490 (m),
1355 (w), 1267 (w), 1132 (m), 1085 (m), 1011 (m), 971 (w), 910 (w),
822 (m), 762 (s), 722 (w), 688 (w), 513 (s), 473 cmˇ1 (w); MS (ES + ,
DMF): m/z : 819.8 [M]+ ; elemental analysis calcd (%) for
C26H24Cl2I2N4O3Ru: C 36.1, H 2.7, N 6.5; found: C 36.4, H 2.3, N 6.7.

Complex 25 : Yield: 0.22 g, 0.25 mmol, 44 %; meff = 1.67(⌃0.08) mb ;
IR (ATR FTIR): ñ= 3240 (w), 3065 (w), 2930 (w), 1550 (m), 1462 (m),
1355 (m), 1267 (w), 1146 (w), 1099 (w), 1058 (w), 964 (w), 910 (w),
857 (s), 803 (w), 762 (s), 682 (m), 560 (m), 506 cmˇ1 (m); MS (ES + ,
DMF): m/z : 889.7 [M++H]+ ; elemental analysis calcd (%) for
C24H16Cl4I2N4O2Ru: C 32.4, H 1.8, N 6.3; found: C 32.8, H 1.7, N 6.2.

Complex 26 : Yield: 0.32 g, 0.36 mmol, 44 %; meff = 1.76(⌃0.14) mb ;
IR (ATR FTIR): ñ= 3207 (w), 3079 (w), 2998 (w), 1537 (br), 1469 (w),
1395 (w), 1355 (w), 1307 (m), 1260 (w), 1152 (s), 1092 (s), 1052 (s),
1025 (w), 971 (s), 931 (s), 897 (w), 876 (s), 803 (s), 755 (s), 682 (s),
580 (m), 513 (s), 459 cmˇ1 (s) ; MS (ES + , DMF): m/z : 887.7 [M]+ ; ele-
mental analysis calcd (%) for C24H22Cl4I2N4O3Ru: C 33.4, H 2.3, N 6.0;
found: C 33.6, H 1.8, N 6.3.

Complex 27: Yield: 0.30 g, 0.33 mmol, 52 %; meff = 1.65(⌃0.09) mb ; IR
(ATR FTIR): ñ= 3214 (w), 3051 (w), 2876 (w), 1570 (m), 1469 (w),
1341 (w), 1301 (w), 1253 (w), 1139 (m), 1031 (m), 964 (w), 917 (w),
850 (w), 803 (w), 748 (s), 682 (m), 601 (w), 526 (m), 500 cmˇ1 (m);
MS (ES + , DMF): m/z : 909.7 [M++H]+ ; elemental analysis calcd (%)
for C24H18Br2I2N4O2Ru: C 31.7, H 2.0, N 6.2; found: C 31.9, H 2.1, N
6.0.

Complex 28 : Yield: 0.17 g, 0.19 mmol, 50 %; meff = 1.81(⌃0.06) mb ;
IR (ATR FTIR): ñ= 3260 (w), 3065 (w), 2930 (w), 1556 (m), 1462 (w),
1341 (w), 1294 (w), 1247 (w), 1146 (w), 1065 (w), 991 (w), 931 (w),

870 (w), 782 (w), 755 (s), 675 (m), 587 (w), 547 (w), 473 cmˇ1 (w);
MS (ES + , DMF): m/z : 931.7 [M++Na]+ ; elemental analysis calcd (%)
for C24H18Br2I2N4O2Ru: C 31.7, H 2.0, N 6.2; found: C 31.8, H 1.9, N
6.1.

Complex 29 : Yield: 0.27 g, 0.30 mmol, 52 %; meff = 1.92(⌃0.05) mb ;
IR (ATR FTIR): ñ= 3247 (w), 3065 (w), 2937 (w), 1556 (m), 1476 (w),
1355 (w), 1294 (w), 1260 (w), 1227 (w), 1146 (w), 1065 (w), 1011
(w), 964 (w), 910 (w), 822 (m), 755 (m), 688 (w), 506 (s), 473 cmˇ1

(w); MS (ES + , DMF): m/z : 909.7 [M++H]+ ; elemental analysis calcd
(%) for C24H18Br2I2N4O2Ru: C 31.7, H 2.0, N 6.2; found: C 31.8, H 1.9,
N 5.9.

Complex 30 : Yield: 0.34 g, 0.32 mmol, 74 %; meff = 1.68(⌃0.05) mb ;
IR (ATR FTIR): ñ= 3233 (w), 3065 (w), 2917 (w), 1550 (m), 1462 (m),
1348 (m), 1260 (w), 1132 (w), 1078 (w), 1038 (m), 964 (w), 917 (w),
843 (m), 802 (m), 755 (m), 688 (m), 547 (w), 526 (w), 500 cmˇ1 (w);
MS (ES + , DMF): m/z : 1090.5 [M++H]+ ; elemental analysis calcd (%)
for C26H22Br4I2N4O3Ru: C 28.1, H 2.0, N 5.0; found: C 28.0, H 1.5, N
5.2.

Complex 31: Yield: 0.27 g, 0.25 mmol, 33 %; meff = 1.85(⌃0.10) mb ; IR
(ATR FTIR): ñ= 3207 (w), 3058 (w), 2917 (w), 1544 (m), 1462 (m),
1388 (m), 1348 (m), 1301 (w), 1146 (m), 1072 (m), 1025 (s), 964 (w),
931 (w), 870 (w), 803 (w), 755 (m), 688 (m), 607 (w), 500 cmˇ1 (w);
MS (ES + , DMF): m/z : 1067.5 [M++H]+ ; elemental analysis calcd (%)
for C26H22Br4I4N4O3Ru: C 28.1, H 2.0, N 5.0; found: C 27.8, H 1.5, N
5.1.
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a b s t r a c t

Mononuclear cationic half-sandwich arene Ru(II) and Cp⁄Rh(III)/Cp⁄Ir(III) compounds with the general
formula [(g6-arene)Ru(L)Cl]+ and [Cp⁄M(L)Cl]+ have been isolated by the reaction of bithiazole ligands
{2,20-dimethyl-4,40-bithiazole (dm4bt), 2,20-diamino-4,40-bithiazole (da4bt), and 2,20-diphenyl-4,40-
bithiazole (dp4bt)} with the precursor compounds [(g6-arene)Ru(l-Cl)Cl]2 (arene = C6H6, p-iPrC6H4Me
or C6Me6) and [Cp⁄M(l-Cl)Cl]2 (M = Rh, Ir). These compounds were isolated as SbF6 salts and fully char-
acterized by spectral studies. Some representative compounds were confirmed by single crystal X-ray
crystallographic studies. Chemo-sensitivity activities of compounds 1, 5, 11, 12, 14 and 15 were evaluated
against two human breast carcinoma cell lines (MDA-MB-231 and T47D). There is a clear SAR seen, where
the iridium-based complexes with the dp4bt ligand are much more potent than the ruthenium and
rhodium complexes.

! 2014 Elsevier B.V. All rights reserved.

1. Introduction

Cisplatin and its derivatives have achieved the treatment of
cancer since 1965, where the chemotherapeutic success of such
platinum compounds is undeniable. Cisplatin, though in clinical
use, is not effective against many common types of cancers due
to drug resistance and a deplorable range of side effects, which
can include nerve damage, hair loss and nausea. This calls for the
development of new metal-based anticancer agents with different
mechanisms of action that can reduce side effects and overcome
drug resistance to platinum-based chemotherapy. In the search
for novel non-platinum metal-based anticancer therapeutic agents,
the ruthenium-based drugs NAMI-A, KP1019 and RAPTA exhibit
many appealing advantages and having successfully entered clini-
cal trials. Such complexes appear to be the most promising alterna-
tives to platinum-based drugs [1–5].

In recent years, the Sadler and Dyson research groups have
investigated the anticancer properties of organometallic com-
pounds [6], their work on organometallic Ru(II) arene complexes

as potential anticancer agents [7–9] being noteworthy. More
recently, organometallic Cp⁄Rh(III) and Cp⁄Ir(III) complexes have
been shown to have good anticancer activity [10–13]. For example,
Keppler and co-workers and Severin et al. have endeavored to
develop metal based anticancer agents by introducing bioactive
ligands containing various arenes, N,N- or N,O- or O,O-chelating
ligands and mono-dentate leaving groups [14,15]. A number of
research groups have focused on organometallic compounds con-
taining various nitrogen-based bidentate ligands in their search
for promising classes of anticancer agents [16].

Among the various nitrogen based N,N0-chelating ligands,
bithiazole ligands have been interesting due to weak p-accepting
property in comparison with bipyridine [17]. Moreover, the
bithiazole moiety features as one domain in the structure of bleo-
mycin (Fig. 1) that plays an important role in the interaction of ble-
omycin with DNA. The bleomycins (BLMs) are a class of antitumor
antibiotics, which are clinically used in the treatment of skin, head
and testicular cancers [18]. Gras et al. have reported a study of
activity of the [Cp⁄IrCl(pytz)]PF6 complex towards A2750 cells in
2010, where pytz is 2-(pyridine-2yl)thiazole [9b]. To our knowl-
edge there is still very limited study on the anticancer activity of
bithiazole-containing Pt(II), Pd(II) and Au(III) complexes. Such
compounds have been evaluated for cytotoxicity in nonmalignant

http://dx.doi.org/10.1016/j.ica.2014.06.024
0020-1693/! 2014 Elsevier B.V. All rights reserved.
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mouse embryonic fibroblast cell (NIH-3T3), colorectal adenocarci-
noma (Caco-2), colon carcinoma (HT-29) and breast ductal carci-
noma (T47D) cell lines [19]. However, there are no such studies
dealing with half-sandwich ruthenium/rhodium/iridium com-
plexes with bithiazole ligands. Here we report syntheses of half
sandwich Ru(II), Rh(III) and Ir(III) compounds with bithiazole
ligands. Some representative complexes are evaluated against
two human breast carcinoma cell lines (MDA-MB-231 and T47D).
The iridium compounds show promising results regarding antican-
cer activity compared to the other compounds studied here.
Ligands used in the complexes of this study are presented in
Chart 1.

2. Experimental

2.1. Physical methods and materials

All reagents were purchased from commercial sources and used
as received. RuCl3!3H2O, RhCl3!3H2O and IrCl3!3H2O were purchased
from Arora Matthey Ltd., while 1,4-dibromo-2,3-dione and thioben-
zamide were obtained from Aldrich. Thioamide and thiourea were
obtained from Alfa Aesar. The solvents were purified and dried
according to standard procedures [20]. The complexes [(g6-C6H6)Ru
(l-Cl)Cl]2, [(g6-p-iPrC6H4Me)Ru(l-Cl)Cl]2, [(g6-C6Me6)Ru(l-Cl)Cl]2

[21], and [Cp⁄M(l-Cl)Cl]2 (M = Rh and Ir) [22], along with the
ligands 2,20-dimethyl-4,40-bithiazole (dm4bt), 2,20-diamino-4,40-
bithiazole (da4bt), and 2,20-diphenyl-4,40-bithiazole (dp4bt) were
prepared according to the literature methods [23]. 1H NMR spectra
were recorded on a Bruker Avance II 400 MHz spectrometer. Infra-
red spectra were recorded as KBr pellets on a Perkin-Elmer 983
spectrophotometer. Elemental analyses were performed on a

Perkin-Elmer 2400 CH/N analyzer. Mass spectra were obtained from
the Water ZQ-4000 mass spectrometer by the ESI method in positive
mode. Absorption spectra were obtained at room temperature using
a Perkin–Elmer Lambda 25 UV–Vis spectrophotometer.

2.2. Single-crystal X-ray structures analyses

Orange crystals of complexes 1, 3, 5, 7, 10, 11 and 15 were
obtained by slow diffusion of the non-polar solvent hexane dif-
fused into acetone solutions of the complexes. Single crystal
X-ray diffraction measurements were carried out on a Bruker
Smart Apex CCD/STOE IPDS II and Xcalibur, Eos, Gemini diffractom-
eter. Single crystals of the complexes were mounted on a
Stoe Image Plate Diffraction system equipped with a / circle
goniometer, using Mo Ka graphite monochromated radiation
(k = 0.71073 Å). The structures were solved by direct methods
using the program SHELXS-97. Refinement and all further calcula-
tions were carried out using SHELXL-97 [24]. H-atoms were included
in calculated positions and treated as riding atoms using the SHELXL

default parameters. The non-H atoms were refined anisotropically,
using a weighted full-matrix least squares fit on F2. Crystal struc-
tures of complexes 10 and 15 did not give good reflections and
so the data sets are of poorer quality; we have presented the data
here to establish only the structure and composition of the mole-
cule. Crystallographic details are summarized in Table 1 and bond
lengths and angles are presented Table 2. ORTEP Diagrams for the
various compounds (Figs. 2–8) were drawn with ORTEP-3 [25].

2.3. Methodology

2.3.1. Cell lines and culture conditions
Compounds were evaluated against two human breast carci-

noma cell lines, viz., MDA-MB-231 and T47D. Both cell lines were
obtained from the American Type Culture Collection and were rou-
tinely maintained in a RPMI 1640 culture medium supplemented
with foetal calf serum (10%), sodium pyruvate (1 mM) and
L-glutamine (2 mM). For experiments performed under hypoxia,
cells were incubated in a Hypoxystation chamber (Don Whitney
Scientific, Shipley, UK) at 0.1% oxygen.

2.3.2. Chemosensitivity studies
All compounds were dissolved in DMSO at 100 mM, aliquoted

and stored at "20 !C until required. Chemosensitivity was deter-
mined using the MTT assay as described elsewhere [10b]. Cells
were plated at 2 x 103 cells per well of a 96 well plate and incu-
bated overnight at 37 !C in aerobic or hypoxic conditions. Cells
were exposed to a range of drug concentrations for 96 h and cell
survival was determined using the MTT assay. MTT (0.5 mg/ml)

Fig. 1. Structure of bleomycin A2.

Chart 1. Ligands used in this study.
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was added to the cells and, following a further 4 h incubation at
37 !C in aerobic conditions, the medium was aspirated and the for-
mazan crystals dissolved in 150 ll DMSO. The absorbance of the
resulting solution was determined at 550 nm and cell survival cal-
culated by dividing the true absorbance of treated cells by the con-
trol value (exposed to 0.1% DMSO) and expressed as a percentage.
Each assay was performed in triplicate and the concentration
required to kill 50% of cells (IC50) was determined for each assay.

2.4. General procedure for the preparation of ruthenium complexes 1–
9

A mixture of the starting metal precursors [(g6-arene)Ru
(l-Cl)Cl]2 (0.1 mmol) and ligand (0.2 mmol) was dissolved in
methanol (20 ml) and stirred for 1 h. NaSbF6 (2.5 equivalents)
added to the reaction mixture after one hour of the reaction. The
reaction mixture was stirred at room temperature for 8 h. A yellow
precipitate was formed, washed with cold methanol (10 ml) and
diethyl ether (3 ! 10 ml) and dried in vacuum.

2.4.1. [(g6-C6H6)Ru(dm4bt)Cl]SbF6 (1)
Yield 105 mg (74%). 1H NMR (400 MHz, Acetone-d6) d = 8.27 (s,

2H, tz-H), 6.26 (s, 6H, C6H6), 3.26 (s, 6H, tz-CH3); IR (KBr cm"1):

3104(m), 2919(m), 1639(m), 1533(m), 1440(vs), 1374(m),
1308(m), 1215(m), 1165(m), 850(m), 658(vs); ESI-MS: 410.9 [M+]
peak; UV–Vis {Acetonitrile, kmax nm (e/10"4 M"1 cm"1)}: 285
(0.84), 410 (0.08); Anal. Calc. for C14H14N2S2RuClSbF6 (646.7): C,
40.92; H, 3.43; N, 6.82. Found: C, 40.98; H, 3.52; N, 6.91%.

2.4.2. [(g6-p-iPrC6H4Me)Ru(dm4bt)Cl]SbF6 (2)
Yield 120 mg (78%). 1H NMR (400 MHz, Acetone-d6) d = 8.32 (s,

2H, tz-H), 6.28 (d, 2H, J = 3.50 ArP-Cy), 6.07 (d, 2H, J = 3.25 ArP-Cy),
3.23 (s, 6H, tz-CH3), 2.5(Sept, 1H, ArP-Cy–CH), 2.34 (s, 3H, ArP-Cy–
Me), 1.04 (d, 6H, J = 3.75 ArP-Cy–me2); IR (KBr cm"1): 3120(m),
2905(m), 1639(s), 1533(m), 1440(vs), 1387(m), 1208(s), 1169(m),
1087(w), 777(m), 738(s), 658(vs); ESI-MS: 467.0 [M+] peak; UV–
Vis {Acetonitrile, kmax nm (e/10"4 M"1 cm"1)}: 287 (0.90), 413
(0.09); Anal. Calc. for C18H22N2S2RuClSbF6 (702.8): C, 46.29; H,
4.75; N, 6.00. Found: C, 46.38; H, 4.86; N, 6.12%.

2.4.3. [(g6-C6Me6)Ru(dm4bt)Cl]SbF6 (3)
Yield 125 mg (79%). 1H NMR (400 MHz, Acetone-d6) d = 8.37 (s,

2H, tz-H), 3.26 (s, 6H, tz-CH3), 2.10 (s, 18H, C6Me6); IR (KBr cm"1):
3111(s), 2925(m), 1639(m), 1540(w), 1434(m), 1381(s), 1215(m),
1169(m), 771(m), 658(vs); ESI-MS: 495.0 [M+] peak; UV–Vis {Ace-
tonitrile, kmax nm (e/10"4 M"1 cm"1)}: 284 (0.89), 416 (0.09); Anal.

Table 1
Crystallographic and structure refinement parameters for compounds.

Compound 01 03 05#C3H6O 07#C3H6O 10 11 15

Chemical formula C14H14BClF4N2RuS2 C20H26ClF6N2RuS2Sb C19H26ClN4RuS2F5PO C27H24ClN2RuS2OF6Sb C18H23ClN2RhS2F6P C18H23ClF6IrN2S2Sb C28H27ClIrN2S2F6Sb
Formula Mass 714.08 730.82 653.05 828.87 614.85 794.90 931.00
Crystal system orthorhombic monoclinic triclinic monoclinic orthorhombic monoclinic monoclinic
a (Å) 11.0610(4) 12.2931(7) 10.6646(6) 9.4929(4) 13.4820(5) 13.1948(7) 8.5848(7)
b (Å) 14.2544(4) 16.5617(5) 11.1040(4) 20.0422(8) 13.6493(8) 13.5976(7) 15.0604(13)
c (Å) 23.3306(6) 13.1651(5) 12.0868(6) 15.7700(6) 12.6865(6) 13.5602(7) 25.852(2)
a (!) 90.00 90.00 101.622(4) 90.00 90 90.00 90.00
b (!) 90.00 105.666(4) 113.527(5) 97.761(4) 90 92.866(3) 90.872(3)
c (!) 90.00 90.00 95.116(4) 90.00 90 90.00 90.00
V (Å3) 3678.49(19) 2580.77(19) 1262.30(11) 2972.9(2) 2334.6(2) 2429.9(2) 3342.1(5)
T (K) 293(2) 293(2) 293(2) 293(2) 293(2) 296(2) 293(2)
Space group Pbca P21/n P!1 P121/n1 Pna21 P2(1)/n P121/c1
No. of formula units

per unit cell, Z
8 4 2 4 4 4 4

No. of reflections
measured

10276 9544 8622 13934 5745 27935 11002

No. of independent
reflections

3200 4975 4441 5230 3442 4262 5953

Rint 0.0238 0.0281 0.0210 0.0211 0.0146 0.0368 0.0478
Final R1 values

(I > 2r(I))
0.0406 0.0586 0.0448 0.0338 0.0333 0.0335 0.0451

Final wR(F2) values
(I > 2r(I))*

0.1013 0.1522 0.1247 0.0827 0.0785 0.0785 0.0953

Final R1 values (all
data)

0.0483 0.0695 0.0490 0.0400 0.0404 0.0363 0.0733

Final wR(F2) values
(all data)*

0.1052 0.1630 0.1289 0.0865 0.0983 0.0798 0.1093

* Structures were refined on F0
2: wR2 = [R[w(F0

2 " Fc
2)2]/Rw(F0

2)2]1/2, where w"1 = [R(F0
2) + (aP)2 + bP] and P = [max(F0

2, 0) + 2Fc
2]/3.

Table 2
Selected bond lengths (Å) and angles (!).

Complexes 01 03 05 07 10 11 15

M(1)–N(1) 2.112(4) 2.136(6) 2.104(3) 2.129(3) 2.117(8) 2.117(5) 2.140(8)
M(1)–N(2) 2.109(4) 2.130(6) 2.099(3) 2.139(3) 2.135(8) 2.120(6) 2.148(5)
M(1)–Cl(1) 2.403(12) 2.391(2) 2.398(12) 2.382(10) 2.385(10) 2.384(18) 2.408(14)
M(1)–Cave 2.179 2.211 2.195 2.186 2.154 2.163 2.153
M(1)–CNT 1.676 1.703 1.684 1.685 1.781 1.790 1.790
N(1)–M(1)–N(2) 77.69(14) 76.30(2) 76.19(14) 77.81(11) 76.80(16) 76.00(16) 76.70(3)
N(1)–M(1)–Cl(1) 86.29(10) 86.33(17) 85.42(10) 86.67(8) 89.70(2) 88.26(15) 90.79(13)
N(2)–M(1)–Cl(1) 84.08(10) 88.08(16) 85.25(10) 85.80(9) 90.6(2) 87.65(16) 89.21(14)

CNT represents the centroid of the arene/Cp⁄ ring; Cave represents the average bond distance centroid of the arene/Cp⁄ ring carbon and metal atom.
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Calc. for C20H26N2S2RuClSbF6 (730.8): C, 48.52; H, 5.29; N, 5.66.
Found: C, 48.65; H, 5.40; N, 5.75%.

2.4.4. [(g6-C6H6)Ru(da4bt)Cl]SbF6 (4)
Yield 112 mg (78%). 1H NMR (400 MHz, Acetone-d6) d = 7.28 (s,

2H, tz-H), 7.21 (s, 4H, NH2), 6.29 (s, 6H, C6H6); IR (KBr cm!1):
3383(m), 3280(m), 3144(m), 1613(vs), 1520(s), 1447(m), 1341(s),
1290(m), 1096(w), 1026(m), 738(s), 658(vs); ESI-MS: 412.9 [M+]
peak; UV–Vis {Acetonitrile, kmax nm (e/10!4 M!1 cm!1)}: 304
(0.94), 420 (0.12); Anal. Calc. for C12H12N4S2RuClSbF6 (648.6): C,
34.91; H, 2.93; N, 13.57. Found: C, 35.05; H, 3.07; N, 13.75%.

2.4.5. [(g6-p-iPrC6H4Me)Ru(da4bt)Cl]SbF6 (5)
Yield 126 mg (82%). 1H NMR (400 MHz, Acetone-d6) d = 7.33 (s,

2H, tz-H), 7.22 (s, 4H, NH2), 6.31 (d, 2H, J = 4.0 ArP-Cy), 6.10 (d, 2H,

J = 3.75 ArP- Cy), 2.52 (Sept, 1H, ArP-Cy–CH), 2.32 (s, 3H, ArP-Cy–Me),
1.05 (d, 6H, J = 4.25 ArP-Cy–me2); IR (KBr cm!1): 3429(m), 3280(m),
1613(vs), 1533(s), 1440(w), 1354 (m), 1275(w), 1208(m), 1098(w),
738(s), 665(vs); ESI-MS: 469.0 [M+] peak; UV–Vis {Acetonitrile,
kmax nm (e/10!4 M!1 cm!1)}: 299 (1.06), 422 (0.14); Anal. Calc.
for C16H20N4S2RuClSbF6 (704.8): C, 40.97; H, 4.30; N, 11.95. Found:
C, 41.05; H, 4.45; N, 12.08%.

2.4.6. [(g6-C6Me6)Ru(da4bt)Cl]SbF6 (6)
Yield 132 mg (82%). 1H NMR (400 MHz, Acetone-d6) d = 7.36 (s,

2H, tz-H), 6.93 (s, 4H, NH2), 2.10 (s, 18H, C6Me6); IR (KBr cm!1):
3469(m), 3280(m), 3111(m), 1628(vs), 1533(s), 1394(s), 1290(w),
1089(m), 1029(w), 738(m), 665(vs); ESI-MS: 497.0 [M+] peak;
UV–Vis {Acetonitrile, kmax nm (e/10!4 M!1 cm!1)}: 290 (1.02),
426 (0.10); Anal. Calc. for C18H24N4S2RuClSbF6 (731.9): C, 43.49;
H, 4.87; N, 11.27. Found: C, 43.55; H, 4.95; N, 11.36%.

2.4.7. [(g6-C6H6)Ru(dp4bt)Cl]SbF6 (7)
Yield 109 mg (71%). 1H NMR (400 MHz, Acetone-d6) d = 8.32 (s,

2H, tz- H), 8.20 (d, 4H, J = 4.25 ph ring), 7.78 (m, 6H, ph ring), 6.26
(s, 6H, C6H6); IR (KBr cm!1): 3038(m), 2932(m), 1619(m), 1513(m),
1434(vs), 1215(m), 1129(m), 844(m), 771(vs); ESI-MS: 536.0 [M+]
peak; UV–Vis {Acetonitrile, kmax nm (e/10!4 M!1 cm!1)}: 309
(1.04), 408 (0.09); Anal. Calc. for C24H18N2S2RuClSbF6 (770.81): C,
37.40; H, 2.35; N, 3.36. Found: C, 37.51; H, 2.43; N, 3.46%.

2.4.8. [(g6-p-iPrC6H4Me)Ru(dp4bt)Cl]SbF6 (8)
Yield 119 mg (72%). 1H NMR (400 MHz, Acetone-d6) d = 8.29 (s,

2H, tz-H), 8.18 (d, 4H, J = 4.25 ph ring), 7.71 (m, 6H, ph ring), 5.63
(d, 2H, J = 4.0 ArP-Cy), 6.07 (d, 2H, J = 4.0 ArP-Cy), 2.76 (Sept, 1H,
ArP-Cy–CH), 2.16 (s, 3H, ArP- Cy -Me), 1.26 (d, 6H, J = 3.75 ArP-Cy–
me2); IR (KBr cm!1): 3045(m), 2965(m), 1633(m), 1527(vs),
1460(s), 1387 (m), 1268(m), 1122(m), 1082(m), 890 (s), 658(vs);
ESI-MS: 591.0 [M+] peak; UV–Vis {Acetonitrile, kmax nm (e/10!4

M!1 cm!1)}: 310 (0.60), 410 (0.25); Anal. Calc. for C28H26N2S2

RuClSbF6 (827.92): C, 40.67; H, 3.17; N, 3.39. Found: C, 40.75; H,
3.26; N, 3.50%.

Fig. 2. ORTEP Diagram of complex [(g6-C6H6)Ru(dm4bt)Cl]BF4 (1) with 50% proba-
bility thermal ellipsoids. Hydrogen atoms, counter anion are omitted for clarity.

Fig. 3. ORTEP Diagram of complex [(g6-C6Me6)Ru(dm4bt)Cl]SbF6 (3) with 50%
probability thermal ellipsoids. Hydrogen atoms, counter anion are omitted for
clarity.

Fig. 4. ORTEP Diagram of complex [(g6-p-iPrC6H4Me)Ru(da4bt)Cl]SbF6.C3H6O (5)
with 50% probability thermal ellipsoids. Hydrogen atoms, counter anion and solvent
molecule are omitted for clarity.
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2.4.9. [(g6-C6Me6)Ru(dp4bt)Cl]SbF6 (9)
Yield 128 mg (75%). 1H NMR (400 MHz, Acetone-d6) d = 8.37 (s,

2H, tz- H), 8.18 (d, 4H, J = 4.25 ph ring), 7.71 (m, 6H, ph ring), 2.10
(s, 18H, C6Me6); IR (KBr cm!1): 2945(s), 2813(m), 1633(m),
1540(w), 1434(m), 1381(s), 1248(m), 1169(m), 784(m), 665(vs);
ESI-MS: 619.0 [M+] peak; UV–Vis {Acetonitrile, kmax nm (e/10!4

M!1 cm!1)}: 310 (0.98), 412 (0.19); Anal. Calc. for C30H30N2S2

RuClSbF6 (853.95): C, 42.14; H, 3.54; N, 3.28. Found: C, 42.23; H,
3.62; N, 3.36%.

2.5. General procedure for the preparation of rhodium/iridium
complexes 10–15

A mixture of the starting metal precursors [Cp⁄M(l-Cl)Cl]2

(0.1 mmol) and ligand (0.2 mmol) was dissolved in methanol
(20 ml) and refluxed for 1 h. NaSbF6 (2.5 equivalents) was added
to reaction mixture after one hour of the reaction. The reaction
mixture was refluxed for 8 h. A yellow precipitate was formed

upon evaporation of methanol solvent by rotary evaporator. This
was washed with cold methanol and diethyl ether (3 " 10 ml)
and dried in vacuum.

2.5.1. [Cp⁄Rh(dm4bt)Cl]SbF6 (10)
Yield 132 mg (84%). 1H NMR (400 MHz, Acetone-d6) d = 8.38 (s,

2H, tz-H), 3.11 (s, 6H, tz- CH3), 1.72 (s, 15H, C5Me5); IR (KBr cm!1):
3140(m), 1619(vs), 1533(s), 1474(w), 1348(s), 1270(w), 1089(m),
1029(w), 744(s), 658(vs); ESI-MS: 496.0 [M+] peak; UV–Vis {Aceto-
nitrile, kmax nm (e/10!4 M!1 cm!1)}: 287 (0.56), 398 (0.35); Anal.
Calc. for C18H23N2S2RhClSbF6 (705.6): C, 46.01; H, 4.93; N, 5.96.
Found: C, 46.16; H, 5.01; N, 6.10%.

2.5.2. [Cp⁄Ir(dm4bt)Cl]SbF6 (11)
Yield 137 mg (77%). 1H NMR (400 MHz, Acetone-d6) d = 8.41 (s,

2H, tz-H), 3.12 (s, 6H, tz- CH3), 1.71 (s, 15H, C5Me5); IR (KBr cm!1):

Fig. 5. ORTEP Diagram of complex [(g6-C6H6)Ru(dp4bt)Cl]PF6.C3H6O (7) with 50% probability thermal ellipsoids. Hydrogen atoms, counter anion and solvent molecule are
omitted for clarity.

Fig. 6. ORTEP Diagram of complex [Cp⁄Rh(dm4bt)Cl]PF6 (10) with 50% probability
thermal ellipsoids. Hydrogen atoms, counter anion are omitted for clarity. Fig. 7. ORTEP Diagram of complex [Cp⁄Ir(dm4bt)Cl]SbF6 (11) with 50% probability

thermal ellipsoids. Hydrogen atoms, counter anion are omitted for clarity.
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3131(m), 1613(vs), 1527(s), 1467(m), 1348(s), 1268(w), 1162(w),
1089(m), 1039(w), 738(s), 665(vs); ESI-MS: 559.0 [M+] peak; UV–
Vis {Acetonitrile, kmax nm (e/10!4 M!1 cm!1)}: 288 (0.71), 360
(0.15); Anal. Calc. for C18H23N2S2IrClSbF6 (794.9): C, 38.66; H,
4.15; N, 5.01. Found: C, 38.80; H, 4.30; N, 5.15%.

2.5.3. [Cp⁄Rh(da4bt)Cl]SbF6 (12)
Yield 124 mg (80%). 1H NMR (400 MHz, Acetone-d6) d = 7.37 (s,

2H, tz-H), 7.05 (s, 4H, NH2), 1.76 (s, 15H, C5Me5); IR (KBr cm!1):
3390(m), 3237(m), 3104(m), 1619(vs), 1533(s), 1474(w), 1348(s),
1220(w), 1089(m), 1029(w), 744(s), 658(vs); ESI-MS: 471.0 [M+]
peak; UV–Vis {Acetonitrile, kmax nm (e/10!4 M!1 cm!1)}: 296
(0.90), 384 (0.34); Anal. Calc. for C16H21N4S2RhClSbF6 (705.9): C,
40.73; H, 4.49; N, 11.87. Found: C, 40.91; H, 4.60; N, 11.95%.

2.5.4. [Cp⁄Ir(da4bt)Cl]SbF6 (13)
Yield 147 mg (80%). 1H NMR (400 MHz, Acetone-d6) d = 7.39 (s,

2H, tz-H), 7.04 (s, 4H, NH2), 1.77 (s, 15H, C5Me5); IR (KBr cm!1):
3443(m), 3297(m), 3131(m), 1613(vs), 1528(s), 1467(m), 1348(s),
1268(w), 1089(m), 1036(w), 738(s), 665(vs); ESI-MS: 561.0 [M+]
peak; UV–Vis {Acetonitrile, kmax nm (e/10!4 M!1 cm!1)}: 303
(0.88), 354 (0.30), 429 (0.05); Anal. Calc. for C16H21N4S2IrClSbF6

(796.9): C, 34.25; H, 3.77; N, 9.98. Found: C, 34.39; H, 3.90; N,
10.08%.

2.5.5. [Cp⁄Rh(dp4bt)Cl]SbF6 (14)
Yield 116 mg (70%). 1H NMR (400 MHz, Acetone-d6) d = 8.36 (d,

4H, J = 4.25 ph ring), 8.23 (s, 2H, tz- H), 7.65 (m, 6H, ph ring), 1.72
(s, 15H, C5Me5); IR (KBr cm!1): 3078(m), 2932(m), 1633(m),
1533(m), 1460(vs), 1381(s), 1248(s), 1175(m), 1029(w), 784(s),
665(vs); ESI-MS: 496.0 [M+] peak; UV–Vis {Acetonitrile, kmax nm
(e/10!4 M!1 cm!1)}: 310 (1.17), 394 (0.50); Anal. Calc. for C28H27

N2S2RhClSbF6 (829.70): C, 40.53; H, 3.28; N, 3.38. Found: C,
40.61; H, 3.34; N, 3.45%.

2.5.6. [Cp⁄Ir(dp4bt)Cl]SbF6 (15)
Yield 134 mg (73%). 1H NMR (400 MHz, Acetone-d6) d = 8.37 (d,

4H, J = 4.25 ph ring), 8.24 (s, 2H, tz-H), 7.62 (m, 6H, ph ring), 1.71 (s,
15H, C5Me5); IR (KBr cm!1): 3078 (m), 2833(m), 1646(m), 1527(s),
1460(s), 1374(m), 1241(8), 1162(w), 1089(m), 1029(w), 784(s),
658(vs); ESI-MS: 686.0 [M+] peak; UV–Vis {Acetonitrile, kmax nm
(e/10!4 M!1 cm!1)}: 308 (1,20), 358 (0.63); Anal. Calc. for C28H27

N2S2IrClSbF6 (917.99): C, 36.59; H, 2.96; N, 3.05. Found: C, 36.69;
H, 3.05; N, 3.12%.

3. Result and discussion

3.1. Synthesis of complexes

The mononuclear cationic complexes were prepared by the
reaction of [(g6-arene)Ru(l-Cl)Cl]2 (arene = C6H6, p-iPrC6H4Me
and C6Me6) and [Cp⁄M(l-Cl)Cl]2 (M = Rh and Ir) with appropriate
equivalents of bithiazole ligands in methanol (Schemes 1 and 2).
These complexes were isolated with SbF6 as counter ion, resulting
in non-hygroscopic, air-stable crystals. To isolate single crystals for
some of the complexes, we have used different counter anions viz.
PF6

! and BF4
!, however all the complexes initially isolated as SbF6

!

salts. These complexes were purified by recrystallization from ace-
tone, giving dark orange crystalline solids, highly soluble in com-
mon organic solvents, but sparingly soluble in methanol, ethanol,
and dichloromethane, and insoluble in hexane and water. All com-
plexes were fully characterized by IR, 1H NMR, mass and electronic
spectroscopy.

3.2. Spectral studies of the complexes

The IR spectra of all complexes show sharp bands at 1619 cm!1

and 1440 cm!1 which corresponds to the stretching frequencies of
the bithiazole C@N and C@C bonds respectively. The C@N bond
stretching frequency shifts to higher values in the metal complexes
following coordination to the metal [16]. All the complexes exhib-
ited a sharp low frequency band for C–S bond around 625 cm!1

[26]. In addition, the IR spectra of all the complexes displayed a
strong band around 665 cm!1 corresponding to the stretching fre-
quency of the Sb–F bond in the counter ion [27].

In the 1H NMR spectra of complexes with the dm4bt and dp4bt
ligands, the resonance for bithiazole protons appeared at d 8.3,
while in complexes with the da4bt ligand, it appeared at d 7.3.
The methyl protons of the dm4bt ligand gave a signal at d 3.2, while
the phenyl protons of the dp4bt ligand showed two signals at d 8.2
and 7.8. The amine protons of the da4bt ligand gave a signal at d
7.0. Upon coordination to the metal centers, the bithiazole proton
peaks shifted downfield considerably as compared to the free
ligand due to coordination with the metal. Besides these reso-
nances, compounds 1, 4 and 7 showed a singlet at d 6.3 for the ben-
zene ring protons. Complexes 2, 5 and 8 exhibited a doublet at d
1.05, a septet at d 2.5 for protons of the isopropyl group and a sin-
glet at d 2.3 for methyl protons of the p-cymene ligand. The two
doublets at d 6.3 and d 6.1 are assigned to the aromatic p-cymene

Fig. 8. ORTEP Diagram of complex [Cp⁄Ir(dp4bt)Cl]SbF6 (15) with 50% probability thermal ellipsoids. Hydrogen atoms, counter anion are omitted for clarity.
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ring CH protons [28]. Compounds 3, 6 and 9 exhibited a strong
peak at d 2.1, assigned to the hexamethylbenzene ligand. The
Cp⁄Rh complexes 10, 12 and 14 and the Cp⁄Ir complexes 11, 13
and 15 displayed strong peaks at d 1.71 and d 1.77 due to the
Cp⁄ ligand, which is slightly downfield in comparison to the start-
ing materials [29].

The mass spectra of all the compounds show their [M+] molec-
ular ion peaks as per the theoretically expected values. The ruthe-
nium complexes 1–9 displayed their [M+] molecular ion peaks at
m/z 410.9, 467.0, 495.0, 412.9, 469.0, 497.0, 536.0, 591.0, 619.0
respectively. The Rh and Ir complexes 10–15 gave their [M+]
molecular ion peaks at m/z 469.0, 559.0, 471.0, 561.0, 496.0,
686.0 respectively.

UV–Vis spectra were recorded in acetonitrile at 10!4 M concen-
tration in the range 250–600 nm for all complexes, as shown in
Fig. 9. Spectroscopic data for selected complexes are presented in
Table 3. The UV–Vis spectra of all the complexes reveal an intense
ligand-localized or intra-ligand p–p⁄ transition in the UV region
and a metal to ligand charge transfer (MLCT) dp(M)–p⁄(L) band
in the visible region. All the spectra shows a high intense absorp-
tion band around 290–300 nm, assigned to a p–p⁄ transition, while

the less intense absorption band at approximately 360, 390,
420 nm are assigned to metal to ligand charge transfers [30].

3.3. Molecular structural studies

Molecular structures of the mononuclear compounds 1, 3, 5, 7,
10, 11 and 15 were established by single-crystal X-ray structure
analysis. Compound 1 was crystallized as the BF4 salt, compounds
5 and 10 crystallized with PF6, while compounds 3, 7, 11, 15 were
crystallized with SbF6 as a counter ion. The crystal structures of
complexes 10 and 15 could not be properly solved due to the
low number of observed reflections; we have presented the data
here to establish only the structure and composition of the mole-
cule. The lattices of compounds 5 and 7 both contain acetone as
molecules of crystallization. Complex 3 contains a high degree of
disorder with respect to the SbF6 counter ion. Complexes 3, 7, 11
and 15 were crystallized in the monoclinic space group P21/c, com-
plexes 1 and 10 in the orthorhombic space groups Pbca and Pna21,
and compound 5 in the triclinic space group P!1 Crystallographic
details of complexes are summarized in Table 1, with bond lengths
and angles presented in Table 2. All complexes incorporate a

Scheme 1. Synthesis of the arene ruthenium complexes.

Scheme 2. Synthesis of the Cp⁄ Rh/Ir complexes.
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piano-stool geometry around the metal center, with the metal
coordinated to the arene/Cp⁄ ligand, one chloride atom and the
N,N0-donor chelating bithiazole ligand. The metal atom is situated
in a pseudo-octahedral arrangement, with the N,N donor ligands
dm4bt, da4bt and dp4bt coordinated to the metal centre in a biden-
tate chelating k2-manner through both the nitrogen atoms to
generate five–membered ring metallocycles. The bite angle N(1)–
Ru(1)–N(2) values are 77.72(14) (1), 76.10(2) (3), 76.20(14) (5)

and 77.81(11) (7), while the N(1)–Ir(1)–N(2) angle in 11 is
76.00(2) (see Figs. 2–8). In the ruthenium compounds, the average
distance between the metal atom and the C-atoms of the arene is
2.179 (1), 2.211 (3), 2.195 (5) and 2.186 (7) Å, while the distance
between the Ru atom and the arene ring centroid ranges from
1.676 to 1.703 Å. The Ru–Cl bond length is 2.402(12) (1),
2.390(18) (3), 2.398(12) (5) and 2.382(10) (7) Å, while the average
Ru-N bond distance is 2.112 (1), 2.135 (3), 2.105 (5) and 2.129
(7) Å, almost identical to values reported for cationic complexes
[(g6-arene)Ru(L)Cl]+, where L may be 2-(pyrazol-2-yl)benzothia-
zole {Ru–N (2.100 Å); Ru–Cl (2.398 Å)} [33], or 2-substituted 1,8-
naphthyridine ligands {Ru–N (2.110 Å); Ru–Cl (2.404 Å)} [35] or
quinoxalinone ligands {Ru–N (2.105 Å); Ru–Cl (2.413 Å)} [13]. For
the iridium compounds, the average distance between the metal
atom and the C-atoms of Cp⁄ is 2.163 Å (11), while the distance
between metal atom and the Cp⁄ ring centroid is from 1.781 to
1.790 Å. The M–Cl bond length is 2.384(18) Å (11) and bond dis-
tance M–N is 2.117 Å (11). These bond distances are almost iden-
tical to reported values for various similar systems [33–35].

Crystal structures of all the compounds reveal the presence
of extensive intermolecular C–H! ! !F, C–H! ! !S and C–H! ! !Cl
interactions. Such interactions play a significant role in building
huge supra-molecular systems [31–34]. For complex 5, intermolec-
ular H-bonding involving the chloride atom is bifurcated with a
neighboring nitrogen atom resulting in formation of a dimeric
structure with a N–H! ! !Cl distance of 3.298 Å [33]. Apart from
these, intermolecular C–H! ! !p interaction has also been observed
toward the stacking of a p-cymene moiety of the adjacent molecule
with a bond distance around 2.372 Å. Moreover S2 atom is inter-
acted with a neighboring molecule of Cl atom (3.411 Å) as well
as C2 atom (3.478 Å) whereas S1 atom is not involving in non-
covalent interaction as shown in Fig. 10 [36].

3.4. Chemosensitivity studies

The response of T47D and MDA-MB-231 cells to complexes 1, 5,
11, 12, 14 and 15 is presented in graphical form in Fig. 11 and in
tabular form in Table 4. Ruthenium complexes 1, 5 and 12 were
inactive against both cell lines under both aerobic and hypoxic
conditions with IC50 values over 100 lM. Under aerobic conditions,
the Rh complex 14 and the Ir complexes 11 and 15 are active
against both MDA-MB-231 and T47D with IC50 values ranging from
41.29 to 1.106 lM. Complex 15 was the most effective compound,
particularly active against T47D cells with an IC50 of 1.106 lM as
compared to 17.22 lM for the MDA-MB-231 cell line. Under

Fig. 9. UV–Vis spectra were recorded in acetonitrile at 10"4 M concentration in the
range 250–600 nm for selected complexes.

Table 3
UV–Vis data of selected compounds.

Compounds kmax/nm (e/10"4 M"1 cm"1)

4 304 (0.94) 420 (0.12)
8 310 (0.60) 417 (0.25)

10 287 (0.56) 398 (0.35)
11 288 (0.71) 360 (0.15)
12 296 (0.90) 384 (0.34)
13 303 (0.88) 352 (0.30) 429 (0.05)
14 310 (1.17) 394 (0.50)

Fig. 10. Crystal packing view of N-H! ! !Cl, CH! ! !p and S! ! !C bonding interaction in complex [(g6-p-iPrC6H4Me)Ru(da4bt)Cl] SbF6 (8).
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hypoxic conditions, complex 15 remained the most effective com-
pound tested and no difference exists between IC50 values in the
MDA-MB-231 cells. T47D cells were significantly less sensitive to
complex 15 under hypoxia but complex 15 remained the most
potent compound against this cell line under hypoxic conditions.
The rhodium compound 14 was significantly less active against
both cell lines under hypoxic conditions, and the MDA-MB-231
cells were more resistant to 11 under hypoxia. In contrast, the
response of T47D to 11 was similar under both aerobic and hypoxic
conditions (Fig. 11). This observed lack of activity of the Ru, Rh and
Ir complexes containing bithiazole ligands without phenyl substit-
uents accords well with the results of previous studies of similar
complexes having bipyridyl and phenanthroline ligands. The
increased activity for complex 15 (having R = Ph) may well be
due to improved (a) hydrophobicity, (b) cellular uptake and possi-
bly (c) DNA binding, as described by Sadler and co-workers for Ph-
substituted Cp⁄ ligands [12] and by Sheldrick and co-workers for
the extended dpq-dppn series of aromatic NN ligands [13].

4. Conclusions

In summary, we have prepared half sandwich arene Ru and
Cp⁄Rh/Cp⁄Ir complexes containing bithiazole ligands, all fully char-
acterized by FT-IR, 1H NMR, UV–Vis and mass spectroscopy. X-ray
crystallographic studies reveal a butterfly mode structure in the
solid state for complexes where the ligand is dp4bt. Chemosensi-
tive activity was evaluated against two human breast carcinoma
cell lines – MDA-MB-231 and T47D. The iridium compound 15 is

the most potent compound against both cell lines under aerobic
and hypoxic conditions. Hypoxia adversely affects activity of the
rhodium compound 14 against both cell lines, but evidence indi-
cates that the iridium complexes 11 and 15 are equally active
against T47D and MDA-MB-231 cells under aerobic and hypoxic
conditions. Of all these compounds evaluated, 15 appear to be
the most promising candidate for further preclinical evaluation.
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Appendix A. Supplementary material

CCDC 955235 (1), 955236 (3), 955237 (5), 955238 (7), 955239
(10), 955240 (11), 955241(15) contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif. Supplementary data associ-
ated with this article can be found, in the online version, at http://
dx.doi.org/10.1016/j.ica.2014.06.024.

Fig. 11. Response of MDA-MB-231 and T47D human breast carcinoma cell lines. Each value presented represents the mean IC50 value ± standard deviation obtained following
a 96 h drug exposure under aerobic (open bars) and hypoxic (0.1% oxygen, solid bars). Bars marked with a + indicate that the IC50 was >100 lM which was the highest dose
tested.

Table 4
Response of MDA-MB-231 and T47D breast carcinoma cells to compounds. Cells were exposed to compounds for 96 h under aerobic and hypoxic (0.1% oxygen). Each value
represents the mean ± standard deviation for three independent experiments. Values > 100 indicate inactive compounds with no IC50 values obtained at the highest
concentration tested.

Compound IC50 values (lM)

MDA-MB-231 (Aerobic) MDA-MB-231 (Hypoxic) T47D
(Aerobic)

T47D
(Hypoxic)

1 >100 >100 >100 >100
5 >100 >100 >100 >100

14 30.31 ± 19.98 44.49 ± 1.26 21.09 ± 1.46 47.87 ± 5.00
12 >100 >100 >100 >100
11 31.51 ± 26.5 >100 41.29 ± 4.49 44.85 ± 2.16
15 17.22 ± 1.76 17.53 ± 1.24 1.10 ± 1.50 5.42 ± 1.26
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a b s t r a c t

The reaction of [(p-cymene)RuCl2]2 and [Cp*MCl2]2 (M ¼ Rh/Ir) with chelating ligand 2-pyridyl cya-
noxime {pyC(CN)NOH} leads to the formation of neutral oximato complexes having the general formula
[(arene)M{pyC(CN)NO}Cl] {arene ¼ p-cymene, M ¼ Ru, (1); Cp*, M ¼ Rh (2); Cp*, M ¼ Ir (3)}. Whereas
the reaction of 2-pyridyl phenyloxime {pyC(Ph)NOH} and 2-thiazolyl methyloxime {tzC(Me)NOH} with
precursor compounds afforded the cationic oxime complexes bearing formula [(arene)M{pyC(ph)NOH}
Cl]þ and [(arene)M{tzC(Me)NOH}Cl]þ {arene ¼ p-cymene M ¼ Ru, (4), (7); Cp*, M ¼ Rh (5), (8); Cp*,
M ¼ Ir (6), (9)}. The cationic complexes were isolated as their hexafluorophosphate salts. All these
complexes were fully characterized by analytical, spectroscopic and X-ray diffraction studies. The mo-
lecular structures of the complexes revealed typical piano stool geometry around the metal center within
which the ligand acts as a NN0 donor chelating ligand. The Chemo-sensitivity activities of the complexes
evaluated against HT-29 (human colorectal cancer), and MIAPaCa-2 (human pancreatic cancer) cell line
showed that the iridium-based complexes are much more potent than the ruthenium and rhodium
analogues. Theoretical studies were carried out to have a deeper understanding about the charge dis-
tribution pattern and the various electronic transitions occurring in the complexes.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The study of half-sandwich arene ruthenium (arene¼ p-cymene
and its derivatives) Cp*Rh and Cp*Ir complexes represents one of
the most versatile subject in the field of organometallic chemistry
because of their potential applications in various areas [1e6]. These
complexes bearing the general formula [(arene)(M)(L)X]þ (M ¼ Ru,
Rh and Ir, L is a chelating ligand and X is a halide) have been
extensively studied as potential metal-based anticancer drugs
[7e11]. The coordination sphere of the metal center in these half-
sandwich complexes is stabilized by the arene moiety which pro-
tects the metal's oxidation state occupying three coordinating sites,
the chelating ligand L which controls the reactivity through various
interactions and the MeCl bond which easily gets dissociated and

produces the active site for the metal ion to target biomolecules
[12,13]. It is seen that the leaving group, the chelating ligand and
the arene substituent strongly influence the biological and struc-
ture activity relationship of these complexes [14]. Sadler et al.
carried out number of experiments with chelating N,Ne, N,Oe and
O,Oe ligands to study the SAR activity of cytotoxic ruthenium(II)
complexes by increasing the size of the arene ring [15]. Also it has
been proposed by various research groups that the cytotoxicity of
half-sandwich metal complexes increases with increase in size of
the arene substituent [16e18]. These complexes have also dis-
played their remarkable activity as catalyst in various organic
transformation reactions such as hydrogenation, water oxidation
and CeH activation [19e21]. In recent years many half-sandwich
complexes with NN0 chelating nitrogen donor ligands have been
accomplished in our laboratory [22].

Oxime ligands in particular have developed a keen interest in
the field of coordination chemistry [23]. The oxime ligand can act as
an ambidentate ligand and can coordinate with metal ions either
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through nitrogen or oxygen atoms [24]. Cyanoximes having the
general formula {HOeN]C(CN)-R}, where R is an electron with-
drawing group represents an important class of biologically active
compounds and transition metal complexes of cyanoximes have
shown pronounced cytotoxicity and antimicrobial activity [25,26].
The presence of the cyano group as a substituent close to the oxime
fragment increases the acidity of the oxime several thousand times
greater than that of common oximes [27]. The anions of 2-pyridyl
oximes serve as a versatile ligand for preparation of complexes
with unusual topologies exhibiting interesting magnetic properties
[28]. Oximes have the capability to remain intact in the co-
ordination sphere of the metal by undergoing OeH bond cleavage
to afford oximate derivatives [29]. Despite having a rich diversified
chemistry of metal oxime and oximato complexes, it is noteworthy
that only a few half-sandwich platinum group metal oxime com-
plexes have been reported to date [30,31].

In our present work we report the synthesis of ruthenium,
rhodium and iridium half-sandwich oximato and oxime complexes,
their biological activity and theoretical studies. Ligands used in the
present study are shown in Chart 1.

2. Experimental

2.1. Materials and methods

All reagents were purchased from commercial sources and used
as received without further purification. RuCl3$nH2O, RhCl3$nH2O,
IrCl3$nH2O was purchased from Arora Matthey limited. 2-
acetylthiazole and 2-benzoylpyridine were obtained from Aldrich,
2-pyridylacetonitrile was obtained from Alfa Aesar and hydroxyl-
amine hydrochloride was obtained from himedia. The solvents
were purified and dried according to standard procedures [32]. The
starting precursor metal complexes [(p-cymene)RuCl2]2 and
[Cp*MCl2]2 (M ¼ Rh/Ir) were prepared according to the literature
methods [33,34]. The oxime ligands 2-pyridyl cyanoxime, 2-pyridyl
phenyloxime and 2-thiazolyl methyloxime were synthesized ac-
cording to published procedures [29,35and36]. Infrared spectra
were recorded on a Perkin-Elmer 983 spectrophotometer by using
KBr pellets in the range of 400e4000 cm"1. 1H NMR spectra were
recorded on a Bruker Avance II 400 MHz spectrometer using
DMSO-d6 as solvents. Absorption spectra were recorded on a
Perkin-Elmer Lambda 25 UV/Vis spectrophotometer in the range of
200e800 nm at room temperature in acetonitrile. Mass spectra
were recorded using Q-Tof APCI-MS instrument (model HAB 273).
Elemental analyses of the complexes were performed on a Perkin-
Elmer 2400 CHN/S analyzer.

2.2. Structure determination by X-ray crystallography

Suitable single crystals of complexes (1), (2) and (3), were ob-
tained by slow diffusion of hexane into acetone solution and
crystals of complexes (4), (5), (7) and (8) were obtained by diffusing
hexane into DCM solution. Single crystal X-ray diffraction data for
the complexes were collected on an Oxford Diffraction Xcalibur Eos

Gemini diffractometer at 293 K using graphite monochromated
Mo-Ka radiation (l ¼ 0.71073 Å). The strategy for the data collec-
tionwas evaluated using the CrysAlisPro CCD software. Crystal data
were collected by standard ‘‘phieomega scan’’ techniques andwere
scaled and reduced using CrysAlisPro RED software. The structures
were solved by direct methods using SHELXS-97 and refined by
full-matrix least squares with SHELXL-97 refining on F2 [37,38]. The
positions of all the atoms were obtained by direct methods. Metal
atoms in the complex were located from the E-maps and non-
hydrogen atoms were refined anisotropically. The hydrogen
atoms bound to the carbon were placed in geometrically con-
strained positions and refined with isotropic temperature factors,
generally 1.2 Ueq of their parent atoms. Crystallographic and
structure refinement parameters for the complexes are summa-
rized in Table 1, and selected bond lengths and bond angles are
presented in Table 2. Figs. 1e3 were drawn with ORTEP3 program
whereas Figs. S2-S6 was drawn by using MERCURY 3.6 program
[39].

The crystal structure of complex (5) contains disordered hexane
molecule, which has been removed by SQUEEZE method [40].
Crystal structure of complex (6) contains fourfold disordered sol-
vent molecule, which has been refined and removed by SQUEEZE
method. Crystal structure of complex (8) contains solvent molecule
in their solved structure.

2.3. Biological studies

The complexes (1e9) were dissolved in DMSO at 100 mM and
stored at "20 #C until required. The cytotoxicity of the complexes
was studied against HT-29 (human colorectal cancer) and
MIAPaCa-2 (human pancreatic cancer) cell line. Cells were seeded
into 96 well plates at 1$ 103 cells per well and incubated at 37

#
C in

a CO2 enriched (5%), humidified atmosphere overnight to adhere.
The cells were exposed to a range of drug concentrations in the
range of 0e100 mM for four days before cell survival was deter-
mined using the MTT assay [41]. To each well MTT (0.5 mg/ml) in
phosphate buffered saline was added and was further incubated at
37

#
C for 4 h. The MTT was then removed from each well and the

formazan crystals formed were dissolved in 150 mM DMSO and the
absorbance of the resulting solution was recorded at 550 nm using
an ELISA spectrophotometer. The percentage of cell inhibition was
calculated by dividing the absorbance of treated cell by the control
value absorbance (exposed to 0.1% DMSO). The IC50 values were
determined from plots of % survival against drug concentration.
Each experiment was repeated three times and a mean value ob-
tained and stated as IC50 (mM) ± SD.

2.4. Computational methodology

The geometry optimization of all the complexes were done in
the gas phase using the Density Functional Theory (DFT) based
B3LYP method in conjugation with 6-31G** basis set for lighter
atoms (H, C, N, O, Cl, S, P and F) and LANL2DZ [42,43] basis set for
heavier atoms (Ru, Rh and Ir). LANL2DZ is a widely used Effective
Core Potential (ECP) basis set which considers the core electrons as
chemically inactive and performs only on the valence electrons and
thus reduces the computational cost. Harmonic frequency calcu-
lations were carried out at the same level to ensure that the ge-
ometries are minima at the potential energy surface (PES). Natural
Bond Orbital (NBO) [44] analysis was carried out to get charges on
individual atoms present in the complexes. Time dependent-
Density Functional Theory (TD-DFT) [45] has been employed to
evaluate the absorption spectra and the electronic transitions of the
metal complexes. In order to incorporate the effect of the solvent
around the molecule, the Polarizable ContinuumModel (PCM) [46]Chart 1. Ligands used in this study.
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Table 1
Crystal data and structure refinement parameters of complexes.

Compounds [1] [2] [3] [4]PF6 [5]PF6 [7]PF6 [8]PF6$H2O

Empirical formula C17H18ClN3ORu C17H19ClN3ORh C17H19ClN3OIr C22H24ClF6N2OPRu C22H25ClF6N2OPRh C15H20ClF6N2OPRuS C15H23ClF6N2O2PRhS
Formula weight 416.86 419.71 509.00 613.92 616.77 557.88 578.74
Temperature (K) 292(2) 291(2) 295(2) 292(2) 296(2) 291(2) 295(2)
Wavelength (Å) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
Crystal system Orthorhombic Monoclinic Monoclinic Monoclinic Triclinic Monoclinic Monoclinic
Space group Pca21 P21/c P21/c P21/n P !1 P21/m P21/c
a (Å)/a (") 14.9960(5)/90 8.3023(9)/90 8.3165(6)/90 9.0701(4)/90 9.0597(5)/

67.455(5)
10.5576(7)/90 12.6553(5)/90

b (Å)/b (") 7.8142(2)/90 27.612(2)/
112.173(12)

27.5547(13)/
112.388(7)

14.1127(6)/
98.340(4)

12.7557(7)/
82.956(5)

9.3658(7)/104.388(7) 10.8936(4)/98.858(4)

c (Å)/g (") 14.6872(4)/90 8.1421(8)/90 8.2007(5)/90 19.6319(9)/90 13.2635(8)/
87.886(5)

13.2319(10)/90 16.3323(6)/90

Volume (Å3) 1721.07(9) 1728.5(3) 1737.61(18) 2486.38(19) 1404.86(14) 1267.34(16) 2224.75(15)
Z 4 4 4 4 2 2 4
Density (calc) (Mg/m!3) 1.609 1.613 1.946 1.640 1.458 1.462 1.728
Absorption coefficient

(m) (mm!1)
1.073 1.149 7.844 0.865 0.815 0.919 1.117

F(000) 840 848 976 1232 620 556 1160
Crystal size (mm3) 0.24 # 0.19 # 0.09 0.24 # 0.19 # 0.08 0.29 # 0.25 # 0.02 0.29 # 0.24 # 0.12 0.21 # 0.19 # 0.15 0.36 # 0.25 # 0.23 0.25 # 0.21 # 0.19
Theta range for data

collection
3.05e28.74" 3.08e28.74" 3.03e28.73" 3.07e29.07" 3.22e29.12" 3.58e28.93" 3.14e29.01"

Index ranges !20 $ h $ 16,
!10 $ k $ 9,
!17 $ l $ 18

!6 $ h $ 11,
!36 $ k $ 36,
!10 $ l $ 10

!11 $ h < 11,
!30 $ k $ 36,
!10 $ l $ 5

!10 $ h $ 12,
!18 $ k $ 10,
!26 $ l < 17

!11 $ h $ 11,
!16 $ k $ 11,
!17 $ l < 17

!12 $ h $ 14,
!11 $ k $ 12,
!10 $ l < 17

!13 $ h $ 15,
!12 $ k $ 13,
!22 $ l < 20

Reflections collected 6209 8785 9093 9847 9798 4790 8932
Independent reflections 3438

[R(int) ¼ 0.0311]
3956
[R(int) ¼ 0.0602]

3978
[R(int) ¼ 0.0494]

5682
[R(int) ¼ 0.0186]

6373
[R(int) ¼ 0.0329]

3037 [R(int) ¼ 0.0230] 5071 [R(int) ¼ 0.0261]

Completeness to
theta ¼ 25.00"

99.7% 99.5% 99.6% 99.6% 99.5% 98.3% 99.5%

Absorption correction Semi-empirical
from equivalents

Semi-empirical
from equivalents

Semi-empirical
from equivalents

Semi-empirical
from equivalents

Semi-empirical
from equivalents

Semi-empirical from
equivalents

Semi-empirical from equivalents

Max. And min.
transmission

0.9096 and 0.7828 0.9137 and 0.7700 0.8589 and 0.2094 0.9033 and 0.7875 0.8875 and 0.8474 0.8164 and 0.7331 0.8159 and 0.7677

Refinement method Full-matrix least-
squares on F2

Full-matrix least-
squares on F2

Full-matrix least-
squares on F2

Full-matrix least-
squares on F2

Full-matrix least-
squares on F2

Full-matrix least-
squares on F2

Full-matrix least-squares on F2

Data/restraints/
parameters

3438/1/211 3956/0/213 3978/30/213 5682/0/311 6373/136/412 3037/172/229 5071/3/275

Goodness-of-fit on F2 1.00 1.057 1.085 1.090 1.059 1.005 1.049
Final R indices

[I > 2sigma(I)]
R1 ¼ 0.0322,
wR2 ¼ 0.0498

R1 ¼ 0.0566,
wR2 ¼ 0.0966

R1 ¼ 0.0526,
wR2 ¼ 0.1118

R1 ¼ 0.0331,
wR2 ¼ 0.0728

R1 ¼ 0.0473,
wR2 ¼ 0.1153

R1 ¼ 0.0524,
wR2 ¼ 0.1426

R1 ¼ 0.0475, wR2 ¼ 0.1064

R indices (all data) R1 ¼ 0.0425,
wR2 ¼ 0.0526

R1 ¼ 0.1081,
wR2 ¼ 0.1077

R1 ¼ 0.0713,
wR2 ¼ 0.1217

R1 ¼ 0.0426,
wR2 ¼ 0.0777

R1 ¼ 0.0649,
wR2 ¼ 0.1241

R1 ¼ 0.0640,
wR2 ¼ 0.1540

R1 ¼ 0.0706, wR2 ¼ 0.1211

Largest diff. peak and
hole

(e.Å!3)

0.583 and !0.461 0.790 and !0.865 2.329 and !1.955 0.377 and !0.519 0.449 and !0.350 0.871 and !0.857 0.734 and !0.393

CCDC No. 1486252 1486253 1486254 1486255 1486256 1486257 1486258

Structures were refined on F02: wR2 ¼ [S[w(F02 - Fc2)2]/Sw(F02)2]1/2, where w!1 ¼ [S(F02)þ(aP)2þbP] and P ¼ [max(F02, 0)þ2Fc2]/3.
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was used in TD-DFT calculations. The composition of the molecular
orbital analysis was carried out using the Chemissian software
package [47]. All the electronic energy calculations were carried out
using Gaussian 09 suite of program [48].

2.5. General procedure for synthesis of neutral complexes (1e3)

A mixture of starting metal precursor (0.1 mmol) and ligand 2-
pyridyl cyanoxime, {pyC(CN)NOH} (0.2 mmol) were dissolved in

dry methanol (10 ml) and stirred at room temperature for 8 h
(Scheme 1). A yellow colored compound precipitated out from the
reaction mixture. The precipitate was filtered, washed with cold
methanol (2 ! 5 ml) and diethyl ether (3 ! 10 ml) and dried in
vacuum.

2.5.1. [(p-cymene)Ru{pyC(CN)NO}Cl] (1)
Yield: 62 mg (74%); IR (KBr, cm"1): 2959(m), 2203(m), 1603(m),

1482(m), 1443(m), 1396(s), 1368(m), 871(m), 788(m); 1H NMR

Table 2
Selected bond lengths (Å) and bond angles (#) of complexes.

Complex 1 2 3 4 5 7 8

M(1)eCNT 1.696 1.799 1.803 1.696 1.788 1.728 1.775
M(1)eN(1) 2.073(3) 2.093(4) 2.084(7) 2.0587(18) 2.103(3) 2.09(2) 2.108(3)
M(1)eN(2) 2.028(3) 2.065(4) 2.039(7) 2.0854(19) 2.102(3) 2.08(3) 2.131(4)
M(1)eCl(1) 2.3897(11) 2.3870(16) 2.391(2) 2.4191(7) 2.4225(10) 2.415(2) 2.3991(12)
M(1)eCave 2.203 2.165 2.170 2.205 2.157 2.179 2.149
N(2)eO(1) 1.271(4) 1.262(5) 1.254(9) e e e e

N(2)eC(6) 1.330(5) 1.334(7) 1.360(11) e e e e

N(1)eM(1)eN(2) 77.81(13) 78.06(16) 78.0(3) 75.66(7) 74.92(11) 78.0(10) 75.16(15)
N(1)eM(1)eCl(1) 85.22(9) 87.07(13) 84.8(2) 85.10(6) 87.58(9) 88.4(5) 88.51(10)
N(2)eM(1)eCl(1) 84.87(9) 86.72(14) 85.6(2) 84.20(5) 89.30(9) 81.1(6) 89.14(11)
N(1)eM(1)eCNT 132.9 132.5 133.8 132.0 129.6 132.3 128.6
N(2)eM(1)eCNT 130.6 130.4 131.2 131.5 130.5 133.0 132.4
Cl(1)eM(1)eCNT 127.3 125.5 125.7 129.2 127.7 127.8 126.3

CNT represents the centroid of the arene/Cp* ring; Cave represents the average bond distance of the arene/Cp* ring carbon and metal atom.

Fig. 1. (a) Ortep diagram of complex (1), (b) Ortep diagram of complex (2) and (c) Ortep diagram of complex (3) with 50% probability thermal ellipsoids. Hydrogen atoms are
omitted for clarity.

Fig. 2. (a) Ortep diagram of complex (4) and (b) Ortep diagram of complex (5) with 50% probability thermal ellipsoids. Counter ions and hydrogen atoms (except on O1) are omitted
for clarity.
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(400 MHz, DMSO-d6): d ¼ 9.20 (d, 1H, J ¼ 8.0 Hz, CH(py)), 7.94 (t, 1H,
CH(py)), 7.38 (t, 1H, CH(py)), 7.30 (d, 1H, J ¼ 8.0 Hz, CH(py)), 1.01 (dd.
6H, J ¼ 8 and 8 Hz, CH(p-cym)), 2.07 (s, 3H, CH(p-cym)), 2.62 (sept, 1H,
CH(p-cym)), 5.60 (d, 1H, J ¼ 8.0 Hz, CH(p-cym)), 5.68 (d, 1H, J ¼ 4.0,
CH(p-cym)), 5.80 (d, 1H, J ¼ 8.0, CH(p-cym)), 5.87 (d, 1H, J ¼ 8.0 Hz,
CH(p-cym)); HRMS-APCI (m/z): 417.0302 (MþH)þ; UVeVis { Aceto-
nitrile, lmax nm (ε/10#4 M#1 cm#1)}: 237 (1.83), 302 (1.18), 370
(0.61); Anal. Calc for C17H18ClN3ORu (416.86); C, 48.98; H, 4.35; N,
10.08. Found: C, 49.14; H, 4.42; N, 10.23%.

2.5.2. [Cp*Rh{pyC(CN)NO}Cl] (2)
Yield: 66 mg (78%); IR (KBr. cm#1): 2918(m), 2212(m), 1602(m),

1481(m), 1444(m), 1398(s), 1372(s), 1155(m), 766(m); 1H NMR
(400MHz, DMSO- d6): d¼ 8.54 (d, 1H, J¼ 4.0 Hz, CH(py)), 7.88 (t, 1H,
CH(py)), 7.40 (t, 1H, CH(py)), 7.31 (d, 1H, J ¼ 8.0 Hz, CH(py)), 1.59 (s,
15H, CH(Cp*)); HRMS-APCI (m/z): 420.0451 (MþH)þ; UVeVis {
Acetonitrile, lmax nm (ε/10#4 M#1 cm#1)}: 236 (1.78), 255 (1.35),
289 (1.08), 374 (0.71); Anal. Calc for C17H19ClN3ORh (419.71); C,
48.65; H, 4.56; N, 10.01. Found: C, 48.68; H, 4.62; N, 10.18%.

2.5.3. [Cp*Ir{pyC(CN)NO}Cl] (3)
Yield: 80 mg (78%); IR (KBr. cm#1): 2922(m), 2204(m), 1605(w),

1483(m), 1394(s), 1368(s), 765(m); 1H NMR (400 MHz, DMSO-d6):
d ¼ 8.54 (d, 1H, J ¼ 4.0 Hz, CH(py)), 7.80 (t, 1H, CH(py)), 7.52 (d, 1H,
J ¼ 4 Hz, CH(py)), 7.23 (t, 1H, CH(py)), 1.62 (s, 15H, CH(Cp*)); HRMS-
APCI (m/z): 510.0824 (MþH)þ; UVeVis { Acetonitrile, lmax nm
(ε/10#4 M#1 cm#1)}: 233 (1.46), 288 (0.96), 378 (0.53); Anal. Calc for
C17H19ClN3OIr (509.02); C, 40.11; H, 3.76; N, 8.26. Found: C, 40.28;
H, 3.88; N, 8.38%.

2.6. General procedure for synthesis of cationic complex (4e9)

A mixture of starting metal precursor (0.1 mmol) and ligand 2-
pyridyl phenyloxime {pyC(Ph)NOH} or 2-thiazolyl methyloxime
{tzC(Me)NOH} (0.2 mmol) and 2.5 equivalents of NH4PF6 were
dissolved in dry methanol (10 ml) and stirred at room temperature
for 8 h (Schemes 2 and 3). The solvent was evaporated the residue
was dissolved in dichloromethane and filtered through celite, the
filtrate was concentrated to 1 ml and excess hexane was added to
precipitate the compound. The precipitate was collected and dried
in vacuum.

2.6.1. [(p-cymene)Ru{pyC(Ph)NOH}Cl](PF6) (4)
Yield: 96 mg (78%); IR ((KBr. cm#1): 3314(b), 3090(s), 2967(w),

1598(s), 1472(s), 1366(m), 1192(s), 1031(s) 838(s); 1H NMR
(400 MHz, DMSO-d6): 9.45 (d, 1H, J ¼ 8.0 Hz, CH(py)), 8.04 (t, 1H,
CH(py)), 7.66 (t, 1H, CH(py)), 7.54e7.59 (m, 3H, CH(py), (Ar)), 7.29e7.32
(m, 3H, CH(Ar)), 1.06 (d 3H, J ¼ 8.0 Hz, CH(p-cym)), 1.13 (d, 3H,
J ¼ 8.0 Hz, CH(p-cym)), 2.26 (s, 3H, CH(p-cym)), 2.70 (sept, 1H, CH(p-

cym)), 5.72 (d, 1H, J ¼ 8.0 Hz, CH(p-cym)), 6.02 (d, 1H, J ¼ 8.0 Hz, CH(p-

cym)), 6.12 (d, 1H, J ¼ 8.0 Hz, CH(p-cym)), 6.19 (d, 1H, J ¼ 8.0 Hz, CH(p-

cym)), OH not observed; HRMS-APCI (m/z): 469.0652 (M-PF6)þ;
UVeVis {Acetonitrile, lmax nm (ε/10#4 M#1 cm#1)}: 233 (2.28), 272
(0.95), 376 (0.29); Anal. Calc for C22H24ClF6N2OPRu (613.93); C,
43.04; H, 3.94; N, 4.56. Found: C, 43.21; H, 4.06; N, 4.63%.

2.6.2. [Cp*Rh{pyC(Ph)NOH}Cl](PF6) (5)
Yield: 108 mg (87%); IR (KBr. cm#1): 3314(b), 3112(m), 2922(m),

1595(s), 1470(w), 1378(w), 1189(s), 1027(s), 841(s); 1H NMR
(400 MHz, DMSO-d6): d¼ 8.77 (d, 1H, J¼ 4.0 Hz, CH(py)), 8.06 (t, 1H,

Fig. 3. (a) Ortep diagram of complex (7) and (b) Ortep diagram of complex (8) with 50% probability thermal ellipsoids. Counter ions and hydrogen atoms (except on O1) are omitted
for clarity.

Scheme 1. Preparation of neutral complexes (1e3).

Scheme 2. Preparation of cationic complexes (4e6).
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CH(py)), 7.77 (t, 1H, CH(py)), 7.59e7.63 (m, 3H, CH(py), (Ar)), 7.40e7.45
(m, 3H, CH(Ar)), 1.77 (s, 15 H, CH(Cp*)), OH not observed; HRMS-APCI
(m/z): 471.0721 (M-PF6)þ; UVeVis {Acetonitrile, lmax nm
(ε/10"4 M"1 cm"1)}: 266 (0.75), 357 (0.30); Anal. Calc for
C22H25ClF6N2OPRh (616.77); C, 42.84; H, 4.09; N, 4.54. Found: C,
42.91; H, 3.96; N, 4.67%.

2.6.3. [Cp*Ir{pyC(Ph)NOH}Cl](PF6) (6)
Yield: 110 mg (78%); IR (KBr. cm"1): 3438(b), 3137(m), 2975(m),

1624(s), 1457(w), 1378(w), 1142(s), 1033(s), 843(s); 1H NMR
(400 MHz, DMSO-d6): d ¼ 8.78 (d, 1H, J ¼ 4.0 Hz, CH(py)), 7.92 (t, 1H,
CH(py)), 7.79 (t, 1H, CH(py)), 7.48e7.53 (m, 3H, CH(py), (Ar)), 7.43e7.47
(m, 3H, CH(Ar)), 1.77 (s, 15 H, CH(Cp*)), OH not observed; HRMS-APCI
(m/z): 561.1283 (M " PF6)þ; UVeVis {Acetonitrile, lmax nm
(ε/10"4 M"1 cm"1)}: 296 (0.78), 360 (0.59); Anal. Calc for
C22H25ClF6N2OPIr (706.08); C, 37.42; H, 3.57; N, 3.97. Found: C,
37.58; H, 3.65; N, 4.11%.

2.6.4. [(p-cymene)Ru{tz(CH3)NOH}Cl](PF6) (7)
Yield: 88 mg (79%); IR (KBr. cm"1): 3594(s), 3429(b), 3109(m),

2970(m), 1631(s), 1505(m), 1471(w), 1381(s), 1140(s), 1040(m),
846(s); 1H NMR (400 MHz, DMSO-d6): d ¼ 11.3 (s, 1H, OH), 8.50 (d,
1H, J¼ 4.0 Hz, CH(tz)) 7.89 (d,1H, J¼ 8.0 Hz, CH(tz)), 2.52 (s, 3H, CH3),
1.10 (d, 3H, J ¼ 8 Hz, CH(p-cym)), 1.18 (d, 1H, J ¼ 8 Hz, CH(p-cym)), 2.29
(s, 3H, CH(p-cym)), 2.75 (sept, 1H), 6.06 (d, 1H, J ¼ 4 Hz, CH(p-cym)),
5.89 (d, 2H, J ¼ 8 Hz, CH(p-cym)), 5.64 (d, 1H, J ¼ 4 Hz, CH(p-cym));
HRMS-APCI (m/z): 413.0118 (M " PF6)þ; UVeVis {Acetonitrile, lmax
nm (ε/10"4 M"1 cm"1)}: 297 (0.48), 350 (0.32); Anal. Calc for
C15H20ClF6N2OPRuS (557.88); C, 32.29; H, 3.61; N, 5.02. Found: C,
32.41; H, 3.69; N, 5.13%.

2.6.5. [Cp*Rh{tzC(CH3)NOH}Cl](PF6) (8)
Yield: 84 mg (75%); IR (KBr. cm"1): 3618(s), 3433(b), 3138(m),

2824(w), 1598(s), 1470(w), 1382(w), 1139(m), 1027(w), 842(s); 1H
NMR (400 MHz, DMSO-d6): d ¼ 11.81 (s, 1H, OH), 8.14 (d, 1H,
J¼ 4 Hz, CH(tz)), 8.08 (d,1H, J¼ 4Hz, CH(tz)), 2.56 (s, 3H, CH3),1.78 (s,
15 H, CH(Cp*)); HRMS-APCI (m/z): 415.0131 (M " PF6)þ; UVeVis {
Acetonitrile, lmax nm (ε/10"4 M"1 cm"1)}: 230 (0.53), 287 (0.35),
351 (0.32); Anal. Calc for C15H21ClF6N2OPRhS (560.73); C, 32.13; H,
3.77; N, 5.00. Found: C, 32.19; H, 3.85; N, 5.12%.

2.6.6. [Cp*Ir{tzC(CH3)NOH}Cl](PF6) (9)
Yield: 100 mg (77%); IR (KBr. cm"1): 3619(s), 3339(b), 3136(m),

2926(m), 1599(m), 1458(m), 1387(m), 1144(w), 1036(m), 844(s); 1H
NMR (400 MHz, DMSO-d6): d ¼ 11.81 (s, 1H, OH), 8.25 (d, 1H,
J¼ 4 Hz, CH(tz)), 8.23 (d,1H, J¼ 4 Hz, CH(tz)), 2.58 (s, 3H, CH3),1.77 (s,

15 H, CH(Cp*)); HRMS-APCI (m/z): 505.0761 (M " PF6)þ; UVeVis
{Acetonitrile, lmax nm (ε/10"4 M"1 cm"1)}: 290 (0.76), 360 (0.346);
Anal. Calc for C15H21ClF6N2OPIrS (650.04); C, 27.72; H, 3.26; N, 4.31.
Found: C, 27.90; H, 3.32; N, 4.41%.

3. Results and discussion

3.1. Synthesis of the complexes

The neutral metal oximato complexes (1e3) were isolated by
the reaction of metal precursors with 2-pyridyl cyanoxime. The
neutral metal complexes were formed as a result of deprotonation
of the oxime hydrogen as confirmed by spectroscopic and X-ray
diffraction studies. It is assumed that the presence of the cyano
group as a substituent in 2-pyridyl cyanoxime increases its acidity
leading to its deprotonation and resulting in elimination of HCl.
Furthermore deprotonation of oxime hydrogen generates an
anionic charge on oxime-O which was found to be delocalized over
the 2-pyridyl cyanoxime moiety as reflected from the bond lengths
values (Table 2). The cationic metal oxime complexes (4e9) were
prepared by the reaction of metal precursors with 2-pyridyl phe-
nyloxime and 2-thiazolyl methyloxime. Deprotonation of oxime
hydrogen was not observed in this case with phenyl and methyl as
substituent. The cationic complexes were isolated with PF6 counter
ion. All these complexes were isolated as yellow solids except
complexes (6 and 9) which were isolated as orange solids. These
complexes are non-hygroscopic, stable in air as well as in solid
state. They are soluble in common organic solvents like acetone,
acetonitrile, dichloromethane and DMSO but insoluble in hexane
and diethyl ether. All these complexes were fully characterized by
spectroscopic techniques.

3.2. Spectral studies of the complexes

The IR spectra of all the complexes shows characteristic
stretching frequencies for C]N and C]C around 1450-1620 cm"1

and these values are shifted to higher frequencies as compared to
the free ligand following coordination of the ligand to the metal
atom. The C^N stretching frequencies for the neutral complexes
(1e3) appeared in the lower frequency region around 2204-
2212 cm"1 as compared to the free ligand at 2229 cm"1 which may
be due to delocalization of the anionic charge on oxime-O. The
disappearance of the OH stretching frequency around 3100-
3400 cm"1 in the neutral complexes (1e3) indicates the deproto-
nation of the oxime hydrogen, which is also confirmed from the
crystal structures. The presence of the OH stretching frequency

Scheme 3. Preparation of cationic complexes (7e9).

S. Adhikari et al. / Journal of Organometallic Chemistry 820 (2016) 70e81 75



around 3100-3450 cm!1 in cationic complexes (4e9) suggests that
the binding occurs through the nitrogen atom. In addition, the
cationic metal complexes (4e9) displayed a strong intense band
around 838-849 cm!1 corresponding to the P-F stretching fre-
quency of the counter ion [49].

In the 1H NMR spectra of the complexes the signals for the ar-
omatic protons of the ligand was observed in the downfield region
around 7.32e9.50 ppm. The shift of the ligand resonance signals
clearly indicates the coordination of the ligand to themetal ion. The
disappearance of the OH proton signal in the neutral complexes
(1e3) as compared to the free ligand at 13.02 ppm indicates the
deprotonation of the hydroxyl proton. The OH proton resonance for
complexes (7e9) was observed as singlet around 11.3e11.9 ppm
respectively. Besides these resonance signals for the aromatic part
of the ligand complexes (1, 4 and 7) displayed an unusual pattern of
signal for the p-cymene moiety. The aromatic proton signal for the
p-cymene ligand showed four doublets for complexes (1) and (4) at
around 5.60e6.19 ppm and three doublets for complex (7) around
5.64e6.06 ppm instead of two doublets in the starting metal pre-
cursor. And also methyl protons of isopropyl group displayed two
doublets for complex (4) and (7) and one doublet of doublet for
complex (1) around 1.01e1.18 ppm instead of one doublet in the
metal precursor. This surprising pattern of signals is due to
desymmetrization of the p-cymene ligand upon coordination of the
oxime ligand and these results are in good agreement with similar
reported complexes [50]. Complexes (1, 4 and 7) displayed septet
and singlet around 2.07e2.75 ppm corresponding to the methine
protons of the isopropyl group and methyl group of the p-cymene
ligand. The methyl proton resonance for complexes (8) and (9) was
observed as a singlet at 2.56 and 2.58 ppm. In addition, to all these
signals a strong peak for the Cp*Rh complexes (2, 5 and 8) and the
Cp*Ir complexes (3, 6 and 9) was observed between 1.59 and
1.78 ppm for the methyl protons of the pentam-
ethylcyclopentadienyl ligand.

In the mass spectra of the neutral complexes (1e3), the mo-
lecular ion peakwas observed as (MþH)þ ion peak atm/z: 417.0302,
m/z: 420.0451 and m/z: 510.0824 respectively. Whereas the mass
spectra of the cationic complexes (4e9) displayed their molecular
ion peaks at m/z: 469.0652, m/z: 471.0721, m/z: 561.1283, m/z:
413.0118, m/z: 415.0131 and m/z: 505.0761 which corresponds to
the [M ! PF6]þ ion. The mass spectra values of the complexes
strongly support the formation of the complexes.

The absorption spectra of the complexes were recorded in
acetonitrile at 10!4 M concentration at room temperature and the
plot is shown in (Fig. S1). The electronic spectra of the complexes
display absorption band in the higher energy region around
230e305 nmwhich can be assigned as ligand centered p-p* and n-
p*transition [51]. The low spin Ru(II), Rh(III) and Ir(III) complexes
provides filled dp (t2g) orbitals of proper symmetry which can
interact with low lying p* orbitals of the ligand. Therefore a metal
to ligand charge transfer (MLCT) band is expected in their absorp-
tion spectra. The bands in the lower energy region around
350e380 nm can be assigned as metal to ligand charge transfer
(MLCT) dp(M) to p*(L) transition [52].

3.3. Molecular structures of complexes

The molecular structures of some of the respective complexes
were established by single crystal X-ray analysis. Suitable single
crystals were attached to a glass fiber and transferred into the
Oxford Diffraction Xcalibur Eos Gemini diffractometer. The crys-
tallographic details and structure refinement details are summa-
rized in Table 1. The geometrical parameters around themetal atom
involving ring centroid are listed in Table 2. Complex (1) crystal-
lized in orthorhombic system with space group Pca21. Complexes

(2, 3 and 8) crystallized in monoclinic crystal system with space
group P21/c whereas complexes (4) and (7) crystallized with P21/n
and P21/m space group in monoclinic crystal system. Complex (5)
crystallized in triclinic system with space group P !1.

The molecular structures of the complexes revealed a typical
three legged “piano stool” geometry about the metal center with
the metal atom coordinated by the arene/Cp* ring in a h6/h5

manner, two nitrogen donor atoms from chelating ligand in a
bidentate k2 NN0 fashion and one chloride. The metal atom in these
complexes is situated in a pseudo-octahedral arrangement with the
ligand coordinating through the pyridine and oxime nitrogen atom
forming a five membered metallocyclic ring. The bite angle values
N(1)-Ru(1)-N(2) in ruthenium complexes are 77.81(13) (1),
75.66(7) (4) and 78.0(10) (7). The average Ru-C distances in com-
plexes (1) and (4) are almost equal 2.203 and 2.205 Å, while in
complex (7) the Ru-C distance is 2.179 Å. The Ru-centroid of the
arene ring distances in complexes (1) and (4) are equal 1.696 Å
while in complex (7) it is slightly longer 1.728 Å. The bite angle
values N(1)-M(1)-N(2) in rhodium and iridium complexes are
78.06(16) (2), 78.0(3) (3), 74.92(11) (5) and 75.16(15) (8). The
average M-C distances (where M ¼ Rh/Ir) are {2.165 (2), 2.170 (3),
2.157 (5) and 2.149 (8) Å} while the distance between the metal to
centroid of the Cp* ring is found to be in the range of 1.775e1.803 Å
respectively. The MeN and MeCl bond distances (where M ¼ Ru,
Rh and Ir) in all these complexes are found to be in close agreement
with previously reported values for ruthenium, rhodium and
iridium complexes with NN0 donor ligands [53]. Surprisingly, the
molecular structures of complexes (1, 2 and 3) revealed the
deprotonation of the oxime hydrogen generating an anionic charge
on oxime-O. This anomalous behavior of deprotonation of the
oxime hydrogen is not surprising as the presence of electron
withdrawing cyano group increases the acidity of the oxime frag-
ment. It was further observed that the anionic charge on the oxime-
O was delocalized over the 2-pyridyl cyanoxime moiety. This is
supported by the oximate C(6)-N(2) {1.330(5) (1), 1.334(7) (2) and
1.360(11) (3) Å} and N(2)-O(1) {1.271(4) (1), 1.262(5) (2) and
1.254(9) (3) Å} bond lengths which is slightly larger and smaller
than the corresponding CeN {1.287(2) Å} and NeO {1.367(2) Å}
bond in the free ligand indicating their partial double bond char-
acter and delocalization of the anionic charge (Scheme 1) [54].
These results are further supported by the theoretical calculations
as well (Table S1). A similar pattern of delocalization of charge was
reported for the cyclometalated iridium complex [Ir(ppy)2(pyald)]
(ppy ¼ 2-phenylpyridine, pyald ¼ 2-pyridinealdoxime) where the
anionic charge was delocalized over the pyridine aldoxime moiety
[55]. The positive charge of the ruthenium atom in complex (1) is
balanced by one negative charge from chloride ion and one nega-
tive charge from the oxime-O. Similarly in complexes (2) and (3),
the positive charge of the metal atom is balanced by one anionic
charge from Cp* ligand, one chloride ion and anionic oxime-O.

Further the crystal structure of complex (1) displayed three
different types of intermolecular hydrogen bonding; the first be-
tween the anionic oxime-O and hydrogen atom from pyridine
(2.393 Å), the second between the oxime-O and methine hydrogen
(2.383 Å) and third from the aromatic hydrogen of p-cymene ligand
(2.531 Å). Also CeH/Cl (2.848 Å) interaction between the chloride
atom and H-atom of pyridine ring (Fig. S2) has been observed.
Crystal structure of complex (2) exhibits two different types of
CeH/Cl (2.813 and 2.902 Å) interactions between the chloride
atom attached to metal and H-atom of Cp* group and pyridine and
also CeH/p (2.904 Å) interaction was observed between the
methyl-H atom and Cp* group (Fig. S3). The crystal structure of
complex (3) is stabilized by CeH/p (2.756 Å) interaction between
the methyl-H atom and Cp* group and CeH/Cl (2.917 Å) interac-
tion between chloride atom and methyl H atom of Cp*. It also
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exhibits two types of intermolecular hydrogen bonding CeH/O
(2.713 Å) between the anionic oxime-O and methyl-H of Cp* and
CeH/N (2.689 Å) interaction between nitrogen atom of cyano
group and pyridine-H atom (Fig. S4). The crystal packing of complex
(4) and (5) forms a dimeric unit via weak intermolecular CeH/O
(2.700 and 2.848 Å) and OeH/Cl (2.228 and 2.245 Å) interactions
between themethyl-H atom of Cp* and oxime-O and oxime-H atom
and chloride atom attached to metal ion (Fig. S5). Further the
crystal structure of complex (8) crystallized with one water mole-
cule which forms four different types of intermolecular hydrogen
bonding the first between the hydrogen atom of water molecule
and chloride atom OeH/Cl (2.807 Å), the second between the
fluorine atom of counter ion PF6 and H-atom of water molecule
OeH/F (2.319 Å), the third between the O-atom and H-atom of Cp*
group CeH/O (2.507 Å) and the last between the O-atom and H-
atom of oxime moiety OeH/O (1.829 Å) (Fig. S6). These weak in-
teractions play an important role in the formation of supramolec-
ular motifs.

3.4. Chemosensitivity studies

The oximato and oxime metal complexes (1e9) were tested for
their in vitro activity against two cancer cell lines HT-29 (human
colorectal cancer) and MIAPaCa-2 (human pancreatic cancer) using
the MTT assay. The response of the cell line HT-29 and MIAPaCa-2
to the test complexes (1e9) and cisplatin is presented in graphical
form in Fig. 4 and in tabular form in Table 3. Complexes (1) and (8)
were found to be inactive against both the cell line with IC50
values > 100 mM. Complexes (4) and (5) were found to be less active
against HT-29 cell line whereas complex (4) was found to be more
active against MIAPaCa-2 cell line. In contrast complexes (2) and (7)
displayed moderate activity against both cell lines with IC50 value
in the range of 8.28e23.74 mM. However, among all the ruthenium,
rhodium and iridium complexes, the iridium complexes (3), (6) and
(9) with cyano, phenyl and methyl substituted oximes displayed
high cytotoxicity. The iridium complexes were found to be highly
active against HT-29 cancer cell line with IC50 values in the range of
5.82e10.54 mM. Also, the iridium complexes exhibits high potency
against MIAPaCa-2 cell line with IC50 values ranging from 2.89 to
9.65 mM. However among all the iridium complexes, the iridium
oximato compound (3) with cyano substituent was found to be the
most potent towards MIAPaCa-2 cell line (IC50 ¼ 2.87 ± 0.26 mM)
with IC50 value comparable to that of cisplatin
(IC50¼ 2.84 ± 2.05 mM). This high remarkable activity of the iridium

based complexes suggests that the presence of the substituent in
the chelating ligand plays a crucial role and affects the cytotoxicity
[8]. This study demonstrates that the cytotoxicity of the complexes
can be finely tuned by changing the nature and position of the
substituent in the chelating ligand without changing the arene
systems.

3.5. Optimized structural geometry

The comparison of the geometric parameters (selected bond
lengths and bond angles) of the optimized structures and the
crystal structures of the complexes (1e9) are listed in Table S1. The
calculated bond lengths and the bond angles of the complexes are
in good agreement with the experimental data indicating the
reliability of the theoretical method (B3LYP/6-31G**/LanL2DZ) used
in the present study. It should be noted that a slight discrepancy
from the experimental value in N(2)-Ru(1)-Cl(1), N(1)-Ru(1)-Cl(1)
and N(2)-Rh(1)-Cl(1) bond angle for complexes (1), (4) and (8) has
been observed (Table S1).

3.6. Molecular electrostatic potential (MESP)

MESP is an important quantity to understand sites for electro-
philic attack and nucleophilic attack as well as hydrogen bond in-
teractions [56,57]. The MESP diagram for all the complexes are
shown in Fig. 5. The red region represents the negative electrostatic
potential, which is related to the nucleophilic reactivity whereas
the blue regions represents the positive electrostatic potential and
is related to the electrophilic reactivity. The red regions in com-
plexes containing 2-pyridyl cyanoxime and 2-pyridyl phenyloxime
does not change much drastically, but in complexes containing 2-
thiazolyl methyloxime, the intensity of red color decreases
slightly in complexes (8) and (9) as compared to complex (7).

3.7. Charge distribution

The charges on the selected atoms as obtained from NBO anal-
ysis are listed in Table S2. The charge on themetal (Ru, Rh and Ir) for
complexes (1e9) ranges between "0.028 e (complex 7) and 0.0248
e (complex 3), which are less than their formal charges of þ2 (Ru)
and þ3 (Rh/Ir). Moreover, as indicated in Table S2, the negative
charge on the N1 decreases in all the complexes as compared to
their charge in isolated ligands. These results confirm that the li-
gands transfer their negative charges to the metal on complex
formation. The charge on the chlorine atom for all the complexes

Fig. 4. Response of HT-29 (human colorectal cancer) and MIAPaCa-2 (human
pancreatic cancer) to compounds and cisplatin. Cell was exposed to compounds (1e9)
for 96 h. Each value represents the mean ± standard deviation from three independent
experiments.

Table 3
Response of HT-29 (human colorectal cancer) and MIAPaCa-2 (human pancreatic
cancer) to complexes (1e9) and cisplatin. Each value represents the
mean ± standard deviation from three independent experiments.

Complexes IC50 (mM)

HT-29 MIAPaCa-2

1 >100 >100
2 23.74 ± 4.25 9.16 ± 2.89
3 5.82 ± 2.41 2.87 ± 0.26
4 68.83 ± 27.0 26.42 ± 0.67
5 42.32 ± 10.69 67.18 ± 3.16
6 7.92 ± 1.00 8.35 ± 0.29
7 12.56 ± 4.45 8.28 ± 0.42
8 >100 >100
9 10.54 ± 4.73 9.65 ± 1.68
Cisplatin 0.25 ± 0.11 2.84 ± 2.05

IC50 ¼ concentration of the drug required to inhibit the growth of 50% of the cancer
cells (mM).
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ranges between !0.342 e and !0.406 e. It should be noted that the
negative charges on chloride for ruthenium complexes are
comparatively lower whereas it is higher for rhodium and iridium
complexes. These lowering of charges in ruthenium complexes are
the reflection of the negative charges on ruthenium complex (1)
and (7) and very small positive charge of 0.002 e on Ru in complex
(4). As observed from the experimental results, that in the neutral
complexes (1, 2 and 3) the anionic charge on oxime-O was delo-
calized over the 2-pyridyl cyanoxime moiety, therefore we further
tried to justify these results with theoretical data as well. In isolated
ligand, 2-pyridyl cyanoxime, the charges on the O1, N2 and C6 are
found to be !0.545, -0.037 and 0.062 e. On complex formation, the
negative charges on the O1 and N2 decreases and attains a value
of !0.381, -0.387, -0.403 e and 0.159, 0.126, 0.107 e respectively,
whereas C6 attains negative charges of!0.050, -0.036 and!0.036 e
(Table S2). These results confirm that the anionic charge on the
oxime-O is delocalized on complex formation. Moreover, as seen
from the bond lengths values (Table 2), on complex formation, the
N2eO1 bond is shortened and attains a partial double bond char-
acter whereas the N2eC6 bond is elongated as compared to the
bonds in isolated ligand.

3.8. Frontier molecular orbital and absorption spectra

It is well known that the frontier molecular orbitals (HOMO and
LUMO) help in characterizing the electron donating and electron
accepting ability of a molecule. Moreover, the HOMO-LUMO energy
gap has been utilized as an important parameter to understand the
reactivity of a molecule. A lower HOMO-LUMO gap means lesser
stability and higher reactivity whereas for higher HOMO-LUMO
gap, it is the reverse case. The details of the frontier molecular or-
bitals are shown in Fig. 6 where the red and the green regions
represent the positive and the negative phase respectively. The
energy gap is least for complex (6) whereas it is highest for complex
(8). It should be noted that the energy gap is less for the complexes
containing 2-pyridyl phenyloxime indicating its less stability and
greater reactivity as compared to the complexes containing ligand
2-pyridyl cyanoxime and 2-thiazolyl methyloxime. The % compo-
sition of molecular orbital analysis as shown in Table S3, predicts
that for the complexes containing 2-pyridyl cyanoxime (complexes
1, 2 and 3), the maximum percentage of HOMO i.e. 42%, 35% and
39% is located on the ligand itself. The same case can be encoun-
tered for complexes (7) and (8) as well whereas for complexes (4),

Fig. 5. Molecular electrostatic potential diagrams for complexes (1e9).
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Fig. 6. HOMO, LUMO energies and their energy gaps of complexes (1e9).

Table 4
Energy gap, theoretical and experimental absorption bands, electronic transitions and dominant excitation character for various singlet states of the complexes (1e9)
calculated with TD-DFT method.

The most important orbital excitations Calculated l (nm) Energy gap E (eV) Oscillator strength (f) Dominant excitation character Experimental l (nm)

Complex 1
H / L 492.28 3.67 0.0021 L1 / L1(ILCT)
H-3 / L 371.17 4.50 0.0025 L1 / L1(ILCT) 370
H-1 / L 362.01 3.93 0.0488 L1 / L1(ILCT)
H / L þ 3 304.45 4.61 0.1337 L1 / L1(ILCT) 302
H / L þ 4 301.08 4.89 0.0161 L1 / Cp*(LLCT)
H-2 / L þ 6 238.25 5.91 0.0034 Cl / L1(LLCT) 237
H-5 / L þ 2 235.61 5.92 0.0485 Ru / L1(MLCT)
Complex 2
H / L 512.44 3.65 0.0046 L1 / Rh(LMCT)
H-2 / L þ 2 364.41 4.59 0.0306 Cl / Rh(LMCT) 374
H / L þ 3 293.93 4.65 0.0438 L1 / L1(ILCT) 289
H-6 / L þ 1 253.61 5.77 0.1544 Rh / L1(MLCT) 255
Complex 3
H / L 467.55 3.70 0.0036 L1 / L1(ILCT)
H-2 / L 376.61 4.26 0.0523 Cl / L1(LLCT) 378
H-3 / L þ 1 290.41 5.24 0.0192 L1 / Ir(LMCT) 288
H-1 / L þ 2 283.58 4.68 0.0903 L1 / L1(ILCT)
H-6 / L þ 2 232.24 6.20 0.0153 Ir / L1(MLCT) 233
Complex 4
H / L 452.56 3.42 0.0024 Ru / L2(MLCT)
H-2 / L 379.18 4.09 0.0245 L2 / L2(ILCT) 376
H-1 / L þ 2 357.48 4.46 0.0106 Ru / L2(MLCT)
H-4 / L þ 1 271.57 4.86 0.0021 L2 / Ru(LMCT) 272
H-4 / L þ 3 231.48 5.51 0.0180 L2 / L2(ILCT) 233
Complex 5
H / L 476.51 3.48 0.0093 Cl / L2(LLCT)
H-1 / L þ 2 357.91 4.27 0.1024 Cl / Ru(LMCT) 357
H-2 / L 345.27 3.95 0.0105 Cl / L2(LLCT)
H-6 / L þ 1 267.72 5.28 0.0341 L2 / Rh(LMCT) 266
Complex 6
H / L 464.21 3.32 0.0223 Ir þ Cl / L2(MLCT/LLCT)
H-1 / L þ 1 352.62 4.52 0.0372 Cl / L2(LLCT) 360
H-7 / L 294.49 5.07 0.0102 Ir / L2(MLCT) 296
H-3 / L þ 1 290.68 5.13 0.0026 L2 / L2(ILCT)
Complex 7
H / L 450.26 3.39 0.0038 L3 / L3(ILCT)
H-3 / L 359.31 4.01 0.0091 Ru / L3(MLCT) 347
H-3 / L þ 1 334.71 5.01 0.0036 Ru / L3(MLCT)
H-4 / L 293.24 5.59 0.0598 Ru / L3(MLCT) 297
H / L þ 3 291.42 5.30 0.0328 L3 / Ru(LMCT)
Complex 8
H / L 484.85 3.87 0.0028 L3 / L3(ILCT)
H-1 / L þ 2 345.81 4.52 0.0506 L3 / L3(ILCT) 349
H-3 / L 335.78 4.40 0.0238 Rh / L3(MLCT)
H-3 / L þ 2 285.07 4.73 0.0296 Rh / L3(MLCT) 287
H-8 / L þ 1 229.87 5.27 0.0127 Rh / L3(MLCT)
Complex 9
H / L 463.13 3.72 0.0010 Ir / L3(MLCT)
H-1 / L þ 1 350.0 4.81 0.0182 Ir / L3(MLCT) 360
H-2 / L 288.36 4.37 0.0250 L3 / L3(ILCT)
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(6) and (9) most percentage of HOMO is located on the metal
(Table S3). On the other hand, the LUMO is located mainly on the
ligand for almost all the complexes except for complex (2), where it
is located on the Rh metal (about 37%).

The electronic absorption spectra were calculated using the TD-
DFT method in acetonitrile solvent employing PCM model. The
calculated and the experimental absorption data, HOMO-LUMO
energy gaps, and the character of electronic transitions are listed
in Table 4. The H / L transitions for complexes (1), (3), (7) and (8)
occurring at 492, 468, 450 and 485 nm corresponds to ILCT char-
acter, for complexes (4), (6) and (9) at 453, 464 and 463 nm cor-
responds to MLCT character whereas for complexes (2) and (5) at
512.44 and 477 nm corresponds to LMCT and LLCT character. These
MLCT character can be assigned as dp(M) / p*(L) transitions, ILCT
character are for p / p* transitions and LLCT for Pp(Cl) / p*(L)
transitions. In agreement with the experimental results, few MLCT
transitions has also been observed at 357 nm (4), 359, 335 nm (7),
336 nm (8) and 350 nm (9). Further, few ILCT and LLCT transitions
have been observed between 230 and 304 nm which are in well
agreement with the experimental data.

4. Conclusion

In summary, we have successfully synthesized ruthenium,
rhodium and iridium half-sandwich oximato and oxime complexes.
These complexes were full characterized by various spectroscopic
studies and X-ray analysis. The ligands under study preferably bind
to the metal in a bidentate k2 NN0 fashion using pyridine and oxime
nitrogen atom. X-ray structure of complexes (1e3) reveals the
deprotonation of the oxime hydrogen atom leading to the forma-
tion of neutral complexes. Chemosensitivity activity of the com-
plexes carried out against HT-29 and MIAPaCa-2 cancer cell lines
displayed that some of the complexes are cytotoxic however
iridium-based complexes displayed more potency than ruthenium
and rhodium complexes. In particularly the neutral iridium oxi-
mato compounds possessed the highest activity among other
cationic iridium oxime complexes. Further, TD-DFT calculated ab-
sorption spectral data are in well agreement with experimental
results.
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a b s t r a c t

The reaction of [Cp*MCl2]2 (M = Rh/Ir) with N–N0 azine Schiff-base ligands (L1–L4) leads to the formation
of mononuclear cationic half-sandwich complexes having the general formula [Cp*M(L)Cl]+ (1–8),
(M = Rh/Ir and L = (2-hydroxy-4-methoxybenzylidene)2-pyridylamidrazone (L1), (2-hydroxybenzyli-
dene)2-pyridylamidrazone (L2), (1-(2-hydroxyphenyl)ethylidene)2-pyridylamidrazone (L3) and
(1-phenylethylidene)2-pyridylamidrazone (L4). All these complexes were isolated as their hexafluo-
rophosphate salts and fully characterized by spectroscopic and analytical techniques. The molecular
structure of complexes (1), (3), (4), (7) and (8) have been determined by single crystal X-ray crystallo-
graphic studies which displayed the coordination of the ligand to the metal in a bidentate N\N fashion
through nitrogen atom of pyridine and one azine nitrogen. The chemo-sensitivity activities of the complexes
were evaluated against HT-29 (human colorectal cancer) cell line and non-cancer cell line ARPE-19 (human
retinal epithelial cells) which revealed that the complexes are moderately cytotoxic to cancer cells over
human cells although complex 5was the most potent among all the compounds. Theoretical studies carried
out using DFT and TD-DFT at B3LYP level shows good agreement with the experimental results.

! 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The chemistry of half-sandwich organometallic complexes has
evolved as a versatile subject of research during the past few dec-
ades due to its wide application in biological and medicinal fields
[1–4]. Organometallic half-sandwich compounds of the general
formula [Cp*MCl(LL0)] (M = Rh, Ir and LL0 = N,N or N,O donor
ligands) have been extensively studied for their cytostatic activity,
DNA binding, cellular uptake and as DNA intercelators [5–9]. Rho-
dium and iridium complexes have also been investigated as an
alternative to platinum based drugs mainly because of their water
solubility and lability towards ligand exchange [10,11]. Recently
Therrien et al reported dinuclear dithiolato bridged rhodium and
iridium complexes which exhibit cytotoxicity against human ovar-
ian cancer cells lines (A2780 and A2780cisR) [12]. CAH activated
cyclometalated Rh(III) and Ir(III) complexes can effectively bind
to DNA and protein through electrostatic and hydrophobic interac-
tions [13]. Iridium complexes of dihydroxybipyridine are active
catalysts for homogenous water oxidation under mild reaction

conditions [14]. Rh(III) and Ir(III) polypyridyl complexes exhibits
strong antiproliferative activity towards human cancer cell lines
and are also capable of binding to DNA [15]. A number of half-
sandwich Ir(III) complexes have been reported by Sadler et al. with
chelating C, N and pyridine ligands and N, N donor ligands which
showed strong antiproliferative activity [16,17].

Pyridyl azines represent an important class of organic com-
pounds with interesting properties having wide applications in
various areas [18]. Open chain diazine Schiff base ligands linked
by a single N–N bond are of great interest due to its rotational flex-
ibility around the N–N bond and potential donor sites which can
give rise to a rich variety of coordination compounds with different
binding modes [19]. The N–N bridging ligand plays a crucial role in
communicating the metal centers to form mononuclear, dinuclear
or polynuclear complexes [20]. The diazine ligand has been
employed into several transition metal azido and thiocyanato sys-
tems namely Mn(II)-azido, Cd(II)-NCS to obtain several 1D, 2D and
3D polymers which exhibit interesting magnetic properties
[21,22]. Dinuclear transition metal complexes of Cu, Zn, Mn and
Ni have been reported with bridging N–N diazine ligands
which give rise to strong ferromagnetic and antiferromagnetic
coupling [23]. In the recent years our group has reported many

http://dx.doi.org/10.1016/j.poly.2016.06.001
0277-5387/! 2016 Elsevier Ltd. All rights reserved.
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half-sandwich Ru(II), Rh(III) and Ir(III) complexes with azine
ligands [24,25]. In continuation with our interest of these ligands
herein we report four new azine Schiff base ligands derived from
2-pyridylamidrazone and its corresponding rhodium and iridium
half-sandwich metal complexes. The complexes were tested for
their cytotoxic property to selectively kill HT-29 cancer cell line
against normal ARPE-19 cells.

2. Experimental

2.1. Physical methods and materials

All the reagents were purchased from commercial sources and
used as received. Starting materials RhCl3!nH2O, IrCl3!nH2O were
purchased from Arora Matthey limited. 2-cyanopyridine,
2-hydroxybenzaldehyde, 2-hydroxyacetophenone, were obtained
from Aldrich, acetophenone and 2-hydroxy-4-methoxybenzalde-
hyde were obtained from Alfa-Aesar. The solvents were purified
and dried according to standard procedures [26]. All the reactions
were carried out under normal conditions. The starting precursor
metal complexes [Cp*MCl2]2 (M = Rh/Ir) were prepared according
to the literature methods [27]. Infrared spectra were recorded on
a Perkin-Elmer 983 spectrophotometer by using KBr pellets in
the range of 400–4000 cm"1. 1H NMR spectra were recorded on a
Bruker Avance II 400 MHz spectrometer using DMSO-d6 and CDCl3
as solvents. Absorption spectra were recorded on a Perkin-Elmer
Lambda 25 UV–Vis spectrophotometer in the range of 200–
800 nm at room temperature in acetonitrile. Elemental analyses
of the complexes were performed on a Perkin-Elmer 2400 CHN/S
analyzer. Mass spectra were recorded using Q-Tof APCI-MS instru-
ment (model HAB 273). All these mononuclear metal complexes
were synthesized and characterized by using FT-IR, 1H NMR, UV–
Vis, and Single-crystal X-ray diffraction techniques.

2.2. Single-crystal X-ray structures analyses

The orange crystals of complexes (1), (3), (7) and (8) were
obtained by slow diffusion of hexane into acetone or DCM solution
and yellow crystals of complex (4) was obtained by diffusing hex-
ane into DCM solution. Single crystal X-ray diffraction data for all
the complexes (1), (3) (4), (7) and (8) were collected on a Oxford
Diffraction Xcalibur Eos Gemini diffractometer at 293 K using gra-
phite monochromated Mo Ka radiation (k = 0.71073 Å). The strat-
egy for the data collection was evaluated using the CrysAlisPro
CCD software. Crystal data were collected by standard ‘‘phi–omega
scan” techniques and were scaled and reduced using CrysAlisPro
RED software. The structures were solved by direct methods using
SHELXS-97 and refined by full-matrix least squares with SHELXL-97
refining on F2 [28,29]. The positions of all the atoms were obtained
by direct methods. Metal atoms in the complex were located from
the E-maps and non-hydrogen atoms were refined anisotropically.
The hydrogen atoms bound to the carbon were placed in geomet-
rically constrained positions and refined with isotropic tempera-
ture factors, generally 1.2 Ueq of their parent atoms.
Crystallographic and structure refinement details for the com-
plexes are summarized in Table 1, and selected bond lengths and
bond angles are presented in Table S1. Figs. 1–3 were drawn with
ORTEP3 program. Fig. 4 and Figs. S3–S6 were drawn with MER-
CURY3.6 program [30].

2.3. Biological studies

All complexes (1–8) were dissolved in DMSO at 100 mM and
stored at "20 !C until needed. The complexes were tested
against cancer cell line HT-29 (human colorectal cancer), and one

non-cancer cell line ARPE-19 (human retinal epithelial cells). Cells
were seeded into 96 well plates at 1 # 103 cells per well and
incubated at 37 !C in a CO2 enriched (5%), humidified atmosphere
overnight to adhere. The cells were exposed to a range of drug
concentrations in the range of 0–100 lM for four days before cell
survival was determined using the MTT assay [31]. To each well
MTT (0.5 mg/ml) was added and was further incubated at 37 !C
for 4 h. After this the MTT was removed from each well and the
formazan crystals formed were dissolved in 150 lM DMSO. The
absorbance of the resulting solution was recorded at 550 nm using
an ELISA spectrophotometer. The percentage of cell inhibition was
calculated by dividing the absorbance of treated cell by the control
value absorbance (exposed to 0.1% DMSO). The results were
expressed in terms of IC50 values (concentration required to kill
50% cell) and all studies were performed in triplicate. The results
were also expressed in terms of a ‘selectivity index’ defined as the
IC50 of the non-cancer cell line ARPE divided by the IC50 of cancer
cell lines [32]. Values greater than 1 demonstrate that the com-
pound is preferentially active against tumor cell compared to nor-
mal cell lines.

2.4. Computational methodology

All the electronic structure calculations of the metal complexes
(1–8) were carried out using the Gaussian 09 suite of program [33].
The geometries of the rhodium and iridium complexes were opti-
mized in the gas phase employing the DFT-based B3LYP method
with 6-31G⁄⁄ basis set for (H, C, N, O, Cl, F and P atoms and
LANL2DZ [34,35] for (Rh and Ir) atoms. Harmonic frequency calcu-
lations were carried out at the same level of theory to ensure that
the optimized geometries were true minima on the potential
energy surface (PES). Natural Bond Orbital (NBO) analysis [36]
was used to obtain the charge distribution on individual atoms
and the d-orbital occupations of the metal present in the com-
plexes. Time dependent-Density Functional Theory (TD-DFT) [37]
has been employed to evaluate the absorption spectra and the
electronic transitions of the metal complexes. In order to incorpo-
rate the effect of the solvent around the molecule, the Polarizable
Continuum Model (PCM) [38] was used in TD-DFT calculations.
The percentage contribution of molecular orbital analysis was car-
ried out using Chemissian software package [39].

2.5. General procedure for preparation of ligands 1–4

2.5.1. The azine Schiff base ligands (L1–L4) were prepared by two step
procedure

In the first step 2-pyridylamidrazone was prepared, by follow-
ing a reported procedure [40]. 2-cyanopyridine and hydrazine
hydrate were dissolved and stirred in absolute ethanol overnight
to give 2-pyridylamidrazone as yellow crystalline solid which
was used in the next step without further purification (Scheme 1).
In the second step (5 mmol) of aldehyde or ketone and 2-pyridy-
lamidrazone (5 mmol) was refluxed in 10 ml ethanol for 5 h
(Scheme 2). The products obtained after cooling the solution were
filtered off washed with cold methanol and diethyl ether and dried
in vacuum.

2.5.2. (2-hydroxy-4-methoxybenzylidene)2-pyridylamidrazone (L1)
Color: Yellow needles; Yield: 88%; IR (KBr, cm"1): 3487(s), 3380

(s), 3333(m), 2964(m), 1627(s), 1587(m), 1566(m), 1394(m), 1340
(s); 1H NMR (400 MHz, CDCl3): d = 11.82 (s, 1H, OH), 8.60 (s, 1H,
CH(imine)), 8.57 (d, 1H, J = 4.0 Hz, CH(py)), 8.34 (d, 1H, J = 8.0 Hz,
CH(py)), 7.76 (t, 1H, CH(py)), 7.35 (t, 1H, CH(py)), 7.20 (d, 2H,
J = 8.0 Hz, CH(Ar)), 6.46–6.50 (m, 3H, NH2, CH(Ar)), 3.80 (s, 3H,
OMe); HRMS-APCI (m/z): 271.11 [M+H]+; UV–Vis {Acetonitrile,
kmax, nm (e/10"4 M"1 cm"1)}: 218 (0.84), 314 (0.68), 342 (0.92),
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355 (0.94); Anal. Calc. for C14H14N4O2 (270.29): C, 62.21; H, 5.22; N,
20.73. Found: C, 62.36; H, 5.35; N, 20.86%.

2.5.3. (2-hydroxybenzylidene)2-pyridylamidrazone (L2)
Color: Yellow needles; Yield: 92%; IR (KBr, cm!1): 3477(s), 3363

(s), 3340(s), 3043(m), 1626(s), 1576(m), 1567(m), 1473(m), 1337

(m); 1H NMR (400 MHz, CDCl3): d = 11.61 (s, 1H, OH), 8.59 (s, 1H,
CH(imine)), 8.54 (d, 1H, J = 4.0 Hz, CH(py)), 8.28 (d, 1H, J = 8.0 Hz,
CH(py)), 7.74 (t, 1H, CH(py)), 7.33 (t, 1H, CH(py)), 7.24–7.27 (m, 3H,
NH2, CH(Ar)), 6.96 (d, 1H, J = 8.0 Hz, CH(Ar)), 6.87 (t, 2H, CH(Ar));
HRMS-APCI (m/z): 241.10 [M+H]+; UV–Vis {Acetonitrile, kmax, nm
(e/10!4 M!1 cm!1)}: 219 (0.84), 247 (0.55), 349 (1.30), 361

Table 1
Crystal structure data and refinement parameters of complexes.

Complexes [1] PF6 [3] PF6 [4] PF6 [7] PF6 [8] PF6 Cl

Empirical formula C24H29ClN4O2F6PRh C23H27ClF6N4OPRh C23H27ClF6N4OPIr C24H29ClF6N4PRh C24H29Cl2F6N4PIr
Formula weight 688.84 658.82 748.11 656.84 781.58
T (K) 298(2) 293(2) 293(2) 293(2) 293(2)
k (Å) 0.71073 0.71073 0.71073 0.71073 0.71073
Crystal system triclinic monoclinic monoclinic monoclinic triclinic
Space group P!1 P21/c P21/c P21/c P!1
a (Å)/a (!) 8.3893(7)/89.370(6) 10.6710(6)/90 10.7019(5)/90 38.850(5)/90 7.9976(4)/87.496
b (Å)/b (!) 10.5533(7)/86.439(6) 17.0730(8)/92.708(4). 17.0860(9)/93.062(4) 7.9488(5)/98.027(4) 12.4774(4)/82.086(4)
c (Å)/c (!) 16.6554(11)/71.182(7) 14.5390(8)/90 14.6118(9)/90 28.562(4)/90 14.6442(6)/72.596(4)
V (Å3) 1393.00(18) 2645.8(2) 2668.0(2) 1344.83(10) 1381.15(10)
Z 2 4 4 2 2
Dcalc (Mg m!3) 1.642 1.654 1.862 1.622 1.879
Absorption coefficient (l)

(mm!1)
0.836 0.874 5.231 0.857 5.148

F(000) 696 1328 1456 664 762
Crystal size (mm3) 0.23 " 0.21 " 0.21 0.21 " 0.19 " 0.04 0.23 " 0.23 " 0.21 0.22 " 0.20 " 0.120 0.19 " 0.12 " 0.09
h range for data collection

(!)
3.174–28.654 3.33–26.73 3.31–26.37 3.386–28.842 3.23–26.37

Index ranges !11 6 h 6 10,
!12 6 k 6 13,
!22 6 l 6 20

!13 6 h 6 10,
!10 6 k 6 21,
!12 6 l 6 18

!13 6 h 6 7,
!21 6 k 6 19,
!16 6 l 6 18

!9 6 h 6 9,
!12 6 k 6 22,
!14 6 l < 8

!8 6 h 6 9,
!15 6 i 6 15,
!17 6 l < 18

Reflections collected 10811 9506 10081 5614 7889
Independent reflections 6286 [Rint = 0.0717] 5375 [Rint = 0.0268] 5422 [Rint = 0.0277] 4000 [Rint = 0.0268] 5335 [Rint = 0.0296]
Completeness to h = 25.00! 99.57% 99.5% 99.2% 99.2% 94.8%
Absorption correction semi-empirical from

equivalents
semi-empirical from
equivalents

semi-empirical from
equivalents

semi-empirical from
equivalents

semi-empirical from
equivalents

Refinement method full-matrix least-squares
on F2

full-matrix least-squares
on F2

full-matrix least-squares
on F2

full-matrix least-
squares on F2

full-matrix least-
squares on F2

Data/
restraints/parameters

6286/0/362 2375/0/330 5422/0/340 4000/1/340 5335/0/349

Goodness-of-fit (GOF) on
F2

1.197 1.063 1.026 1.041 1.046

Final R indices [I > 2r(I)] R1 = 0.0703, wR2 = 0.1706 R1 = 0.0440, wR2 = 0.0895 R1 = 0.0340, wR2 = 0.0630 R1 = 0.0394,
wR2 = 0.0822

R1 = 0.0368,
wR2 = 0.0875

R indices (all data) R1 = 0.0855, wR2 = 0.1772 R1 = 0.0592, wR2 = 0.0968 R1 = 0.0500, wR2 = 0.0683 R1 = 0.0462,
wR2 = 0.0858

R1 = 0.0431,
wR2 = 0.0912

Largest difference in peak
and hole (e Å!3)

0.583 and !0.461 0.520 and !0.543 1.102 and !1.143 0.512 and !0.478 1.828 and !1.071

CCDC No. 1477976 1477977 1477978 1477979 1477980

Structures were refined on F02: wR2 = [R[w(F02 ! Fc2)2]/Rw(F02)2]1/2, where w!1 = [R(F02)+(aP)2 + bP] and P = [max(F02, 0) + 2Fc2]/3.

Fig. 1. ORTEP diagram of complex [Cp*RhCl(L1)Cl]PF6 (1) with 50% probability thermal ellipsoids. Hydrogen atoms and counter ions are omitted for clarity.
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Fig. 2. (a) ORTEP diagram of complex [Cp*RhCl(L2)Cl]PF6 (3) and (b) ORTEP diagram of complex [Cp*IrCl(L2)Cl]PF6 (4) with 50% probability thermal ellipsoids. Hydrogen atoms
and counter ions are omitted for clarity.

Fig. 3. (a) ORTEP diagram of complex [Cp*Rh(L4)Cl]PF6 (7) and (b) ORTEP diagram, of complex [Cp*IrCl(L4)Cl]PF6 (8) with 50% probability thermal ellipsoids. Hydrogen atoms and
counter ions are omitted for clarity.

Fig. 4. Crystal structure of complexes (3) and (4) showing intramolecular hydrogen bonding.
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(1.29); Anal. Calc. for C13H12N4O (240.26): C, 64.99; H, 5.03; N,
23.32. Found: C, 65.12; H, 5.18; N, 23.44%.

2.5.4. (1-(2-hydroxyphenyl)ethylidene)2-pyridylamidrazone (L3)
Color: Yellow crystalline solid; Yield: 95%; IR (KBr, cm!1): 3482

(s), 3339(s), 3056(m), 3003(m), 1615(s), 1562(m), 1507(m), 1300
(m); 1H NMR (400 MHz, CDCl3): d = 13.73 (s, 1H, OH), 8.59 (d,
1H, J = 4.0 Hz, CH(py)), 8.36 (d, 1H, J = 8.0 Hz, CH(py)), 7.79 (t, 1H,
CH(py)), 7.58 (t, 1H, CH(py)), 7.21–7.28 (m, 3H, NH2, CH(Ar)), 6.98
(d, 2H, J = 8.0 Hz, CH(Ar)), 6.89 (t, 1H, CH(Ar)), 2.62 (s, 3H, CH3);
HRMS-APCI (m/z): 255.12 [M+H]+; UV–Vis {Acetonitrile, kmax, nm
(e/10!4 M!1 cm!1)}: 217 (1.21), 303 (0.74), 344 (0.95); Anal. Calc.
for C14H14N4O (254.29): C, 66.13; H, 5.55; N, 22.03. Found: C,
66.25; H, 5.68; N, 22.21%.

2.5.5. (1-phenylethylidene)2-pyridylamidrazone (L4)
Color: Yellow crystalline solid; Yield: 92%; IR (KBr, cm!1): 3450

(s), 3331(s), 3056(m), 3009(m), 1604(s), 1568(m), 1445(m), 1362
(m); 1H NMR (400 MHz, CDCl3): d = 8.58 (d, 1H, J = 4.0 Hz, CH(py)),
8.23 (d, 1H, J = 8.0 Hz, CH(py)), 7.71 (t, 1H, CH(py)), 7.30 (t, 1H,
CH(py)), 7.21–7.28 (m, 3H, NH2, CH(Ar)), 6.93 (m, 3H, CH(Ar)), 6.89
(t, 1H, CH(Ar)), 2.39 (s, 3H, CH3); HRMS-APCI (m/z): 239.13 [M
+H]+; UV–Vis {Acetonitrile, kmax, nm (e/10!4 M!1 cm!1)}: 225
(0.21), 327 (0.29); Anal. Calc. for C14H14N4 (238.29): C, 70.57; H,
5.92; N, 23.51. Found: C, 70.72; H, 6.03; N, 23.62%.

2.6. General procedure for preparation of metal complexes (1–8)

Amixture of metal precursor [Cp*MCl2]2 (M = Rh/Ir) (0.1 mmol),
azine Schiff-base ligands (L1-L4) (0.2 mmol) and 2.5 equivalents of
NH4PF6 in dry methanol (10 ml) was stirred at room temperature
for 8 h (Scheme 3). The solvent was evaporated under reduced
pressure, and the residue was dissolved in dichloromethane and
filtered over celite to remove excess salt. The filtrate was reduced
to 2 ml and diethyl ether was added to induce precipitation. The
yellow colored precipitate, which formed, was filtered and washed
with diethyl ether and dried in vacuum.

2.6.1. [Cp*Rh(L1)Cl]PF6 (1)
Yield: 56 mg (40%); IR (KBr, cm!1): 3460(m), 3237(m), 2926(w),

1630(s), 1595(m), 1296(m), 846(s); 1H NMR (400 MHz, CDCl3):
d = 10.5 (s, 1H, OH), 9.02 (s, 1H, CH(imine)), 8.76 (d, 1H, J = 4.0 Hz,
CH(py)), 8.54 (d, 1H, J = 4.0 Hz, CH(py)), 8.13 (t, 1H, CH(py)), 7.76 (t,

1H, CH(py)), 7.41 (d, 1H, J = 8.0 Hz, CH(Ar)), 7.38 (s, 2H, NH2), 6.53
(d, 1H, J = 8.0 Hz, CH(Ar)), 6.50 (s, 1H, CH(Ar)), 3.81 (s, 3H, OMe),
1.58 (s, 15H, CH(Cp*)); HRMS-APCI (m/z): 507.12 [M!PF6!HCl]+;
UV–Vis {Acetonitrile, kmax, nm (e/10!4 M!1 cm!1)}: 233 (0.98),
277 (0.57), 352 (0.42); Anal. Calc. for C24H29ClF6N4O2PRh
(688.84): C, 41.85; H, 4.24; N, 8.13. Found: C, 41.96; H, 4.16; N,
8.23%.

2.6.2. [Cp*Ir(L1)Cl]PF6 (2)
Yield: 70 mg (45%); IR (KBr, cm!1): 3447(m), 3241(m), 2925(m),

1630(s), 1610(m), 1293(m), 846(s); 1H NMR (400 MHz, CDCl3):
d = 10.4 (s, 1H, OH), 9.02 (s, 1H, CH(imine)), 8.77 (d, 1H, J = 4.0 Hz,
CH(py)), 8.51 (d, 1H, J = 4.0 Hz, CH(py)), 8.17 (t, 1H, CH(py)), 7.78 (t,
1H, CH(py)), 7.42 (d, 1H, J = 8.0 Hz, CH(Ar)), 7.39 (s, 2H, NH2), 6.56
(d, 1H, J = 8.0 Hz, CH(Ar)), 6.54 (s, 1H, CH(Ar)), 3.87 (s, 3H, OMe),
1.62 (s, 15H, CH(Cp*)); HRMS-APCI (m/z): 597.18 [M!PF6!HCl]+;
UV–Vis {Acetonitrile, kmax, nm (e/10!4 M!1 cm!1)}: 266 (0.36),
347 (0.29); Anal. Calc. for C24H29ClF6N4O2PIr (778.14): C, 37.04;
H, 3.76; N, 7.20. Found: C, 37.19; H, 3.89; N, 7.31%.

2.6.3. [Cp*Rh(L2)Cl]PF6 (3)
Yield: 52 mg (39%); IR (KBr, cm!1): 3422(m), 3310(w), 2923(w),

1636(s), 1603(m), 1457(m), 845(s); 1H NMR (400 MHz, CDCl3):
d = 10.1 (s, 1H, OH), 9.11 (s, 1H, CH(imine)), 8.78 (d, 1H, J = 4.0 Hz,
CH(py)), 8.49 (d, 1H, J = 8.0 Hz, CH(py)), 8.14 (t, 2H, CH(py)), 7.78 (t,
1H, CH(Ar)), 7.60 (d, 1H, J = 8.0 Hz, CH(Ar)), 7.38 (s, 2H, NH2), 6.92–
7.01 (m, 2H, CH(Ar)), 1.58 (s, 15H, CH(Cp*)); HRMS-APCI (m/z):
477.12 [M!PF6!HCl]+; UV–Vis {Acetonitrile, kmax, nm
(e/10!4 M!1 cm!1)}: 235 (1.55), 283 (0.79), 348 (1.00); Anal. Calc.
for C23H27ClF6N4OPRh (658.81): C, 41.93; H, 4.13; N, 8.50. Found:
C, 42.08; H, 4.25; N, 8.68%.

2.6.4. [Cp*Ir(L2)Cl]PF6 (4)
Yield: 52 mg (34%); IR (KBr, cm!1): 3479(s), 3329(s), 2924(w),

1642(s), 1618(m), 1602(m), 842(s); 1H NMR (400 MHz, CDCl3):
d = 10.1 (s, 1H, OH), 9.13 (s, 1H, CH(imine)), 8.80 (d, 1H, J = 4.0 Hz,
CH(py)), 8.56 (d, 1H, J = 8.0 Hz, CH(py)), 8.18 (t, 2H, CH(py)), 7.80 (t,
1H, CH(Ar)), 7.64 (d, 1H, J = 8.0 Hz, CH(Ar)), 7.40 (s, 2H, NH2), 6.99–
7.35 (m, 2H, CH(Ar)), 1.63 (s, 15H, CH(Cp*)); HRMS-APCI (m/z):
567.17 [M!PF6!HCl]+; UV–Vis {Acetonitrile, kmax, nm
(e/10!4 M!1 cm!1)}: 291 (0.62), 344 (0.78); Anal. Calc. for
C23H27ClF6N4OPIr (748.12): C, 36.93; H, 3.64; N, 7.49. Found:
C, 37.11; H, 3.83; N, 7.62%.

2.6.5. [(Cp*Rh(L3)Cl]PF6 (5)
Yield: 58 mg (43%); IR (KBr, cm!1): 3452(s), 3318(s), 2924(m),

1648(s), 1600(m), 1566(m), 1489(m), 842(s); 1H NMR (400 MHz,
DMSO-d6): d = 12.5 (s, 1H, OH), 8.96 (d, 1H, J = 4.0 Hz, CH(py)),
8.33–8.38 (m, 3H, CH(py)), 7.91 (t, 1H, CH(Ar)), 7.86 (d, 1H,
J = 8.0 Hz, CH(Ar)), 7.48 (t, 1H, J = 8.0 Hz, CH(Ar)), 7.01–7.06 (m, 3H,
NH2, CH(Ar)), 2.48 (s, 3H, CH3), 1.59 (s, 15H, CH(Cp*)); HRMS-APCI

Scheme 1. Synthesis of 2-pyridylamidrazone.

Scheme 2. Preparation of ligands (L1–L4).
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(m/z): 491.14 [M!PF6!HCl]+; UV–Vis {Acetonitrile, kmax, nm
(e/10!4 M!1 cm!1)}: 229 (0.95), 268 (0.59), 332 (0.32); Anal. Calc.
for C24H29ClF6N4OPRh (672.84): C, 42.84; H, 4.34; N, 8.33. Found:
C, 42.98; H, 4.26; N, 8.48%.

2.6.6. [Cp*Ir(L3)Cl]PF6 (6)
Yield: 65 mg (42%); IR (KBr, cm!1): 3460(m), 3237(m), 2926(w),

1630(s), 1595(m), 1296(m), 846(s), 3456(m), 3369(m), 2925(m),
1649(s), 1618(m), 1598(m), 1306(m), 845(s); 1H NMR (400 MHz,
DMSO-d6): d = 12.3 (s, 1H, OH), 8.94 (d, 1H, J = 4.0 Hz, CH(py)),
8.44 (d, 1H, J = 4.0 Hz, CH(py)), 8.35 (t, 2H, CH(py)), 7.90 (t, 1H,
CH(Ar)), 7.86 (d, 1H, J = 8.0 Hz, CH(Ar)), 7.48 (t, 1H, CH(Ar)), 7.01–
7.06 (m, 3H, NH2, CH(Ar)), 2.46 (s, 3H, CH3), 1.58 (s, 15H, CH(Cp*));
HRMS-APCI (m/z): 581.19 [M!PF6!HCl]+; UV–Vis {Acetonitrile,
kmax, nm (e/10!4 M!1 cm!1)}: 209 (1.27), 263 (0.66), 330 (0.36);
Anal. Calc. for C24H29ClF6N4OPIr (762.15): C, 37.82; H, 3.84; N,
7.35. Found: C, 37.96; H, 3.96; N, 7.44%.

2.6.7. [(Cp*Rh(L4)Cl]PF6 (7)
Yield: 54 mg (41%); IR (KBr, cm!1): 3441(s), 3137(m), 2961(w),

1640 (s), 1593(m), 1464(m), 841(s); 1H NMR (400 MHz, DMSO-d6):
d = 8.96 (d, 1H, J = 4.0 Hz, CH(py)), 8.33–8.37 (m, 2H, CH(py)), 7.88 (t,
1H, CH(py)), 7.81 (d, 1H, J = 8.0 Hz, CH(Ar)), 7.46 (t, 1H, CH(Ar)), 7.23–
7.28 (m, 2H, CH(Ar)), 6.97–7.02 (m, 3H, NH2, CH(Ar)), 2.47 (s, 3H,
CH3), 1.59 (s, 15H, CH(Cp*)); HRMS-APCI (m/z): 511.12 [M-PF6]+;
UV–Vis {Acetonitrile, kmax, nm (e/10!4 M!1 cm!1)}: 229 (1.37),
265 (0.37), 400 (0.22); Anal. Calc. for C24H29ClF6N4PRh (656.84):
C, 43.89; H, 4.45; N, 8.53. Found: C, 44.02; H, 4.39; N, 8.61%.

2.6.8. [Cp*Ir(L4)Cl]PF6 (8)
Yield: 65 mg (43%); IR (KBr, cm!1): 3458(s), 3383(s), 2922(m),

1643(s), 1603(m), 1567(m), 1447(m), 844(s); 1H NMR (400 MHz,
DMSO-d6): d = 8.97 (d, 1H, J = 4.0 Hz, CH(py)), 8.31–8.34 (m, 2H,
CH(py)), 7.85 (t, 1H, CH(py)), 7.79 (d, 1H, J = 8.0 Hz, CH(Ar)), 7.44 (t,
1H, CH(Ar)), 7.19–7.23 (m, 2H, CH(Ar)), 6.99–7.03 (m, 3H, NH2,
CH(Ar)), 2.46 (s, 3H, CH3), 1.59 (s, 15H, CH(Cp*)); HRMS-APCI
(m/z): 601.17 [M-PF6]+; UV–Vis {Acetonitrile, kmax, nm
(e/10!4 M!1 cm!1)}: 256 (0.53), 361 (0.20); Anal. Calc. for
C24H29ClF6N4PIr (746.15): C, 38.63; H, 3.92; N, 7.51. Found:
C, 38.74; H, 4.03; N, 7.63%.

3. Results and discussion

3.1. Synthesis of ligands and complexes

The azine Schiff-base ligands (L1–L4) were prepared by the
reaction of 2-pyridylamidrazone and the respective aldehyde or

ketone in absolute ethanol medium. The complexes (1–8) were
synthesized by the reaction of Rh/Ir metal precursors with the
azine Schiff-base ligands. The cationic complexes were isolated
with PF6 counter ion. All these metal complexes were obtained in
good yields and are yellow in color. They are stable in air as well
as in solid state, and are non-hygroscopic. These complexes are sol-
uble in common organic solvents such as dichloromethane, ace-
tonitrile and acetone but insoluble in diethyl ether and hexane.
All the synthesized ligands and complexes were fully characterized
by spectroscopic techniques.

3.2. Spectroscopic characterization of ligands

The infrared spectra of the free ligand shows characteristic
stretching frequencies for NH2, OH, C@N and C@C groups. The
NH2 and OH stretching frequencies for the azine ligand appeared
in the range of 3300–3500 cm!1. The C@C and C@N stretching fre-
quencies were observed in the range of 1550–1626 cm!1. The pro-
ton NMR spectra of the ligands displayed signals in the range of
7.30–8.57 ppm assignable to the protons of the pyridine ring. The
imine protons for L1 and L2 are located at 8.60 and 8.59 ppm
respectively. The methoxy proton signal was observed as a singlet
for L1 at 3.80 ppm. The methyl protons of L3 and L4 were observed
as a singlet at 2.62 and 2.39 ppm respectively. The hydroxyl proton
resonance for the ligands appeared in the range of 11.5–11.9 ppm.
The aromatic protons of the ligand appeared as doublet, triplet and
multiplet in the range of 6.21–7.29 ppm. The [M+H]+ molecular ion
peak for the ligands are shown in the experimental section which
are found to be in good agreement with the expected range. The
electronic spectra of the free ligands are shown in (Fig. S1). The
electronic spectra of the free ligands show absorption bands in
the range of 210–360 nm. The band in the range of 210–250 nm
can be assigned as p–p⁄ and n–p⁄ transition. The band around
300–370 nm is due to the intermolecular charge transfer transition
within the whole molecule [41].

3.3. Spectroscopic characterization of complexes

The IR spectra of the complexes show sharp bands around
842–846 cm!1 due to the P-F stretching frequency of the counter
ion [42]. The OH and NH2 stretching vibrations in the complexes
were found around 3300–3500 cm!1. The retaining of the OH
and NH2 stretching frequencies indicates that they are not involved
in bonding to the metal center. The strong absorption band for mC@N

around 1630–1650 cm!1 at higher wave numbers as compared to
the free ligand around 1615–1626 cm!1 suggest that the coordina-
tion to the metal occurs through the imine and pyridine nitrogen.

Scheme 3. Preparation of metal complexes (1–8).
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The proton NMR spectra of the metal complexes show that the
ligand resonance signals are shifted downfield as compared to that
of the free ligand. These signals are shifted downfield because of
the ligand coordination to the metal atom. The imine proton signal
was observed in the range of 9.0–9.13 ppm for complexes (1–4).
The hydroxyl proton resonance for the complexes appeared in
the range of 10.1–12.5 ppm respectively. The appearance of the
hydroxyl proton signal indicates that the hydroxyl group is not
involved in bonding to the metal atom. The pyridine ring protons
also showed downfield signals comprising of doublet and triplet
in the range of 7.75–8.96 ppm. The NH2 protons were observed
as a singlet for complexes (1–4) in the range of 7.35–7.37 ppm
respectively. The methoxy proton resonance for complexes (1
and 2) appeared as a singlet at 3.81 and 3.83 ppm. The aromatic
proton signals for complexes appeared in the range of 6.50–
7.86 ppm as doublet, triplet and multiplet. The methyl proton
signal for complexes (5–8) appeared as a singlet around
2.46–2.48 ppm respectively. In addition to the signals for the
ligand protons, a sharp singlet was observed for all the complexes
between 1.58 and 1.63 ppm respectively corresponding to the
methyl protons of the Cp⁄ ring. In the mass spectra of the com-
plexes (1–6) the peaks at m/z: 507.12, m/z: 597.18, m/z: 477.12,
m/z: 567.17, m/z: 491.13 and m/z: 581.20 can be assigned as
[M!PF6!HCl]+ ion peaks respectively. Whereas, the mass spectra
of the complex 7 and 8 displayed molecular ion peaks at m/z:
511.12 and 601.17 which corresponds to the [M-PF6]+ ion.

The electronic spectra of the complexes were recorded in ace-
tonitrile at 10!4 M concentration at room temperature and the plot
is shown in (Fig. S2). The electronic spectra of complexes display
two absorption band in the higher energy region around 210–
330 nm. The bands in the higher energy UV region can be assigned
as ligand centered or intra ligand p–p⁄ and n–p⁄ transition. The Rh
(III) and Ir(III) complexes provides filled dp (t2g) orbitals which can
interact with low lying p⁄ orbitals (C@N) of the ligand. The band in
the lower energy region around 345–405 nm can be assigned as Rh
(dp) or Ir (dp) to p⁄ ligand metal to ligand charge transfer (MLCT)
transition [43].

3.4. Molecular structures of complexes

The molecular structures of some of the respective complexes
have been elucidated by single crystal X-ray analysis. Suitable sin-
gle crystals were attached to a glass fiber and transferred into the
Oxford Diffraction Xcalibur Eos Gemini diffractometer. The crystal-
lographic details and structure refinement details are summarized
in Table 1. The geometrical parameters around the metal atom
involving ring centroid are listed in Table S1. In all these complexes
the ligand is coordinated to the metal atom in a similar manner
with N\N binding mode. Complex (1) and (8) crystallized in tri-
clinic system with space group P1. Complex (8) crystallized with
one PF6 and one chloride counter ion. Complex (3) and (4) crystal-
lized in monoclinic system with space group P21/c whereas com-
plex (7) crystallized in monoclinic system with space group P21.

All these complexes display a typical three-legged piano stool
geometry around the metal center with coordination sites occu-
pied by one chloride group, two r bonded nitrogen atoms from
chelating azine ligand and the pentamethylcyclopentadienyl
(Cp⁄) ring in g5 manner. The metal atom in all these complexes is
situated in a pseudo-octahedral arrangement with the azine ligand
coordinating through the pyridine and azine nitrogen atoms form-
ing a five membered metallocycle. In complexes (1), (3), (4) and (7)
the M-N bond length {2.088(5), 2.099(3), 2.098(4) and 2.102(4) Å}
from pyridine is comparatively shorter than the azine nitrogen-
metal distances {2.135(5), 2.116(3), 2.105(4) and 2.159(4) Å},
which are similar to those, reported with similar complexes
[24,44]. However in complex (8) the metal-nitrogen distance from

pyridine {2.102(5) Å} is comparatively larger than azine nitrogen-
metal distance, which is {2.096(5) Å}. The C@N bond length of
the coordinated nitrogen in complex (1), (3), (4) and (8) is longer
than that of the uncoordinated C@N (Table S1) which could be
due to the back bonding of electron from metal (dp) to p⁄ orbital
of the ligand. But in complex (7), a reverse pattern has been
observed where the C@N bond length of the coordinated nitrogen
{1.346(7) Å} is shorter than uncoordinated C@N {1.358(7) Å} bond.
The average M-C distances are {2.159 (1), 2.1534 (3), 2.1616 (4),
2.1528 (7) and 2.1726 (8) Å} while the distance between the metal
to Cp⁄ centroid ring is in the range of 1.758–1.793 Å respectively.
The MACl bond lengths {2.3976(15) (1), 2.4172(9) (3), 2.4190
(12) (4), 2.4242(16) (7) and 2.4220(17) (8) shows no significant dif-
ferences and is comparable to previously reported values (Table 1)
[45–48]. The bite angle N(1)-Rh(1)-N(2) values are 75.10(19) (1),
75.09(11) (3), and 75.44(17) (7) whereas in complex (4) and (8)
the bite angle values are N(1)-Ir(1)-N(2) values are 74.99(14) (4)
and 75.26(18) respectively which probably indicates an inward
bending of the coordinated pyridyl and azine group [49]. The bond
angles N(1)-M-Cl(1) and N(2)-M-Cl(1) in complexes are compara-
ble to the piano stool arrangement about the metal atom and is
comparable to reported values for closely related systems
[50–52]. Further the crystal packing in complex (1) is stabilized
by weak intermolecular hydrogen bonding CAH" " "O (2.702 Å)
between the hydrogen atom from methoxy group and oxygen
atom of the hydroxyl group and CAH" " "Cl (2.793 Å) interaction
between CH3 group of Cp⁄ and chloride atom (Fig. S3). These inter-
actions play a significant role in the formation of supramolecular
motifs.

On the other hand in the crystal structure of complex (3) and (4)
two types of intramolecular hydrogen bonding has been observed;
the first one between the uncoordinated nitrogen atom of the azine
linkage with the hydrogen atom of the hydroxyl group OAH" " "N

Table 2
Selected hydrogen bonding distances (Å) and angles (!) of complexes 3 and 4.

Complexes DAH" " "A H" " "A
(Å)

D" " "A
(Å)

D" " "H
(Å)

\D–H" " "A
(!)

3 O(1)AH(1A)" " "N
(4)

1.916 2.638 0.820 146.39

N(3)AH(3A)" " "N
(4)

2.323 2.624 0.860 100.76

4 O(1)AH(1A)" " "N
(4)

1.908 2.634 0.820 146.90

N(3)AH(3A)" " "N
(4)

2.328 2.629 0.860 100.78

Fig. 5. Response of HT-29 (human colorectal cancer) to compounds (1–8) and
cisplatin. Cell were exposed to compounds (1–8) for 96 h. Each value represents the
mean ± standard deviation from three independent experiments.
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(1.916 and 1.908 Å) and the second between the hydrogen atom
from NH2 and uncoordinated azine nitrogen atom NAH! ! !N
(2.323 and 2.328 Å) (Fig. 4). The selected hydrogen bonding dis-
tances and angles for complex (3) and (4) are given in (Table 2).
Also the crystal packing in complex (3) and (4) is further stabilized
by two different CAH! ! !Cl interaction between the Cl atom
attached to metal M (where M = Rh/Ir) with hydrogen atom of pyr-
idine ring and NH2 (Fig. S4). Complex (7) shows CAH! ! !p (2.832
and 2.937 Å) interactions between the methyl hydrogen atom
and Cp⁄ moiety and between pyridine ring and hydrogen atom of

Cp⁄ group respectively (Fig. S5). Interestingly the crystal packing
in complex (8) leads to a dimeric unit via intermolecular C–H! ! !Cl
interaction between the chloride counter ion and hydrogen atom
from pyridine ring, NH2 and Cp⁄ group (Fig. S6).

3.5. Chemosensitivity studies

The complexes (1–8) were tested for their cytotoxicity against
cancer cell line HT-29 (human colorectal cancer), and non-cancer
cell line ARPE-19 (human retinal epithelial cells). The response of
the cell lines HT-29 to the test complexes and cisplatin (1–8) is
presented in graphical form in Fig. 5 and in tabular form in Table 3.
All the complexes tested were found to be active against HT-29
cancer cell line (IC50 <30 lM). Complex (5) was the most potent
among all the complexes with (IC50 value of 96.93 ± 5.31 lM).
However all the complexes were less potent than cisplatin (IC50

value of 0.25 ± 0.11 lM against HT-29). The selectivity index (SI)
defined as the ratio of IC50 values in ARPE19 cells divided by the
IC50 value of cancer cell line demonstrates that all the complexes
are effective against cancer cell with SI values ranging from 1.01
to 2.11 (Table S2). Moreover although complex (5) showed more
selectivity than other complexes for HT-29 cancer cell, however
its selectivity was significantly lower than cisplatin where SI value
is 25.64 (Fig. 6).

3.6. Optimized geometry

The comparison of the geometric parameters (selected bond
lengths and bond angles) of the optimized structures and the crys-
tal structures of the complexes (1, 3, 4, 7 and 8) are listed in
Table S3. All the metal complexes are found to be closed shell
structures. The calculated bond lengths and the bond angles of
the complexes are in good agreement with the experimental data
indicating the reliability of the theoretical method (B3LYP/6-
31G⁄⁄/LanL2DZ) used in the present study. It should be noted that
for complexes (3, 4, 7 and 8), the M(1)-N(2) (where M = Rh/Ir) bond
length is slightly longer than the M(1)-N(1) bond length whereas
for complex (1), a reverse pattern has been observed (Table S3).

3.7. Charge distribution

The charges on the individual atoms for the metal complexes
obtained from NBO analysis are listed in Table S4. The charges on
the Rh atom in the complexes (1), (3), (5) and (7) are 0.136,
0.200, 0.216 and 0.214 e whereas the charges on Ir for complexes
(2), (4), (6) and (8) are 0.186, 0.252, 0.268 and 0.214 e respectively.

Table 3
Response of HT-29 (human colorectal cancer) to complexes (1–8) and cisplatin. Each
value represents the mean ± standard deviation from three independent experiments.

Complexes IC50 (lM)

HT-29 ARPE-19

1 56.95 ± 11.76 85.31 ± 14.86
2 89.42 ± 18.33 93.45 ± 11.34
3 82.32 ± 15.55 83.03 ± 14.76
4 96.93 ± 5.31 >100
5 46.17 ± 12.78 97.39 ± 4.53
6 83.74 ± 28.17 >100
7 93.16 ± 11.84 >100
8 88.09 ± 20.63 >100
Cisplatin 0.25 ± 0.11 6.41 ± 0.95

Fig. 6. Graph showing selectivity index of complex 5 and cisplatin against HT-29
cancer cell line. The selectivity index is defined as the IC50 of ARPE19 cell divided by
the IC50 of tumor cell line.

Fig. 7. HOMO, LUMO energies and their energy gap of complexes (1–8).
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These NBO charges on Rh and Ir are comparatively lower than their
formal charge of +3 which suggests that the ligand transfers their

negative charge to the respective rhodium and iridium metal on
complex formation. In metal complexes (1–8), the charge on Cl

Table 4
The energy gap, theoretical and experimental absorption bands, electronic transitions and dominant excitation character for various singlet states of the complexes (1–8)
calculated with TD-DFT method.

The most important orbital excitations Calculated k (nm) Energy gap E (eV) Oscillator strength (f) Dominant excitation character Experimental k (nm)

Complex (1)
H? L 417.16 3.20 0.2051 L1? L1(ILCT)
H-2? L 359.64 3.53 0.0542 Cl? L1(LLCT) 352.21
H? L + 2 355.41 4.03 0.0120 L1? L1(ILCT)
H-4? L + 2 338.40 4.89 0.0139 L1? L1(ILCT)
H-1? L + 4 278.91 4.73 0.0248 L1? L1(ILCT) 276.0
H-6? L 282.81 4.54 0.0073 L1? L1(ILCT)
H-6? L + 2 275.41 5.37 0.0050 L1? L1(ILCT)
H-11? L 235.62 5.08 0.0216 Rh? L1(MLCT) 233.3
H-5? L + 4 233.62 5.74 0.0480 Cl? L1(LLCT)
H-6? L + 3 232.46 5.46 0.0105 L1? L1(ILCT)

Complex (2)
H? L 462.76 2.98 0.0644 Ir? L1(MLCT)
H? L + 3 358.38 4.64 0.0191 Ir? Cp⁄(MLCT) 347.0
H-4? L 340.55 4.01 0.0075 L1? L1(ILCT)
H-5? L + 1 273.73 5.11 0.0470 Cp⁄ ? L1(LLCT) 266.0
H-2? L + 4 266.79 5.33 0.1540 L1? Ir(LMCT)

Complex (3)
H? L 532.04 3.63 0.0087 L2? Rh(LMCT)
H-2? L + 1 348.95 4.11 0.0369 L2? L2(ILCT) 344.10
H? L + 2 345.72 3.84 0.0128 L2? Rh(LMCT)
H-1? L + 2 344.68 4.10 0.0089 Cl + L2? Rh(LMCT)
H-3? L 336.07 4.24 0.0047 Cl? Rh(LMCT)
H? L + 4 289.42 4.85 0.0063 L2? L2(ILCT) 286.1
H-6? L 285.32 5.14 0.0163 Cl + L2? Rh(LMCT)
H-5? L + 1 282.59 4.98 0.0391 L2? L2(ILCT)
H-4? L + 4 237.16 5.74 0.0422 L2? L2(ILCT) 234.30
H-5? L + 3 234.58 5.74 0.0161 L2? L2(ILCT)

Complex (4)
H? L 444.09 3.46 0.0355 L2? L2(ILCT)
H-2? L 362.56 3.91 0.0077 L2? L2(ILCT) 346.1
H-1? L + 1 332.29 3.80 0.0076 Rh + L2? L2(MLCT/ILCT)
H? L + 3 329.46 4.48 0.0468 L2? L2(ILCT)
H-4? L 324.35 4.53 0.0265 Cl + Cp⁄ ? L2(LLCT)
H-4? L + 2 294.35 5.47 0.0164 Cl + Cp⁄ ? L2(LLCT) 292.21
H-1? L + 2 288.71 4.74 0.0048 Rh + L2? Rh + L2
H-8? L + 3 212.19 6.47 0.0387 L2? L2(ILCT) 210.9
H-6? L + 4 210.71 6.56 0.0399 Cl? L2(LLCT)
H-2? L + 5 210.22 6.26 0.0669 L2? L2(ILCT)

Complex (5)
H? L 519.01 3.61 0.0076 L3? Rh(LMCT)
H-2? L + 2 338.46 4.30 0.0120 Cl? L3(LLCT) 332.0
H-4? L + 1 326.16 4.56 0.0052 L3? Rh(LMCT)
H-1? L + 4 271.36 5.01 0.265 L3? L3(ILCT) 268.0
H-2? L + 4 267.30 5.21 0.0177 Cl? L3(LLCT)
H-5? L + 4 232.84 5.83 0.0498 L3? L3(LLCT) 229.0
H-10? L + 2 229.44 6.14 0.0127 Rh + L3? L3(MLCT/ILCT)

Complex (6)
H? L 441.76 3.60 0.0160 L3? L3(ILCT)
H-2? L + 1 334.33 4.45 0.0109 Ir? L3(MLCT) 330.0
H-1? L + 1 328.24 4.33 0.1160 L3? L3(ILCT)
H-7? L 268.58 5.42 0.0159 Ir? L3(MLCT) 256.0
H-6? L 264.64 5.25 0.0304 Cl? L3(LLCT)
H-1? L + 4 260.56 5.17 0.0350 L3? L3(ILCT)

Complex (7)
H? L 518.07 3.68 0.0071 L4? Rh(LMCT)
H-1? L 448.90 4.05 0.0132 Cl? Rh(LMCT) 400.0
H-1? L + 1 397.25 4.09 0.0148 Cl? Rh(LMCT)
H-1? L + 4 269.94 5.23 0.0297 Cl? L4(LLCT) 265.0
H-2? L + 3 262.52 5.20 0.0465 Cl? L4(LLCT)
H? L + 5 231.04 5.66 0.0547 L4? L4(ILCT) 229.0

Complex (8)
H? L 439.65 3.59 0.0196 Ir? L4(MLCT)
H-1? L + 2 371.55 4.79 0.0381 Ir? L4(MLCT) 361.0
H-1? L 358.22 4.0 0.0349 Ir? L4(MLCT)
H-2? L + 3 257.57 5.29 0.0359 Cl? Cp⁄(LLCT) 256.0
H-4? L + 3 255.65 5.61 0.0142 L4? Cp⁄(LLCT)
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ranges between !0.439 e (Complex-1) and !0.394 e (Complex-4).
In isolated ligands, the charge on N(1) ranges between !0.416
and !0.417 e whereas for N(2) it ranges between !0.324 e and
!0.348 e. It should be noted that for isolated ligands as well as
for complexes (1–8), the negative charges on N(1) (!0.385,
!0.381, !0.372, !0.373, !0.369, !0.398, !0.368 and !0.373 e)
are slightly higher than the charges on N(2) (!0.258, !0.253,
!0.284, !0.283, !0.305, !0.297, !0.311 and !0.305 e). On com-
plex formation, the negative charge on the N(1) and N(2) reduces
slightly giving an indication of the charge transfer on Rh and Ir
in metal complexes. The population of the 4d (4dxy, 4dxz, 4dyz,
4dx2!y2 and 4dz

2) orbital of Rh complexes and 5d orbital of Ir com-
plexes are shown in Table S5. The orbital occupations of each orbi-
tal (ndxy, ndxz, ndyz, ndx2!y2 and ndz

2) for all the complexes are
comparatively higher in rhodium complexes than iridium com-
plexes. In free Rh(III) and Ir(III) state, the population of ndxy, ndxz

and ndyz are 2.0, 2.0 and 2.0 e and the other two orbitals remain
vacant. But on complex formation, the population on ndxy, ndxz

and ndyz orbital gets reduced whereas the ndx2!y2 and ndz
2 orbitals

gain some population as indicated in Table S5. For most of the
complexes, the population of 4d and 5d orbital containing the
same ligand follow similar pattern of filling, except for the com-
plexes containing ligand L1 where the ndxz orbital population is
slightly lower and ndx2!y2 is higher as compared to the other
complexes.

3.8. Frontier molecular orbitals and absorption spectra

The molecular orbital representation of the complexes along
with their HOMO, LUMO energies and HOMO–LUMO energy gaps
are shown in Fig. 7. The HOMO–LUMO energy gap can be used as
an important parameter in analyzing the chemical reactivity and
kinetic stability of a molecule. This energy gap is also related to
the hardness/softness of a chemical species [53]. The lower
HOMO–LUMO energy gap is a suitable condition where a molecule
can be excited easily and thereby increasing its reactivity and
decreasing its kinetic stability whereas higher energy gap can lead
to more kinetic stability but less reactivity. The HOMO–LUMO
energy gaps for all the complexes (1–8) are found to be 3.20,
2.98, 3.63, 3.46, 3.61, 3.60, 3.68 and 3.59 eV respectively. The gap
is slightly lower for the iridium complexes as compared to rho-
dium complexes containing the same ligand indicating the reactiv-
ity of Ir complexes over the complexes containing Rh metal. The %
contribution of molecular orbital analysis as shown in Table S6,
predicts that the most percentage of HOMO is located on the ligand
itself except for complex (2) and (8) where as it is mostly present
on the Ir metal. On the other hand, LUMO is located on the ligand
for complexes (1) (about 97%), (2) (91%), (4) (89%), (6) (92%) and (8)
(69%) whereas for complexes (3) (40%), (5) (35%) and (7) (38%), it is
located on the Rh metal.

The electronic absorption spectra were calculated using the
TD-DFT method in acetonitrile solvent employing PCM model.
The calculated and the experimental absorption data, HOMO–
LUMO energy gaps, and the character of electronic transitions are
listed in Table 4. The H? L transitions for complexes (1), (4) and
(6) occurring at 417, 444 and 441 nm corresponds to ILCT charac-
ter, for complexes (2) and (8) at 463 and 440 nm corresponds to
MLCT character whereas for complexes (3), (5) and (7) at 532,
519 and 518 nm corresponds to LMCT character. These MLCT
character can be assigned for dp(M)? p⁄(L) transitions whereas
the ILCT character are for p? p⁄ transitions. It should be noted
that all LMCT transitions are occurring at higher wavelength
regions (i.e. >500 nm). In good agreement with the experimental
data, the TD-DFT calculations shows few MLCT transitions at
358 nm complex (2), 332 nm, complex (4), 334 nm complex (6)

and 372, 358 nm complex (8). However, in the range between
340 and 400 nm, few LMCT, ILCT and LLCT transitions have also
been observed (Table 4).

4. Conclusion

In summary, we have synthesized four new azine Schiff-base
ligands and its rhodium and iridium half-sandwich complexes.
All these complexes and ligands were full characterized by various
spectroscopic techniques. The ligands under study preferably bind
to the metal in a bidentate N\N fashion using pyridine and one
azine nitrogen atom. Our attempt to synthesize dinuclear rhodium
and iridium complexes with NN0 and NO bonding was however
unsuccessful irrespective of molar ratio of metal to ligand where
as in the presence of base, it leads to decomposition of the reaction.
These complexes possess some important intramolecular and
intermolecular hydrogen bonding and also possess some weak
non-covalent interactions, particularly CAH" " "Cl and CAH" " "p
interactions. Chemosensitivity activity of the complexes against
HT-29 cancer cell demonstrates that the complexes are active
however complex (5) was found to be the most potent among all
other complexes. Theoretical studies reveal that the HOMO–LUMO
energy gap is lower for iridium complexes indicating better reac-
tivity over the rhodium complexes. The charge distribution analy-
sis (using NBO analysis) of these complexes predicts how the
charges on nitrogen atom (which are coordinating to the metal)
are delocalized on complex formation. Especially, the NBO charges,
on rhodium and iridium confirm that the ligands transfer their
negative charge to the respective metal on complex formation.
TD-DFT calculations were carried out in order to evaluate the elec-
tronic transitions occurring in the metal complexes, which are in
good agreement with the experimental results.
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Synthesis, Structural and Biological Studies of Some
Half-Sandwich d6-Metal Complexes with Pyrimidine-Based
Ligands
Basava Punna Rao Aradhyula,[a] Mahesh Kalidasan,[a] Krishnakant Gangele,[b] Debojit K. Deb,[a]

Samanta L. Shepherd,[c] Roger M. Phillips,[c] Krishna Mohan Poluri,[b] and
Mohan Rao Kollipara*[a]

The reaction of metal precursors {[Cp*MCl2]2 (M = Rh, Ir)} with 2-
aminopyrimidine (L1) gave binuclear complexes as [(Cp*MCl2)2

(m-L1)], where L1 acted as a bridging ligand. While 2-
mercaptopyrimidine (L2) with [Cp*MCl2]2 {M = Rh(III), Ir(III)}
formed mononuclear di substituted complexes as [Cp*M(L2)2],
where L2 acted as a chelating as well as a monodentate ligand.
The reaction of [CpRu(PPh3)2Cl] with 2-mercaptopyrimidine (L2)
led to the formation of mononuclear complex as general
formula [CpRu(PPh3)(L2)] in presence of a base. 2-Mercaptopyr-
imidine ligand resulted complexes with strained four-mem-

bered metallacycle while 2-aminopyrimidine yielded bridged
complexes. HOMO-LUMO energy gaps and UV-Visible bands
were additionally rationalised by the DFT studies. The binding
ability of the complexes to the CT-DNA was confirmed using
UV-Visible and fluorescence spectroscopy. In vitro antibacterial
activity of the complexes was evaluated against human
pathogenic bacteria. Cytotoxicity of the complexes was exam-
ined by the MTT assay over three cancerous and one non-
cancer cell lines viz., BE, HT-29, MIA!Pa-Ca2 and ARPE-19.

1. Introduction

Study of pyrimidine and its derivatives has been drawn
attention in the last decade due to their interesting coordina-
tion modes, biological activities and applications in therapeutic
field.[1] The pyrimidine analogues, as the most well-known type
of the ligands pyrimidine-XH (X = NH and S) bind to metal
either in monodentate or bidentate bridging and chelating
modes.[2] For instance, Bernhard Lippert et al. reported that the
reaction of trans [a2PtCl2] with 2-hydroxypyrimidine (Hpymo) to
form monodentate compound trans [a2Pt(Hpymo-N1)2]X2, {a =
NH3, X = NO3; a = CH3NH2, X = NO3; a = CH3NH2, X = ClO4} where
platinum binds through N1 donor atom of the pyrimidine ring.
In the case of [(en)M(H2O)2](NO3)2 {en = ethylenediamine, M =
Pd(II), Pt(II)} complex with 2-hydroxypyrimidine results in self-

assembly of forming cyclic complexes of type [(en)M(pymo-N1,
N3)]4(NO3)4, which are structurally analogous to calix [4]
arenes.[3] The complexes of CpRu with heterocyclic thiolates/
thiones ligands yielded monodentate complexes, where the
ligands coordinated to the metal through sulfur.[4] It is found
that the reaction between [Cp*IrCl2]2 and 2,1,3-benzothiadia-
zole gives binuclear complex [(Cp*IrCl2)2(m-L)] in which L acts as
a bridging ligand connecting two iridium centres.[5] For
comparison, [(HMB)RuCl2]2 (HMB = hexamethylbenzene) with
the analogous 2-pyridinethiol and 2-quinolinethiol does not
lead to a cationic pyridinium thiolato complexes, but the
neutral complexes are observed [(HMB)Ru(h2-L)(h1-L)].[1a]

Platinum induced inhibition of cell division in E. coli
bacterium resulted in a tremendous applicability of metal
based complexes in the field of bioinorganic chemistry.[6]

Cisplatin, one of the platinum based compound showed
antitumor properties on testicular and ovarian cancers, which
paved the way for metal based drugs.[7] Due to the side effects
of cisplatin or oxaliplatin there is a quest for identifying lower
toxic metal-based complexes. Recently, complexes of d6 metals
have spawned great interest with a different mechanism of
action in comparison to the platinum drugs where these metals
could target biomolecule such as DNA, protein and enzyme.[8]

Two of the ruthenium(III) compounds, namely NAMI!A and
KP1019 are in phase II clinical trials with their anti-metastatic
activity. In particular, half-sandwich organometallic compounds
of these metals with various ligands are very interesting and
have been widely studied.[5, 9] Among these RM 175 and
RAPTA!C compounds are exhibiting anti-metastatic activity.[10]

Recently, it was observed that RM 175 is in head to head
orientation of guanine bases, which is entirely different from
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the platinum guanine adduct.[11] Sadler et al. reported that the
half-sandwich iridium(III) complexes can bind to nucleobases of
DNA as monodentate and could stop the replication of DNA
polymerization and in a few cases it is also observed that
inhibition of tumour growth by thioredoxin reductase (Trx-R).[12]

Compared to neutral nitrogen donor ligands, negatively
charged chelating donors can enhance the antiproliferative
activity of the metal complexes.[13]

As discussed above the metal complexes are extensively
tested for their anticancer activity. Recent studies on these
complexes depicted that they also do possess antibacterial
activity, thus making them amenable as double edged swords
with dual functionalities. However, studies elucidating both the
antibacterial and anticancer activities of the same compounds,
particularly from group 8 and 9 metals are very limited.[14]

Recently, an iridium(III) complex has been reported with a
selective inhibition of S. aureus bacterium as well as potential
cytotoxicity against ovarian, cervical and melanoma cells.[15]

Photoactivable ruthenium(II) complex cis-[Ru(bpy)2(INH)2]2 +

with isoniazid was reported as 5.5 times potent towards gram-
negative M. smegmatis bacterium in comparison with isoniazid.
Moreover, this complex is highly selective for killing mycobac-
teria.[14c] Another ruthenium(II) complex with picolinylhydrazone
was reported with antibacterial activity with a zone of
inhibition around 35 mm on eight bacterial species as well as
with high antitumor activity on Dalton’s lymphoma (DL) cells
versus normal PBMC cells.[16] We have been working for last few
years on synthesis of Cp*Rh(III)/ Cp*Ir(III) complexes with
various nitrogen donor ligands and their structural and bio-
logical studies.[16–17] According to our knowledge, there is no
report available in literature with these metal complexes of
pyrimidine ligands (Figure 1). Thus, we would like to report

here syntheses, structural studies and biological assays of newly
synthesized compounds. The structural studies of the com-
plexes are also rationalised by DFT studies.

2. Results and discussion

2.1. Synthesis of the complexes

The reaction of [Cp*MCl2]2 with 2-aminopyrimidine (L1) leads to
the formation of binuclear complexes [(Cp*MCl2)2(m-L1)] {where,

Rh (1), Ir (2), L1 acts as a bridging ligand} (Scheme 1) but these
dimers with 2-mercaptopyrimidine (L2) form mononuclear

disubstituted complexes [Cp*M(L2)2] {where, Rh (3), Ir (4), L2
acts as a chelating as well as monodentate ligand} (Scheme 1).
In similar condition, the reaction of [CpRu(PPh3)2Cl] with 2-
mercaptopyrimidine ligand (L2) leads to the formation of
chelating mononuclear complexes as general formula [CpRu
(PPh3)(L2)] (5) (Scheme 2). The effect of the base {triethylamine

or potassium hydroxide} has been found in complexes 3–5,
which permits the reaction to 4–5 h whereas without base
reactions have yielded the same product with overnight
stirring. Complexes 1–4 are isolated in good yield and purified
by recrystallization method using acetone as a solvent. All
these complexes are yellow-orange crystalline solids, resulting
as non-hygroscopic, air-stable. They are highly soluble in
acetone, acetonitrile and DMSO but they are insoluble in
nonpolar solvents and diethyl ether. All these complexes are
fully characterised by spectral as well as a single crystal by X-
ray analysis.

Figure 1. Ligands used in the present study.

Scheme 1. Preparation of metal complexes 1 to 4.

Scheme 2. Preparation of Cp ruthenium complex 5.
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2.2. Spectral studies of the complexes

The IR spectra of all complexes show sharp bands in range
1600 and 1450 cm!1, which are corresponding to the stretching
frequencies of C=N and C=C bonds, respectively. The com-
plexes 3–5 display sharp band around 625 cm!1 is assigned for
C–S stretching mode. Upon coordination, the C=N bond
stretching frequency of metal complexes shifts to higher values
due to ligand coordination to the metal.

1H NMR spectrum of free ligand L1 exhibited two-resonance
signals for protons of the pyrimidine ring at 6.62(d) and 6.53(t)
ppm and one broad signal for amine protons of the pyrimidine
ring at 4 ppm. The ligand L2 displays doublet and triplet at
8.73 and 7.3 ppm and a singlet at 6.7 ppm for pyrimidine ring
proton respectively. Upon coordination with the metal atom,
complexes 1 and 2 have indicated three signals in the range
around 8.29 to 5.27 ppm similar to free ligand (Figure S1 and
S2) and complexes 3 and 4 have exhibited four signals in the
range around 8.57 to 6.64 ppm (Figure S3 and S4) compared to
the free ligand but the coordination of ligand towards the
metal is different from L1. Out of the four signals, there are two
doublets and two triplets with the absence of singlet. It
indicates that the ligand L2 bound the metal with the
deprotonation as two different ligands are around the metal
vicinity. While in the case of complex 5, in addition to 2-
mercaptopyrimidine peaks there are triphenylphosphine peaks
in the aromatic region along with the Cp peak at 4.4 ppm
(Figure S5). All of these shifts and variations in the signals along
with the precursor peaks are indicating the formation of metal
coordinated complexes. For all these complexes, the signals of
the coordinated pyrimidine protons are shifted to considerable
downfield as compared to free ligands due to the consequence
of their coordination to metal centers.[17a] Besides these signals,
complexes 1–4 exhibit a singlet at around 1.65 - 1.75 ppm for
the protons of the Cp* ligand. In all these complexes, auxiliary
ligand regions are slightly shifted to downfield region in

comparison to the precursor materials. The 13C NMR of the
complexes exhibited the expected signals, which correlate with
the number of carbon atoms present in the complexes
(Figure S6-S10).

UV-Visible spectra of the complexes were recorded in
acetonitrile solutions at 10!5 M concentration in the range 200–
600 nm. Electronic absorption spectra of the complexes 1–4
along with the ligands L1 and L2 are depicted in Figure 2. All
the complexes show the high intense absorption band at
approximately 220–250 nm, which are tentatively assigned to
n-p*/p-p* transitions. On complexation, all these high intense
bands are exhibiting hypochromicity (Figure 2)[18] compared to
free ligands. On the other hand, low-intensity band or broad-
ening of the band at the lower wavelength is observed around
420 nm, which may be due to the weakness of the bands at
such low concentrations of the solutions (ca. 10!5 M) or
because they are obscured by the high intense bands. It arises
from the excitation of electrons from the metal t2g level to the
empty molecular orbitals derived from the p* level of the
ligands.[19] The stability of these neutral complexes was
investigated by the UV-Visible experiment. The results revealed
that the complexes are stable in 10 % DMSO of aqueous
solutions at room temperature over a period of 48 h (Fig-
ure S11).

2.3. Molecular structural studies

The molecular structure of mono and binuclear complexes was
established by single-crystal X-ray structure analysis. The ORTEP
diagram of the complexes including atom numbering has
shown in Figures 3-5. Crystallographic and structure refinement
parameters for complexes have shown in Table 1. Complexes 1,
2 and 5 are crystallised in the orthorhombic with the space
group Pccn (1, 2) and Pbcn (5), whereas complexes 3 and 4 are
in monoclinic with the space group P121/n1. X-ray structure
analysis of metal complexes has shown that metal atom

Figure 2. UV-Visible spectra of the complexes 1–4. Left pictogram represents the complexes 1 and 2 with a comparison of respective ligand L1 whereas right
one representing the complexes 3 and 4 with a comparison of respective ligand L2 at a concentration of 10!5 M acetonitrile solutions.
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coordinated by the Cp*/Cp as a spectator ligand, a chloride/
triphenylphosphine (PPh3) as one of the auxiliary ligand and
the other auxiliary ligand either by bridging nitrogen (N) or by
chelated nitrogen-sulfur derivative ligand. The ligand L1
coordinates to the metal through bridging mode as m-N, N,
where ligand plays a bridging role in between the two metal
centers. Ligand L2 coordinates to the metal as bisubstituted
where ligand possesses dual role around the metal vicinity as
k2-NS by chelation as well as k1-S by mono-dentate mode. The
ligand atoms are found to bind metal through the chelating
bidentate mode to generate a strained four-membered metal-
lacycle. Unlikely, ligand (L1) did not exhibit this kind of binding

though the conditions are same for the both ligands. From the
single crystal analysis, we observed that 2-aminopyrimidine is
generating hydrogen bonding network with one of the
chloride ion from each metal and one of the hydrogen atoms
from the amino group of the ligand (Figure S12) to form stable
dimeric complexes. Whereas, in complexes derived from 2-
mercaptopyrimidine ligand such kind of hydrogen bonding is
not found due to the absence of hydrogen on sulfur atom. 2-
Mercaptopyrimidine ligand with rhodium and iridium precur-
sors resulted in four-membered metallacyclic complexes by
chelation. A similar role has been found in the case of
ruthenium metal also, where we could isolate complex 5 with

Figure 3. ORTEP diagram of complexes [(Cp*RhCl2)2(m-L1)] (1) and [(Cp*IrCl2)2(m-L1)] (2), with 50 % probability thermal ellipsoids. Hydrogen atoms are omitted
for clarity.

Figure 4. ORTEP diagram of complexes [Cp*Rh(L2)2] (3) and [Cp*Ir(L2)2] (4), with 50 % probability thermal ellipsoids. Hydrogen atoms are omitted for clarity.
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the L2 only and in the case of L1 we could not isolate the
complex due to lack of hydrogen bonding network similar to
complex 1 and 2.

Besides these, all the metal complexes have normal bond
distances and bond angles but slight variation in bond
distances and bond angles of 2-aminopyrimidine to the metal.
Whereas, bond distances and strain bond angles of 2-
mercaptopyrimidine to the metals are in almost comparison to

the reported strained ruthenium complex.[4b] The bite angle of
metal complexes in 3–5 is around ~ 678 which is the strain
angle thus, leads to a pseudo-octahedral arrangement of piano
stool half sandwich complexes. The bond distance of metal to
the nitrogen atom in all the complexes is within the range, i. e.,
~ 2.088(3) to 2.198(5) ! (Table 2). The complexes contain 2-
aminopyrimidine are showing M!N and M!Cl bond lengths
longer than the complexes containing 2-mercaptopyrimidine
ligand which is identical to the earlier values reported in
literature {[(arene/Cp*)2M2(m-L1)Cl3]+ where, L1 = pyridine-2-
carbaldehyde nicotinoyl-hydrazone 2.152(6);[20] [Cp*MLCl]+

where, L = benzoyl(3-picolyl)thiourea/1,3-bis(3-picolyl)thiourea
2.335(2)-2.4027(11)}.[17b] The metal to chloride ion of complexes
(1, 2) is 2.3983(19) to 2.434(2) ! which is the normal distance in
the metal chloride complexes.[17b, 20–21] In complex 5, the
ruthenium-sulfur bond is 2.45 !, which is longer than that of
the arene metal complexes.[22]

2.4. Geometry optimisation, charge distribution and
electronic spectrum analysis

The input files of the complexes were prepared from the
crystallographic coordinates obtained from X-ray measure-
ments. The important bond lengths and bond angles of these
complexes are tabulated in Table 2. The calculated bond
lengths and bond angles are in good agreement with the
experimental crystal X-ray data measurements.

Figure 5. ORTEP diagram of complex [CpRu(L2)(PPh3)] (5) with 50 % proba-
bility thermal ellipsoids. Hydrogen atoms are omitted for clarity.

Table 1. Crystallographic and structure refinement parameters for complexes 1–5.

1 2 3 4 5

Chemical Formula C24H35Cl4N3Rh2 C24H35Cl4Ir2N3 C18H21N4RhS2 C18H21IrN4S2 C27H23N2PRuS
Formula Mass 713.17 891.75 460.42 549.71 539.57
Crystal system Orthorhombic Orthorhombic Monoclinic Monoclinic Orthorhombic
a/! 25.243(5) 7.4200(3) 10.2436(2) 10.2647(9) 23.9868(7)
b/! 7.3110(15) 25.1525(9) 10.9258(2) 11.0024(9) 10.8258(3)
c/! 15.024(3) 14.9861(6) 17.2844(4) 17.0589(17) 18.4135(5)
a/8 90 90 90 90 90
b/8 90 90 98.920(2) 98.558(9) 90
g/8 90 90 90 90 90
Unit cell volume/!3 2772.6(10) 2796.88(19) 1911.07(7) 1905.1(3) 4781.5(2)
Temperature/K 293(2) 293(2) 293(2) 273(2) 293(2)
Space group Pccn Pccn P121/n1 P121/n1 Pbcn
Z 4 4 4 4 8
Index ranges -29 "h #29

-8 "k#8
-17" l #17

-7< = h< = 9
-25< = k< = 31
-15< = l< = 18

-9< = h< = 12
-13< = k< = 12
-18< = l< = 21

-12< = h< = 12
-13< = k< = 12
-20< = l< = 21

-29< = h< = 17
-7< = k< = 13
-23< = l< = 21

Dc (g.cm!3) 1.708 2.118 1.600 1.917 1.499
m (mm!1) 1.594 9.907 1.120 7.236 0.828
F(000) 1432 1688 936 1064 2192
q Range 24.88, 1.61 26.37, 3.16 26.37, 3.43 26.37, 4.02 26.37, 3.36
Reflections collected 35595 11181 7669 6853 22565
Independent reflections 1674 [R(int) = 0.0728] 2850 [R(int) = 0.0585] 3900 [R(int) = 0.0159] 3860 [R(int) = 0.0355] 4887 [R(int) = 0.0252]
Absorption correction Numerical Multi scan Multi scan Multi scan Multi scan
Data/restraints/parameters 2410/0/160 2850/0/157 3900/0/231 3860/0/231 4887/0/289
Goodness-of-fit on F2 0.870 1.072 1.070 1.064 1.298
Final R indices [I>2s (I)]* 0.0264, wR2 = 0.0628 0.0417, wR2 = 0.1021 0.0240, wR2 = 0.0572 0.0391, wR2 = 0.0810 0.0390, wR2 = 0.0960
R indices (all data) 0.0338, wR2 = 0.0386 0.0510, wR2 = 0.1073 0.0294, wR2 = 0.0601 0.0540, wR2 = 0.0869 0.0480, wR2 = 0.1025
Max, Min D1/e (!!3) 0.208, !0.395 2.028, !1.249 0.482, !0.446 0.891, !1.539 0.542, !0.971
CCDC No. 1499296 1499297 1499298 1499299 1499300

Structures were refined on F0
2: wR2 = [S [w(F0

2 - Fc
2)2]/Sw(F0

2)2]1/2, where w!1 = [S(F0
2) + (aP)2 + bP] and P = [max(F0

2, 0) + 2Fc
2]/3.
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The d-orbital occupancy of rhodium (Rh) metal atoms in
complexes 1 and 3 are 8.10 (4d) and 8.23 (4d) whereas for
iridium (Ir) metal atoms in complexes 2 and 4 are 7.89 (5d) and
8.01 (5d), respectively. On complexation, the d orbital occu-
pancy increases in the respective metal atoms compared to
their free states where d orbital occupancy is 6.00 (4d) and 6.00
(5d), respectively. The increase in the d orbital occupancy is
attributed to the transfer of negative charge from chloride and
Cp* ligands to the respective metal atoms in complexes 1 and
2, whereas in complexes 3 and 4 it is from L2 and Cp* ligands.

HOMO-LUMO excitation is the lowest possible electronic
transition occurring in a molecule. The HOMO-LUMO energy
difference governs the kinetic stability, chemical reactivity and
the colour of the transition metal complexes in solution. The

molecular orbital diagrams of the complexes along with their
HOMO (H), LUMO (L) energies and energy gaps are shown in
Figure 6. The HOMO-LUMO energy differences for complexes
1–4 are 3.54, 3.77, 3.36 and 3.76 eV respectively. The calculated
absorption bands are in good agreement with the experimental
absorption bands and their corresponding electronic transitions
could be predicted from Table 3. Mulliken population analysis is
used for calculating the percentage contributions of various
groups to each molecular orbital. The HOMO is located over
Rh1 and Cl1 for complex 1, Ir1 and Cl1 for complex 2. In the
case of complexes 3 and 4, the HOMO is located on L2
(monodentate ligand). LUMO is located over the Rh2, Cp* for
complex 1, on L1 for complex 2, Rh, Cp* and L2 (chelated
ligand) for complex 3 and L2 (chelated ligand) for complex 4,

Table 2. Selected bond lengths and bond angles for complexes 1–5

Complex-1 Complex-2 Complex-3 Complex-4 Complex-5
Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc. Exp.

Distances (!)
M-N 2.198 2.198 2.180(5) 2.183 2.0989(18) 2.121 2.093(5) 2.108 2.088(3)
M!S1 - - - - 2.4128(6) 2.462 2.409(2) 2.471 2.4500(9)
M!S2/P - - - - 2.3677(6) 2.409 2.3574(19) 2.417 2.3094(9)
M!Cl1/Cl2 2.398/ 2.434 2.433/ 2.481 2.3983(19)/ 2.428(2) 2.485/ 2.446 - - - - -
M!Cp*/ CpCNT

a 1.768 1.851 1.772 1.825 1.799 1.895 1.804 1.869 1.831
Angles (8)
N!M-Cl1 86.32 87.76 85.23(17) 86.41 - - - - -
N!M-Cl2 92.62 90.36 91.32(17) 88.48 - - - - -
S1-M!S2/P - - - - 88.28(2) 88.98 86.67(7) 87.59 91.40(3)
S1-M!N1 - - - - 67.46(6) 67.17 66.65(17) 66.59 66.93(8)
S2/P!M-N1 - - - - 91.13(5) 88.08 89.52(16) 86.64 90.84(8)

M is rhodium in complex 1 and 3, Iridium in complex 2 and 4 and Ruthenium in complex 5, a Calculated centroid to metal distances (h5-C5 coordinated
aromatic ring).

Figure 6. The HOMO-LUMO energy gap of the complexes 1–4 from left to right respectively, which are obtained from the DFT optimised structures and the
band gaps are expressed in electron volts (eV).
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respectively. The experimental absorption bands observed for
complexes 1–3 around the 408–444 nm corresponds to MLCT/
LLCT for complex 1 and 2, LMCT/LLCT/ILCT for complex 3. The
dominant excitations are H-2!L + 1 (13 %) (For complex 1),
H!L + 1 (35 %) (for complex 2), and H-2!L (56 %) (for complex
3), respectively corresponds to these charge transfers. More-
over, for complexes 2 and 3 another absorption band observed
around 339 nm corresponds to MLCT/LLCT/ILCT and the
dominant excitations leading to charge transfers are H-2!L + 3
(18 %) for complex 2 and H-5!L (54 %) for complex 3,
respectively.

Rhodium and iridium complexes also exhibit two other
absorptions bands in the range of 282–294 nm and 224–
250 nm. The absorption band around 282 nm corresponds to
ILCT and the dominant excitations leading to this charge
transfer is H-5!L + 4 (67 %) for complex 1 and H!L + 5 (44 %)
for complex 3. The absorption band around 294 nm due to H!
L + 4 (32 %) excitation for complex 2 and 287 nm due to H-5!
L + 1 (35 %) excitation for complex 4 corresponds to MLCT/
LLCT, respectively. The absorption band around 228 nm due to
H-17!L (15 %) excitation for complex 1 and 224 nm due to H-
16!L (47 %) excitation for complex 2 corresponds to MLCT/
LLCT, respectively whereas absorption bands at 245 and
250 nm for complexes 3 and 4 corresponds to LLCT/ILCT due
to H-4!L + 5 (29 %) and H-3!L + 2 (56 %) excitations, respec-
tively.

2.5. Antibacterial studies

The antibacterial potency of the synthesized complexes 1–4
has been explored by an agar well diffusion method towards
the different gram-positive (S. aureus, B. thuringensis), and
gram-negative (E. coli, P. aeruginosa) bacterial strains. Among
the synthesized complexes, biological studies (antibacterial
antiproliferative and DNA binding studies) were performed for
complexes 1–4. Complex 5 was not amenable due to
hygroscopic nature and such complex would not produce
reliable assays. Among these strains, S. aureus, B. thuringensis
and P. aeruginosa are pathogenic strains. E. coli, a non-

pathogenic strain was used as a reference to compare the
activity of complexes against the pathogenic bacteria. The MIC
of the compounds was found to be around ~ 0.5 mg mL!1. The
current antibacterial studies were performed using a standard
2X MIC value i. e., at 1 mg mL!1. The histogram of the resultant
zone of inhibition are presented in Figure 7, clear zone of

inhibition obtained by the complexes 1–4 on chosen patho-
gens are depicted in Figure S13 and the results are measured
to the nearest millimeter, which is tabulated in Table S1.

From the zone of inhibition, it is clear that the complexes
containing rhodium are found to be active on all chosen
pathogens. The best antibacterial activity is observed against
gram-negative E. coli bacterium (~ 21 mm). Whereas in the case
of iridium complexes, almost no antibacterial activity is
observed on S. aureus bacterium and medium to high
antibacterial activity is found on other chosen bacteria B.
thuringensis, E. coli and P. aeruginosa. Such a differential

Table 3. Calculated major orbital excitation contributions (%), dominant excitation character, oscillator strength (f), energy difference (in eV), theoretical and
experimental wavelengths (l in nm) obtained from electronic transitions analysis with TDDFT (B3LYP) method.

Complex No. Major Orbital Excitations Oscillator strengths Dominant Excitation Character Energy Gap (eV) Calc. l (nm) Expt. l (nm)

1 H-2!L + 1 (13 %) 0.0014 Rh2/Cl1/Cl2!Cp2* (MLCT/LLCT) 3.87 414 408
H-5!L + 4 (67 %) 0.0101 Cl1/Cl2!L1 (ILCT) 4.63 284 282
H-17!L (15 %) 0.4479 Rh1!Cp1*/L1 (MLCT) 5.97 234 228

2 H!L + 1 (35 %) 0.0054 Ir1/Cl2/Cl1!L1/Cp1* (MLCT/LLCT) 4.30 408 432
H-2!L + 3 (18 %) 0.0246 Ir1/Cl2/Cl1!Cp1* (MLCT/LLCT) 4.59 333 339
H!L + 4 (32 %) 0.0021 Ir1/Cl2/Cl1!Cp1* (MLCT/LLCT) 4.48 294 294
H-16!L (47 %) 0.0269 Ir2/Cp2*!L1 (MLCT/LLCT) 6.13 226 224

3 H-2!L (56 %) 0.0211 L2(M)/Cp*! Rh/Cp/L2(C) (LMCT/LLCT/ILCT) 4.04 432 444
H-5!L (54 %) 0.0054 Rh/L2(C)!Cp*/L2(C) (MLCT/ILCT/LLCT) 5.32 341 339
H!L + 5 (44 %) 0.3195 L2(M)!L2(M) (ILCT) 4.91 276 282
H-4!L + 5 (29 %) 0.1853 L2(M)!L2(M) (ILCT) 6.21 243 245

4 H-5!L + 1 (35 %) 0.0065 Ir!L2(C) /Cp* (MLCT) 5.81 286 287
H-3!L + 2 (56 %) 0.0852 L2(C)!L2(M)/L2(C) (LLCT/ILCT) 5.40 250 250

Where L2(M) indicates that the ligand L2 involved as monodentate binding and L2(C) indicates that the ligand L2 involved as chelation mode of bonding.

Figure 7. Graphical representation of zone of inhibition in mm obtained by
the standard gentamycin and complexes 1–4 against four bacterial strains S.
aureus (Green Bar), B. thuringiensis (Orange Bar), E. coli (Dark cyan Bar) and P.
aeruginosa (Wine Bar). “*” Represents no zone of inhibition was observed for
the complexes against the S. aureus strain.
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behavior of antibacterial activity of these complexes upon
changing the metal reflects the facts that, the size of the metal
ion can also influence the antimicrobial behavior and further, it
is clear that lower its size, better its activity. In general, metal
complexes are profoundly known to be antibacterial against
the gram-positive to that of the gram-negative bacteria.[23]

However, we observed that our complexes are active against
both gram-positive and gram-negative bacteria, evidencing
them as robust antibacterial agents.

Overall antibacterial activity index of the synthesised metal
complexes is in the following order:

Complex 1> Complex 3> Complex 4> Complex 2

2.6. Antiproliferative Activity

The cytotoxic activity of the complexes 1–4 and cisplatin have
been evaluated on a selection of three human tumour cell lines
{HT-29 (human colorectal cancer), BE (human colorectal cancer)
and MIA!Pa-Ca2 (human pancreatic cancer)} and one non-

cancer cell line {ARPE-19 (human retinal epithelial cells)} by the
MTT assay. The IC50 values are tabulated in Table 4, the median
cytotoxic concentrations have been determined after 96 h of
the complex incubation. All complexes are expressing less
potent than cisplatin, particularly against the colorectal cancer
lines where cisplatin has been found particularly potent (IC50

values of 0.66 " 0.33 and 0.25 " 0.11 mM against BE and HT-29
respectively). A comparison of the relative response of non-
cancer to tumour cell lines is presented in Figure 8. The
selectivity index (SI) which is defined as the ratio of IC50 values
in ARPE19 cells divided by the IC50 value in each cancer cell line
demonstrates that complexes 3 and 4 are more effective
against cancer compared to non-cancer cell lines with SI values
ranging from 1.2 to 3.31. In comparison to cisplatin, SI values
for colorectal lines treated with complexes 3 and 4 are
significantly lower than cisplatin where SI values are 9.71 and
25.64 for BE and HT-29 respectively (Figure 8a). In contrast, SI
values for MIA!Pa-Ca2 cells (Figure 8b) are comparable to
cisplatin (for complexes 3 and 4) but are almost higher than

Table 4. IC50 values obtained by the complexes 1–4 and cisplatin by MTT assay against three human cancerous and one human normal cell lines after 96 h
complex exposure.

Complex
IC50 (mM) " Standard deviation
BE HT-29 MIA!Pa-Ca2 ARPE-19

1 >100 >100 >100 >100
2 23.13 " 3.83 >100 >100 >100
3 11.91 " 2.14 20.32 " 2.80 17.07 " 4.59 39.45 " 4.88
4 36.29 " 8.68 49.55 " 2.97 17.12 " 4.58 59.71 " 1.75
Cisplatin 0.66 " 0.33 0.25 " 0.11 2.10 " 2.26 6.41 " 0.95

Each value represents the mean " standard deviation from three independent experiments. IC50 values > 100 indicate that the compound did not induce an
IC50 at the highest dose tested (100 mM)

Figure 8. Selectivity index of complexes and cisplatin in colorectal cell lines (a) and the MIA!Pa-Ca2 pancreatic cell line (b). The selectivity index is defined as
the IC50 of ARPE19 cells divided by the IC50 of each tumor cell line. SI is determined from the mean IC50 values in Table 4 and therefore error bars cannot be
included in the figure.
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cisplatin (SI = 2.77) for complex 3 (SI = 2.31) and complex 4
(SI = 3.48).

The IC50 values ranging from 12–60 mM in the chosen
tumour and non-tumor cell lines. Complexes 3 and 4 are active
towards the all chosen cell lines. Iridium complex 2 is active
only on BE cell line and inactive on other chosen cell lines.
Surprisingly, rhodium complex 1 is inactive on all chosen cell
lines. The mode of bonding and variation of pyrimidine ligand
resulted in the difference in activity of complexes 1–4. Among
the complexes 3 or 4 of 2-mercaptopyrimidine, rhodium
complex is exhibiting more potent IC50 value towards the
colorectal cancer cell lines. The best activity ~12 mM (not
exceed cisplatin) has been noted on BE cell line for complex 3.
In the case of pancreatic cancer cell line, such a metal effect
has not been found; both the complexes 3 and 4 are showing
almost equipotent (~17 mM) cytotoxicity.

2.7. DNA interaction studies

DNA is a crucial cellular target of many metallodrugs for the
treatment of multiple pathological conditions.[24] The nucleotide
bases and/or phosphate backbone of the DNA double helix is
the potential site of a target for these metallodrugs. Earlier
studies have shown that half sandwich ruthenium, rhodium

and iridium metal complexes exhibit antiproliferative property
by interacting with the nucleobases and amino acids of
biomolecules like DNA, RNA and protein.[25]

In order to study the DNA binding properties of the
synthesised complexes, we monitored the absorption features
of the complexes 1–4 by titrating the CT-DNA (5 mM-20 mM) to
a fixed concentration (20 mM) of the complex. From the UV-
Visible absorption studies, it is clear that there is a noticeable
change in the spectral features of the complexes on the
gradual addition of CT-DNA but the observed spectral changes
are not adequate to deduce the binding constant of the
complexes (Figure 9). In the case of complexes 1 (C1), 3 (C3)
and 4 (C4) evidenced for a hypochromic shift, whereas complex
2 (C2) indicated a hyperchromic shift. Moreover, all the
complexes resulted in a hypsochromic shift. Such changes in
the intensity and the wavelength of the complex absorption
properties suggest binding interactions with CT-DNA. However,
as the observed hyper/hypo/hypsochromic shifts are consid-
erably small, it is difficult to derive reliable binding constants
and/or differentiating the mode of binding i.e, intercalation vs
electrostatic/groove binding on the basis of these small
spectral changes.[24, 26]

We then analysed the fluorescence properties of the
compounds in order to probe the binding interactions through

Figure 9. The absorption spectra at fixed concentration (20 mM) of the complexes 1–4 (Black plot) with increasing concentrations (5-20 mM) of CT-DNA (Tris-HCl
buffer, pH 7.2) {Red (5 mM), Green (10 mM), Yellow (15 mM) and Blue (20 mM) plots}.
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fluorescence spectroscopy. We observed that among the
complexes, Complex 1 and 2 are fluorescent. It is evident from
Figure S14 that addition of CT-DNA to these complexes
resulted in fluorescence quenching of the compound
fluorescence thus justifying the physical interaction of these
compounds with CT-DNA. The quenching of the fluorescence
can be attributed to the change in the hydrophobic nature
and/or alternation of their excited states.[27]

As we established a binding interaction between the
complexes 1–4 with DNA, we tried to establish the nature of
the interaction (such as intercalation, groove binding/electro-
static interactions) between the complexes and CT-DNA. We
performed the EtBr based competitive quenching experiments
with CT-DNA in the presence of complexes 1–4 (Figure 10). EtBr
is a well-known planar non-fluorescent organic molecule and a
good intercalator of the DNA molecule, this intercalation of
EtBr with DNA makes EtBr fluorescent upon complex formation.
In a competitive binding experiment, if the other molecule also
binds to DNA via intercalation, EtBr will be released from DNA
and the fluorescence intensity of EtBr will be greatly
quenched.[28] In our experiments, we did not observe such a
noticeable effect of EtBr fluorescence quenching upon addition
of 5 times excess of complexes 1–4 to the EtBr-DNA complex.

The EtBr quenching experiments taken together with the UV-
Vis properties suggested that the complexes are not strong
intercalators of DNA, thus leaving the possibility that either
they are partial intercalators or bind to DNA through electro-
static interactions.

3. Conclusion

In this work, we have observed the effects of pyrimidine ligands
containing d6 {(rhodium(III), iridium(III) and ruthenium(II)} metal
complexes on structural studies and their biological activities.
We successfully synthesized and characterized the strained
four-membered metallacycle complexes of rhodium(III), iridiu-
m(III) and ruthenium(II) with 2-mercaptopyrimidine ligand.
However, the reaction of Cp ruthenium complex with 2-
aminopyrimidine remained unsuccessful. The synthesized com-
plexes 1–4 interacted with the CT-DNA via partial intercalation
or through electrostatic interactions. Antibacterial activity
measurements suggested that the rhodium(III) metal com-
plexes (C-1 and C-3) are more active than the iridium(III)
complexes (C-2 and C-4) and best activity has been noted
against E. coli bacterium among the chosen bacterial strains.
The antiproliferative activity of the complexes strongly depends

Figure 10. The emission spectra of the DNA-EB system (lexc = 522 nm, lem = 530-750 nm), in the presence of complexes 1–4. (Red DNA + EtBr, Green DNA +
EtBr + complex) [DNA] = 50 mM, [Complex] = 25 mM, [EB] = 5 mM.
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on the type of pyrimidine and the nature of binding mode to
the metal. Rhodium complex (C-3) has exhibited moderate
antibacterial activity on all the chosen strains as well as low
micro molar dose dependent anticancer activity on the chosen
cancer cells. The chelation effect has enhanced the cytotoxic
activity of complexes, a common phenomenon in metal
complexes.
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Half‐sandwich ruthenium, rhodium and iridium complexes (1–12) were synthesized
with aldoxime (L1), ketoxime (L2) and amidoxime (L3) ligands. Ligands have the
general formula [PyC(R)NOH], where R = H (L1), R = CH3 (L2) and R = NH2

(L3). Reaction of [{(arene)MCl2}2] (arene = p‐cymene, benzene, Cp*; M = Ru,
Rh, Ir) with ligands L1–L3 in 1:2 metal precursor‐to‐ligand ratio yielded complexes
such as [{(arene)MLκ2(N∩N)Cl}]PF6. All the ligands act as bidentate chelating nitro-
gen donors in κ2(N∩N) fashion while forming complexes. In vitro anti‐tumour activity
of complexes 2 and 10 against HT‐29 (human colorectal cancer), BE (human colo-
rectal cancer) and MIA PaCa‐2 (human pancreatic cancer) cell lines and non‐cancer
cell line ARPE‐19 (human retinal epithelial cells) revealed a comparable activity
although complex 2 demonstrated greater selectivity for MIA PaCa‐2 cells than cis-
platin. Further studies demonstrated that complexes 3, 6, 9 and 12 induced signifi-
cant apoptosis in Dalton's ascites lymphoma (DL) cells. In vivo anti‐tumour
activity of complex 2 on DL‐bearing mice revealed a statistically significant anti‐
tumour activity (P = 0.0052). Complexes 1–12 exhibit HOMO–LUMO energy gaps
from 3.31 to 3.68 eV. Time‐dependent density functional theory calculations explain
the nature of electronic transitions and were in good agreement with experiments.

KEYWORDS

aldoximes, amidoxime, anti‐tumour, iridium, ruthenium

1 | INTRODUCTION

The discovery of anti‐tumour properties of cisplatin,
cis‐[PtCl2(NH3)2], by Rosenberg in the 1960s fostered
research in the arena of metallodrugs.[1–5] Though cisplatin
is used in 50–70% of patients with various cancers, its gen-
eral toxicity is dose limiting leading to side effects, and
research is focused on finding metallodrugs that are superior
to cisplatin with increased efficacy and reduced toxicity.[6,7]

The investigation of the anticancer activity of ruthenium(III)
complexes such as NAMI‐A and KP1019 has generated con-
siderable interest in the applications of ruthenium complexes
in cancer chemotherapy.[8–10] The mechanism of action of
ruthenium(III) complexes is believed to involve the reduction
of ruthenium(III) to ruthenium(II) species. This has led to the

development of half‐sandwich arene ruthenium(II) piano‐
stool complexes as anticancer agents where the ruthenium
is kept stable as Ru(II) by the face‐capping arene ligand as
seat with auxiliary ligands binding as legs.[11] Though the
anticancer properties of rhodium and iridium complexes are
less explored, their complexes with various nitrogen donor
ligands demonstrated cytotoxic potency toward A2780
human ovarian cancer cells and Dalton's ascites lymphoma
(DL).[12–14]

The oxime ligands considered in this study are key inter-
mediates for the synthesis of numerous heterocycles and bio-
logically active molecules.[15,16] Coordination chemistry of
oxime‐based ligands, especially those of 2‐pyridyloxime
and 2,6‐dipyridyldioxime complexes, has generated consider-
able interest because of their wide applications.[17,18] These
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ligands form tetranuclear clusters with iron and nickel bind-
ing in various coordination modes with a variety of surprising
topologies exhibiting ferromagnetic behaviour.[19–21]

According to our knowledge, the complexes of oxime‐
derived ligands with Ru/Rh/Ir have not been reported, except
complex 11 with its chloride counterion,[22] and there are no
reports of cytotoxic studies.

Hitherto, several arene metal complexes with a variety of
chelating and bridging nitrogen donor ligands have been
investigated by our group.[23–26] In the study presented here,
we synthesized 12 arene ruthenium, Cp* rhodium and Cp*
iridium complexes and characterized them using spectro-
scopic and crystallographic techniques. The in vitro and
in vivo anti‐tumour activities of a few of the complexes were
investigated towards various cancer cell lines. Density func-
tional theory calculations were used to delineate the elec-
tronic properties of the complexes.

2 | EXPERIMENTAL

2.1 | Materials and methods

The synthesis and manipulation of all the metal complexes
were performed without using any inert conditions. Metal
chlorides MCl3(H2O)n (M = Ru, Rh, Ir) were purchased from
Arora Matthey Limited. Hydroxylamine hydrochloride
(Hi‐Media), 2‐pyridinecarbaldehyde (Aldrich), 2‐
acetylpyridine (Aldrich) and 2‐cyanopyridine (Aldrich) were
used as received. All the solvents used for syntheses were
dried and distilled prior to use according to standard proce-
dures and stored over activated molecular sieves.[27] Precur-
sor compounds [{(p‐cymene)RuCl2}2], [{(benzene)RuCl2}
2], [{Cp*RhCl2}2] and [{Cp*IrCl2}2] and the ligands L1–
L3 were prepared according to literature methods.[28–31] Ele-
mental analyses were performed with a PerkinElmer‐2400
CHN analyser. Fourier transform infrared (FT‐IR) spectra
were recorded with a PerkinElmer 983 spectrophotometer
with compounds being dispersed as KBr discs. The 1H

NMR spectra were recorded with a Bruker Avance II 400
spectrometer. UV–visible spectra were recorded with a
PerkinElmer Lambda 25 absorption spectrophotometer
(Figure S1). Mass spectra were recorded using Q‐T of an
APCI‐MS HAB 273 instrument.

2.2 | Single‐crystal x‐ray diffraction analysis

Single‐crystal X‐ray diffraction measurements were
performed at 291–294 K with an Agilent Gemini diffractom-
eter with an EOS CCD detector equipped with a
monochromated Mo Kα radiation (λ = 0.71073 Å) source.
Data reduction and processing were carried out using the
CrysAlisPro (Agilent Technologies Ltd, Yarnton, UK) suite
of programs.[32] The unit cell parameters were obtained by
least‐squares refinement using CrysAlisPro. Data were
corrected empirically for absorption employing the multi‐
scan method implemented in CrysAlisPro. All the structures
were solved by direct methods with SHELXS‐97[33] and the
molecular model refined by full‐matrix least‐squares proce-
dure on F2 with SHELXL‐97.[34] All non‐hydrogen atoms
were refined anisotropically while hydrogen atoms were
placed in geometrically idealized positions and constrained
to ride on their parent atoms. The molecular structures in
Figures 1 and S2 were drawn with ORTEP‐3.[35] The packing
diagrams in Figures S3–S5 were drawn using Mercury
3.7.[36] Experimental procedures for anti‐tumour activity
and computational studies and the fragment molecular orbital
analysis and time‐dependent density functional theory results
are given in the supporting information.

2.3 | Synthesis of complexes 1–12

2.3.1 | Synthesis of complexes 1–3
A mixture of [{(p‐cymene)RuCl2}2] (50 mg, 0.08 mmol),
ligands L1–L3 (0.16 mmol) and two equivalents of NH4PF6
was stirred in dry methanol (10 ml) for 6 h. The solvent was
evaporated and the residue was dissolved in dichloromethane
and filtered through celite to remove the excess salts. The

FIGURE 1 Molecular structures of complexes 2, 7 and 10 with an atom numbering scheme. Thermal ellipsoids are depicted with 50% probability level. Coun-
terions are omitted for clarity
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volume of dichloromethane was reduced to 1 ml and precip-
itated with diethyl ether (30 ml). The yellow precipitate
which formed was filtered and washed with diethyl ether
(3 × 10 ml) and air‐dried.

[(p‐Cymene)RuL1Cl]PF6 (1). Yield: 70 mg (80%). Anal.
Calcd (%) for C16H20ClF6RuN2OP: C, 35.73; H, 3.75; N,
5.21. Found (%): C, 35.87; H, 3.88; N, 5.35. FT‐IR (KBr,
cm−1): 3399 (m) ν(O─H), 2970 (m) ν(C─H), 1607 (s) ν(C═N)
oxime, 843 (vs) ν(P─F)str, 558 (s) ν(P─F)ben. 1H NMR (CDCl3
and DMSO‐d6, 400 MHz, δ, ppm): 9.15 (d, JHH = 5.2 Hz,
1H, H─Py), 8.20 (s, 1H, olefinic), 7.89 (t, 1H, JHH = 7.6 Hz,
H─Py), 7.67 (d, JHH = 8 Hz, 1H, H─Py), 7.44 (t, 1H,
JHH = 5.6 Hz, H─Py), 5.94 (d, 2H, JHH = 5.6 Hz, p‐cymene),
5.55 (d, 2H, JHH = 6 Hz, p‐cymene), 2.70 (sep, 1H, CH(CH3)
2), 2.23 (s, 3H, CH3), 1.04 (dd, 6H, JHH = 6.4 Hz, CH(CH3)
2). UV–visible (water, 298 K, 2 × 10−5 M) λmax, nm (absor-
bance): 287 (0.31), 335 (0.22), 407.1 (0.05). HRMS‐APCI
(m/z) calcd for C16H20ClN2ORu [M − PF6]+ 393.0308, found
393.0335.

[(p‐Cymene)RuL2Cl]PF6 (2). Yield: 75 mg (83%). FT‐IR
(KBr, cm−1): 3127 (m) ν(O─H), 2970 (m) ν(C─H), 1604 (s)
ν(C═N)oxime, 842 (s) ν(P─F), 558 (s) ν(P─F)ben. 1H NMR (CDCl3
and DMSO‐d6, 400 MHz, δ, ppm): 9.30 (d, JHH = 4.8 Hz,
1H, H─Py), 8.05 (t, 1H, JHH = 7.2 Hz, H─Py), 7.84
(d, JHH = 9.6 Hz, 1H, H─Py), 7.54 (t, 1H, JHH = 6.4 Hz,
H─Py), 5.60 (d, 1H, JHH = 6 Hz, p‐cymene), 5.59 (d, 2H,
JHH = 6 Hz, p‐cymene), 2.63 (sep, 1H, CH(CH3)2), 2.46
(s, 3H, CH3, p‐cymene), 2.25 (s, 3H, CH3), 1.09 (dd, 6H,
JHH = 8 Hz, JHH = 6 Hz, CH(CH3)2). UV–visible (water,
298 K, 2 × 10−5 M] λmax, nm (absorbance): 282.37 (0.20),
346.02 (0.10), 406 (0.02). HRMS‐APCI (m/z) calcd for
C17H22ClN2ORu [M − PF6]+ 407.0464, found 407.0555.

[(p‐Cymene)RuL3Cl]PF6 (3). Yield: 61 mg (67%). FT‐IR
(KBr, cm−1): 3440 (m) ν(O─H), 3314 (m) ν(N─H), 1659 (s)
ν(C═N)oxime, 1618 (s) ν(C═N)py, 847 (vs) ν(P─F)str, 559 (s)
ν(P─F)ben. 1H NMR (DMSO‐d6, 400 MHz, δ, ppm): 11.19
(s, 1H, O─H), 9.34 (d, 1H, JHH = 5.2 Hz, H─Py), 8.18
(d, 1H, JHH = 6.4 Hz, H─Py), 7.71 (s, 2H, N─H), 7.65
(m, 2H, H─Py), 5.71 (d, 1H, JHH = 6 Hz, p‐cymene), 5.58
(d, 2H, JHH = 6 Hz, p‐cymene), 2.58 (sep, 1H, CH(CH3)2),
(2.14 s, 3H, CH3), 1.13 (d, 6H, JHH = 6.8 Hz, CH(CH3)2).
UV–visible (water, 298 K, 2 × 10−5 M) λmax, nm
(absorbance): 313.39 (0.11), 429 (0.02). HRMS‐APCI (m/z)
calcd for C17H24ClN3ORu [M − PF6]+ 408.0417, found
408.0450.

2.3.2 | Synthesis of complexes 4–6
A mixture of [{(benzene)RuCl2}2] (50 mg, 0.1 mmol),
ligands L1–L3 (0.2 mmol) and two equivalents of NH4PF6
was stirred in dry methanol (10 ml) for 6 h. The solvent
was evaporated and the residue was dissolved in acetone
and filtered through celite to remove the excess salts. The vol-
ume of acetone was reduced to 1 ml and precipitated with
diethyl ether (30 ml). The yellow precipitate which formed

was filtered and washed with diethyl ether (3 × 10 ml) and
air‐dried.

[(Benzene)RuL1Cl]PF6 (4). Yield: 50 mg (83%). FT‐IR
(KBr, cm−1): 3318 (m) ν(O─H), 3104 (s) ν(═C─H)benzene,
1607 (s) ν(C═N)oxime, 831 (vs) ν(P─F)str, 558 (s) ν(P─F)ben. 1H
NMR (CDCl3 and DMSO‐d6, 400 MHz, δ, ppm): 9.34
(d, 1H, JHH = 4 Hz, H─Py), 8.29 (s, 1H, H─olefin), 7.97
(t, 1H, JHH = 8 Hz, H─Py), 7.79 (d, JHH = 7.6 Hz, 1H,
H─Py), 7.48 (t, 1H, JHH = 8 Hz, H─Py), 6.01 (s, 6H, ben-
zene). UV–visible (water, 298 K, 2 × 10−5 M) λmax, nm
(absorbance): 342.8 (0.06), 410 (0.01). HRMS‐APCI (m/z)
calcd for C12H12ClN2ORu [M − PF6]+ 336. 9682, found
336.9675.

[(Benzene)RuL2Cl]PF6 (5). Yield: 55 mg (90%). FT‐IR
(KBr, cm−1): 3436 (m) ν(O─H), 3102 (s) ν(═C─H)benzene,
1606 (s) ν(C═N)oxime, 831 (vs) ν(P─F), 558 (s) ν(P─F)ben. 1H
NMR (DMSO‐d6, 400 MHz, δ, ppm): 9.51 (d, 1H,
JHH = 5.2 Hz, H─Py), 8.20 (t, 1H, JHH = 8 Hz, H─Py),
8.07 (d, 1H, JHH = 8.8 Hz, H─Py), 7.70 (t, 1H, JHH = 6.8 Hz,
H─Py), 6.13 (s, 6H, benzene), 2.47 (s, 3H, CH3). UV–visible
(water, 298 K, 2 × 10−5 M) λmax, nm (absorbance): 281.5
(0.22), 344.04 (0.10), 405 (0.01). HRMS‐APCI (m/z) calcd
for C13H14ClN2ORu [M − PF6]+ 350.9838, found 350.9827.

[(Benzene)RuL3Cl]PF6 (6). Yield: 50 mg (81%). FT‐IR
(KBr, cm−1): 3413 (m) ν(O─H), 3214 (m) ν(N─H), 3102 (s)
ν(═C─H)benzene, 1666 (s) ν(C═N)oxime, 1617 (s) ν(C═N)py, 845
(s) ν(P─F)str, 558 (m) ν(P─F)ben. 1H NMR (DMSO‐d6,
400 MHz, δ, ppm): 9.46 (s, 1H, O─H), 8.26 (m, 2H,
H─Py), 8.15 (t, 1H, JHH = 8 Hz, H─Py), 7.77 (s, 2H,
N─H), 7.63 (t, 1H, JHH = 5.6 Hz, H─Py), 6.03 (s, 6H, ben-
zene). UV–visible (water, 298 K, 2 × 10−5 M) λmax, nm
(absorbance): 270.3 (0.21), 310.19 (0.19), 426 (0.04).
HRMS‐APCI (m/z) calcd for C24H26Cl3N3O2Ru [M − PF6]
+ 351.9791, found 351.9798.

2.3.3 | Synthesis of complexes 7–9
A mixture of [{Cp*RhCl2}2] (50 mg, 0.08 mmol), ligands
L1–L3 (0.16 mmol) and two equivalents of NH4PF6 was
stirred in dry methanol (10 ml) for 6 h. The solvent was evap-
orated and the residue was dissolved in dichloromethane and
filtered to remove the excess salts. The volume of
dichloromethane was reduced to 1 ml and precipitated with
diethyl ether (30 ml). The yellow precipitate which formed
was filtered through celite and washed with diethyl ether
(3 × 10 ml) and air‐dried.

[Cp*RhL1Cl]PF6 (7). Yield: 60 mg (70%). FT‐IR (KBr,
cm−1): 3414 (m) ν(O─H), 2926 (m) ν(C─H), 1618 (s) ν(C═N)
oxime, 842 (s) ν(P─F)str, 558 (s) ν(P─F)ben. 1H NMR
(acetone‐d6, 400 MHz, δ, ppm): 8.99 (d, 1H, JHH = 5.2 Hz,
H─Py), 8.70 (s, 1H, H─olefinic), 8.23 (t, 1H, JHH = 8.4 Hz,
H─Py), 8.03 (d, 1H, JHH = 5.6 Hz, H─Py), 7.81
(t, 1H, JHH = 6 Hz, H─Py), 2.06 (s, 15H, Cp*).
UV–visible (water, 298 K, 2 × 10−5 M) λmax, nm
(absorbance): 259 (0.67), 342 (0.15). HRMS‐APCI (m/z)
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calcd for C16H21ClN2ORh [M − PF6]+ 395.0397, found
395.0402.

[Cp*RhL2Cl]PF6 (8). Yield: 68 mg (78%). FT‐IR (KBr,
cm−1): 3608 (s) ν(O─H), 1603 (s) ν(C═N)py, 847 (vs) ν(P─F)str,
559 (s) ν(P─F)ben. 1H NMR (CDCl3 and DMSO‐d6,
400 MHz, δ, ppm): 8.86 (d, 1H, JHH = 5.2 Hz, H─Py),
8.17 (t, 1H, JHH = 8.8 Hz, H─Py), 8.06 (d, 1H, JHH = 7.2 Hz,
H─Py), 7.77 (m, 1H, H─Py), 2.54 (s, 15H, Cp*), 1.96 (s, 3H,
Cp*). UV–visible (water, 298 K, 2 × 10−5 M) λmax, nm
(absorbance): 250 (0.42), 343 (0.13). HRMS (APCI) (m/z)
calcd for C17H23ClRhN2O 409.0554 [M − PF6]+, found
409.0547

[Cp*RhL3Cl]PF6 (9). Yield: 75 mg (85%). FT‐IR (KBr,
cm−1): 3446 (m) ν(O─H), 3339 (m) ν(N─H), 1663 (s) ν(C═N)
oxime, 1618 (s) ν(C═N)py, 843 (vs) ν(P─F)str, 558 (s) ν(P─F)ben.
1H NMR (DMSO‐d6, 400 MHz, δ, ppm): 10.65 (s, 1H,
O─H), 8.86 (d, 1H, JHH = 5.2 Hz, H─Py), 8.27 (m, 2H,
H─Py), 7.80 (m, 3H, H─Py, NH2), 1.66 (s, 15H, Cp*).
UV–visible (water, 298 K, 2 × 10−5 M) λmax, nm (absor-
bance): 261 (0.48), 352 (0.15). HRMS‐APCI (m/z) calcd for
C32H44Cl3N6O2Rh [M − PF6]+ 410.0506, found 410.0556.

2.3.4 | Synthesis of complexes 10–12
A mixture of [{Cp*IrCl2}2] (50 mg, 0.06 mmol), ligands
L1–L3 (0.12 mmol) and two equivalents of NH4PF6 was
stirred in dry methanol (10 ml) for 6 h. The solvent was evap-
orated and the residue was dissolved in dichloromethane and
filtered through celite to remove the excess salts. The volume
of dichloromethane was reduced to 1 ml and precipitated with
diethyl ether (30 ml). The yellow precipitate which formed
was washed with diethyl ether (3 × 10 ml) and air‐dried.

[Cp*IrL1Cl]PF6 (10). Yield: 60 mg (80%). FT‐IR (KBr,
cm−1): 3410 (m) ν(O─H), 2925 (m) ν(C─H), 1618 (s) ν(C═N)
oxime, 839 (vs) ν(P─F)str, 558 (s) ν(P─F)ben. 1H NMR (CDCl3,
400 MHz, δ, ppm): 8.51 (d, 1H, JHH = 8 Hz, H─Py), 8.48
(s, 1H, H─olefinic), 7.78 (t, 1H, JHH = 8 Hz, H─Py), 7.68
(d, 1H, JHH = 8 Hz, H─Py), 7.6 (t, 1H, JHH = 8 Hz,
H─Py), 1.77 (s, 15H, Cp*). UV–visible (water, 298 K,
2 × 10−5 M) λmax, nm (absorbance): 266 (0.58), 359 (0.15).
HRMS‐APCI (m/z) calcd for C16H21ClN2OIr [M − PF6]+

485.0972, observed 485.0955.
[Cp*IrL2Cl]PF6 (11). Yield: 30 mg (40%). FT‐IR (KBr,

cm−1): 3608 (s) ν(O─H), 3496 (m) ν(O─H), 2928 (m) ν(C─H),
1606 (s) ν(C═N)oxime, 845 (vs) ν(P─F)str, 558 (s) ν(P─F)ben. 1H
NMR (CDCl3 and DMSO‐d6, 400 MHz, δ, ppm): 8.46
(d, 1H, JHH = 8 Hz, H─Py), 7.86 (t, 1H, JHH = 7.2 Hz,
H─Py), 7.71 (d, 1H, JHH = 8 Hz, H─Py), 7.45 (t, 1H,
JHH = 6 Hz, H─Py), 2.38 (s, 15H, Cp*), 1.19 (s, 3H, CH3).
UV–visible (water, 298 K, 2 × 10−5 M) λmax, nm (absor-
bance): 270 (0.88), 355 (0.44). HRMS‐APCI (m/z) calcd for
C17H23ClN2OIr [M − PF6]+ 499.1128, observed 499.1133.

[Cp*IrL3Cl]PF6 (12). Yield: 77 mg (78%). FT‐IR (KBr,
cm−1): 3448 (m) ν(O─H), 3339 (m) ν(N─H), 1658 (s) ν(C═N)
oxime, 1617 (s) ν(C═N)py, 841 (s) ν(P─F)str, 558 (s) ν(P─F)ben.

1H NMR (DMSO‐d6, 400 MHz, δ, ppm): 10.77 (s, 1H,
O─H), 8.85 (d, 1H, JHH = 4 Hz, H─Py), 8.29 (m, 2H,
H─Py), 7.92 (s, 1H, N─H), 7.78 (t, 1H, JHH = 4 Hz,
H─Py), 1.67 (s, 15H, Cp*). UV–visible (water, 2 × 10
−5 M) λmax, nm (absorbance): 261 (0.70), 354 (0.46).
HRMS‐APCI (m/z) calcd for C16H22Cl3N3O2Ir [M − PF6]+

500.1081, observed 500.1080.

3 | RESULTS AND DISCUSSION

Reaction of precursor compounds of ruthenium, rhodium
and iridium with ligands L1–L3 (1) in 1:2 metal precursor‐
to‐ligand ratio yields cationic complexes 1–12 as their
hexafluorophosphate salts (Scheme 1). All the complexes
were characterized using FT‐IR, 1H NMR, UV–visible and
mass spectral studies. From the FT‐IR spectra, the retaining
of O─H stretching frequency even after the formation of
complexes supports the binding of ligand with two nitrogen
atoms (N∩N) to metal which is also confirmed from the crys-
tal structures. The O─H stretching frequencies for complexes
1–12 are observed at 3608 to 3318 cm−1. In the spectra
of complexes 3, 6, 9 and 12 the N─H stretching frequencies
of NH2 are observed at 3339 to 3314 cm−1. The presence
of P─F stretching frequency at 831 to 847 cm−1 and bending
frequency around 558 cm−1 corroborates the formation of
cationic complexes.

1H NMR spectra of complexes 1–3 exhibit doublets
at 5.94–5.55 ppm, septets at 2.70–2.58 ppm, singlets
at 2.46–2.14 ppm and a doublet of six protons at
1.12–0.99 ppm corresponding to p‐cymene. Doublets at
9.34–9.14 and 7.83–7.66 ppm and triplets at 8.03–7.87 and
7.53–7.43 ppm correspond to the protons of the pyridine
ring. Complexes 4–6 exhibit signals corresponding to
benzene ring at 6.01, 6.13 and 6.03 ppm, respectively. Com-
plexes 7–9 show the Cp* singlet of 15 protons of methyl
groups at 2.06, 2.54 and 1.66 ppm, respectively. Complexes
10–12 display the Cp* singlet of 15 protons of methyl groups
found at 1.77, 2.08 and 1.67 ppm, respectively.

UV–visible spectra of complexes 1–12 were recorded in
water at 20 μM and the corresponding spectra are shown in
Figure S1. Complexes of ruthenium, i.e. 1–6, show bands at
ca 270–280 nm corresponding to π–π* transitions and low‐
energy bands at ca 340 nm corresponding to n–π* transitions.
Medium intensity bands are also observed at ca 405–429 nm
corresponding to metal‐to‐ligand charge transfer transitions
from Ru (4d) orbitals of the metal to empty π* orbitals of
the ligand. In the spectra of the complexes of rhodium and
iridium, only π–π* and n–π* transitions are observed similar
to that of ruthenium complexes but no significant bands are
found in the visible region.

From the mass spectral studies, the m/z values for all the
metal complexes are found to be in good agreement with the
theoretical values with [M − PF6]+ as molecular ion peak and
are listed in Section 2.
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3.1 | Molecular studies with single‐crystal x‐ray
diffraction

The molecular structures of complexes 2, 5, 7, 8, 9, 10 and 12
were determined using single‐crystal X‐ray structure analy-
sis. X‐ray crystallographic and structure refinement data col-
lection parameters are presented in Tables 1 and 2. Selected
bond lengths and bond angles are given in Table S1. The cor-
responding molecular structures are shown in Figures 1 and
S2. Albeit that the crystal structure of complex 10 possesses
R‐values and goodness‐of‐fit in good limits, it is found to
have low completeness error and hence the structure is
presented only to know the molecular structure. The metal
chloride bond lengths, P─F bond distances, C─C bond
lengths within the Cp* ring, C─Me distances and metal
centroid distances are normal and are consistent with the
values reported previously with this system.[37–39] Yellow
crystals of complex 2 suitable for X‐ray diffraction were
obtained using the solvent diffusion method by diffusing
hexane into a saturated dichloromethane solution of the com-
plex. Yellow crystals of complex 5 were obtained by slow
evaporation of an acetone solution of the complex. Yellow
crystals of complexes 7, 8, 9 and 12 were obtained using
the solvent diffusion method by diffusing hexane into a satu-
rated acetone solution of the complex. Complexes 2, 5, 9 and
12 crystallize in the monoclinic space group P21/c. Com-
plexes 7 and 8 crystallize as triclinic space group P1. Ruthe-
nium to p‐cymenecentroid and ruthenium to benzenecentroid
distances in complexes 2 and 5 are 1.683 and 1.682 Å,
respectively. Rhodium to Cp*centroid distances in complexes

7, 8 and 9 are 1.780, 1.782 and 1.782 Å, respectively. In com-
plex 12, iridium to Cp*centroid distance is 1.782 Å. In ruthe-
nium complexes 2 and 5 the Ru─N distances are in the
range 2.054(3)–2.076(3) Å and Ru(1)─Cl(1) distances are
2.404(9) and 2.392(17) Å, respectively. In rhodium
complexes 7, 8 and 9 Rh─N distances are in the range
2.095(2)–2.112(3) Å and Rh─Cl distances are in the range
2.395(6)–2.409(11) Å. In iridium complexes 10 and 12 the
Ir─N distances are in the range 2.053(9)–2.110(4) Å and Ir
(1)─Cl(1) distances are 2.388(15) and 2.418(16) Å, respec-
tively. In ruthenium complexes 2 and 5 the bite angles around
metal, namely N(1)–Ru(1)–N(2), N(1)–Ru(1)–Cl(1) and N
(2)–Ru(1)–Cl(1), are in the range 75.39(12)–85.04(8)°. In
rhodium complexes 7, 8 and 9 the bite angles around metal
are in the range 75.05(9)–93.17(9)°. In iridium complexes
10 and 12 they are in the range 74.4(4)–90.68(14)°. All these
bite angles, which show a deviation from the octahedral
angles, suggest the attainment of pseudo‐octahedral geome-
try around the metal. All the complexes possess a ‘piano‐
stool’ geometry with p‐cymene/benzene/Cp* as the seat and
two nitrogen atoms and chloride as the three legs. In all com-
plexes N(2)─O(1) bond distances are found at 1.379–1.399 Å
corresponding to N─O single bond. The crystal structures of
complexes 2, 5, 7 and 8 suggest the presence of
intermolecular hydrogen bonding (Table S3). In complexes
2, 5 and 7 the O─H⋅⋅⋅Cl hydrogen bond is present at 2.271,
2.394 and 2.236 Å, respectively (Figures S3 and S4). Com-
plex 8 exhibits an intermolecular hydrogen bond between
two molecules which are separated by water molecule with
O(1)–H(1)–O(2) distance of 1.793 Å (Figure S4). In complex
9, a serpentine network is observed along a view in c‐axis
(Figure S5).

3.2 | Chemosensitivity studies

The responses of cell lines BE, HT‐29 and MIA PaCa‐2 to the
test complexes and cisplatin are presented in Table 3. A broad
spectrum of response is observed ranging from inactive
(IC50 > 100 μM) in the case of complexes 5, 7, 8, 9 and 12
to active (IC50 < 10 μM) in the case of complexes 2 and 10.
All complexes are less potent than cisplatin, particularly
against the colorectal cancer lines where cisplatin is particu-
larly potent (IC50 values of 0.66 ± 0.33 and 0.25 ± 0.11 μM
against BE and HT‐29, respectively). The selectivity index
(SI), which is defined as the ratio of IC50 values for ARPE19
cells divided by the IC50 value for each cancer cell line, dem-
onstrates that complexes 2 and 10 are more effective against
cancer cells compared to non‐cancer cell lines with SI values
ranging from 1.21 to 5.45. In comparison to cisplatin, SI
values for colorectal cancer cell lines treated with complexes
2 and 10 are significantly lower than cisplatin where SI values
are 9.71 and 25 for BE and HT‐29, respectively (Figure 2). In
contrast, SI values forMIA PaCa‐2 cells (Figure 3) are compa-
rable to cisplatin (for complex 10) but are higher than cisplatin
(SI = 2.72) for complex 2 (SI = 5.45).

SCHEME 1 Schematic representation of the synthesis of complexes with
L1–L3

CHART 1 Ligands used in the present study
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Chemosensitivity studies demonstrate two key findings.
First, the active test complexes have a spectrum of activity
against cancer cell lines different from that of cisplatin indi-
cating that the complexes have a different mechanism of
action from cisplatin. Second, whilst all of the complexes
are less potent than cisplatin, there is evidence that complex
2 in particular exhibits greater selectivity for the pancreatic
MIA PaCa‐2 cell line than cisplatin. Further studies are
required to confirm this observation in a larger panel of cell
lines before target deconvolution strategies are employed to
identify mechanisms of action.

3.3 | Induction of spoptosis

From fluorescent‐based apoptosis study, control group shows
mostly viable DL cells identified by bright uniform green
nuclei with organized structures, whereas treatment with the
various compounds shows dose‐dependent increase in apo-
ptotic cell death (red nuclei) (Figure 4). Treatment for 12 h
at lower dose, 20–40 μg ml−1, of complexes 3, 6, 9 and 12
shows mostly early apoptotic cells in the case of all com-
plexes with nuclear marginalization and chromatin condensa-
tion. Late apoptotic cells with fragmented chromatin,
cytoplasmic vacuoles and apoptotic bodies are observed at
higher dose, namely 60–80 μg ml−1 and 100 μg ml−1 for
complexes 3, 6, 9 and 12. Complex 9 induces higher apopto-
tic cell death at different selected doses followed by
complexes 12, 3 and 6. At 100 μg ml−1 complexes 3, 6, 9
and 12 show apoptotic cell death of 22, 6, 29 and 20%
(Figure 5). In cisplatin treatment group severe apoptotic cell
death (membrane folding/blebbing and fragmented nuclei)
is observed after 12 h of treatment. In normal peripheral
blood mononuclear cells (PBMCs), complex 9 induces ca
13% cell death followed by complex 3 (ca 8%), complex 12
(ca 7%) and complex 6 (ca 4%) (Figure S6). The IC50 values
for complexes 3, 6, 9 and 12 are calculated using dose–
response curves. They exhibit IC50 values against DL cells

after 12 h incubation of 0.82, 3.32, 0.66 and 0.81 mM,
respectively. They exhibit IC50 values against normal cells
after 12 h incubation of 2, 4.22, 1.25 and 2.04 mM, respec-
tively. The IC50 of cisplatin is 0.29 mM against DL cells.

3.4 | In Vivo anti‐tumour activity study

In the present study, complex 2 was tested for its in vivo anti‐
tumour activity against DL in Swiss albino mice. Percentage
survival of mice bearing tumour after treatment with complex
2 is shown in Figure S7 and the data are summarized in
Table 4. Complex 2 shows a direct correlation between the
dose of the complex administered and increase in the percent-
age survival of mice. All the control animals post tumour
transplantation without any treatment fail to survive beyond

TABLE 3 Response of a panel of cell lines to complexes 2 and 10 and
cisplatin

Complex

IC50 (μM)a

BE HT‐29
MIA

PaCa‐2 ARPE‐19

2 6.91 ± 0.50 13.24 ± 6.47 5.31 ± 1.95 28.92 ± 6.05

5 >100 >100 — —
7 >100 >100 — —
8 >100 >100 — —
9 >100 >100 — —
10 6.32 ± 0.06 10.00 ± 2.77 5.46 ± 3.41 12.76 ± 5.4

11 41.48 31.24 — —
12 >100 >100 — —
Cisplatin 0.66 ± 0.33 0.25 ± 0.11 2.10 ± 2.26 6.41 ± 0.95

aEach value represents the mean ± standard deviation from three independent
experiments. IC50 > 100 indicates that the compound did not induce an IC50 at
the highest dose tested (100 μM).

FIGURE 2 Selectivity index of cisplatin and complexes 2 and 10 in colo-
rectal cell lines (BE and HT‐29). The selectivity index is defined as IC50 of
ARPE19 cells divided by IC50 of each tumour cell line. Selectivity index is
determined from the mean IC50 values in Table 3 and therefore error bars
cannot be included

FIGURE 3 Selectivity index values for MIA PaCa‐2 cells with complexes 2
and 10 and cisplatin
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22 days and the range is 17–22 days. In the case of complex
2, when the tumour‐bearing mice were treated with a dose of
40 mg kg−1, 100% of animals survive up to 20 days post
tumour transplantation and the maximum median survival
period is found to be 28 days with T/C value of 142%. When
the dose of the complex is increased to 80 mg kg−1, 100% of
animals survive up to 22 days and the maximum median

survival time increases to 26 days with T/C value of 137%.
The Kaplan–Meier survival curves which were calculated
using GraphPad Prism (Version 5.0) software indicate that
survivability of DL‐bearing mice increases significantly after
treatment with complex 2.

3.5 | Density functional theory study

3.5.1 | Theoretical studies of electronic properties and
hydrogen bond donor ability

The crystal structures of some of the complexes obtained
with hydrogen bonded water molecules prompted us to con-
duct a theoretical study of the hydrogen bond donor/acceptor
ability of the oxime group. Oxime complexes under study are
able to form two types of hydrogen bonds (Figure S10): for-
mation of an O─H⋅⋅⋅A hydrogen bond where the complex is a
hydrogen bond donor and the other case as an acceptor of
hydrogen bond via oxime hydrogen. The geometry optimiza-
tion of complexes 1, 2, 4, 5, 7, 8, 10 and 11 with water
molecules reveals that the metal complex and water form a
hydrogen bond. The interaction energies of the hydrogen
bonded complexes (1–H2O, 2–H2O, 4–H2O, 5–H2O,
7–H2O, 8–H2O, 10–H2O, 11–H2O) are −10.66, −10.77,
−10.07, −8.15. −10.47, −7.69, −7.64, −6.14 kcal mol−1

for the hydrogen bond acceptor complexes and −21.97,
−21.77, −21.45, −20.96, −22.19, −21.83, −21.48,
−19.89 kcal mol−1 for the hydrogen bond donor complexes,
which supports the hydrogen bond donor ability of the
complexes observed in the experiment.

4 | CONCLUSIONS

Complexes 1–12 were isolated with ligands L1–L3 in κ2

(N∩N) bonding mode as cationic complexes. Ruthenium, rho-
dium and iridium followed similar bonding mode in forming
complexes. Complexes 3, 6, 9 and 12 induce apoptosis in DL
cells. Complex 9 shows the highest apoptosis activity of 29%
cell death against DL cells and 13% cell death against
PBMCs suggesting less activity against normal cells. Com-
plexes 2 and 10 exhibit an equipotent in vitro anti‐tumour
activity against HT‐29, BE and MIA PaCa‐2 cancer cell lines.
In the case of the pancreatic cancer cell line the SI of complex
2 is greater than that of cisplatin. The complexes under study
have strong hydrogen bond donor ability with ca 20 kcal mol
−1 hydrogen bonding interaction energies.

FIGURE 4 Morphological features of viable and apoptotic tumour cells
with acridine orange and ethidium bromide staining after 12 h of treatment.
Control DL cells show mostly viable cells with green nuclei. Cisplatin
treatment shows apoptotic features with membrane damage and nuclear
fragmentation. Treatment with complexes 3, 6, 9 and 12 shows typical apo-
ptotic features including membrane blebbing, chromatin condensation and
fragmented nuclei

FIGURE 5 Percentage of apoptotic cells after staining with acridine orange
and ethidium bromide for 12 h. Quantification was carried out from 20 ran-
domly selected view fields under a microscope and mean values are
presented from each group. Values are mean ± SD. n = 3

TABLE 4 In vivo anti‐tumour activity of complex 2 towards DL

Complex Dose (mg kg−1) Treatment period No of animals treated Days survival range Median T/C (%)

Control 5 17–21 19

Complex 2 40 1st, 5th and 9th 5 20–36 28 142

Complex 2 80 1st, 5th and 9th 5 22–30 26 137
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The d6 metal complexes of thiourea derivatives were synthesized to investigate

its cytotoxicity. Treatment of various N‐phenyl‐N´ pyridyl/pyrimidyl thiourea

ligands with half‐sandwich d6 metal precursors yielded a series of cationic com-

plexes. Reactions of ligand (L1‐L3) with [(p‐cymene)RuCl2]2 and [Cp*MCl2]2
(M = Rh/Ir) led to the formation of a series of cationic complexes bearing gen-

eral formula [(arene)M(L1)к2(N,S)Cl]
+, [(arene)M(L2)к2(N,S)Cl]

+ and [(arene)

M(L3)к2(N,S)Cl]
+ [arene = p‐cymene, M = Ru (1, 4, 7); Cp*, M = Rh (2, 5, 8);

Cp*, Ir (3, 6, 9)]. These compounds were isolated as their chloride salts. X‐ray
crystallographic studies of the complexes revealed the coordination of the

ligands to the metal in a bidentate chelating N,S‐ manner. Further the cytotox-

icity studies of the thiourea derivatives and its complexes evaluated against

HCT‐116 (human colorectal cancer), MIA‐PaCa‐2 (human pancreatic cancer)

and ARPE‐19 (non‐cancer retinal epithelium) cancer cell lines showed that

the thiourea ligands displayed no activity. Upon complexation however, the

metal compounds possesses cytotoxicity and whilst potency is less than

cisplatin, several complexes exhibited greater selectivity for HCT‐116 or MIA‐
PaCa‐2 cells compared to ARPE‐19 cells than cisplatin in vitro. Rhodium

complexes of thiourea derivatives were found to be more potent as compared

to ruthenium and iridium complexes.

KEYWORDS

chemosensitivity, iridium, rhodium, ruthenium, thiourea

1 | INTRODUCTION

Half‐sandwich arene d6 metal complexes (arene = p‐
cymene and its derivatives) have been given much impor-
tance owing to their clinical and industrial applications.[1]

These organometallic compounds have been widely
exploited for their medicinal applications and it has
been proved that these complexes bear the potential to
act as metal based anti‐cancer drugs.[2,3] In particular,

two half‐sandwich ruthenium complexes namely [Ru(η6‐
arene)Cl(en)]+ (en = ethylenediamine) developed by
Chen et al. and [Ru(p‐cymene)Cl2(PTA)], developed
by Allardyce et al. termed RAPTA‐C (PTA = 1,3,5‐triaza‐
7‐phosphaadamantane) have been found to exhibit
excellent cytotoxic activity in vitro and anticancer
activity in vivo.[4,5] The cyclic arene ligands in these
complexes are relatively inert towards substitution, it pro-
tects the metal's oxidation state and it also influences
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hydrophobicity and interaction with biomolecules.[6,7] It
has been observed that the mode of action of these com-
pounds depends strongly on the nature of the chelating
ligand.[8] In this regard it is important to choose a
particular chelating ligand system with known bioactive
properties.[9] Nevertheless pentamethylcyclopentadienyl
rhodium and iridium complexes have also been explored
and studied for their antitumor activities due to the inert
facial co‐ligand Cp* which offers several advantages.[10]

Much interest has been paid towards the synthesis and
development of transitionmetal complexes containing thio-
urea ligands because of their interesting binding modes.[11]

These ligands can coordinate metal ion in a variety of
coordination modes because of the presence of various
donor atoms such as N´, O, N´ and S.[12] Thiourea
ligands can coordinate transition metal in either neutral
bidentate (O, N), monobasic bidentate (O, S), and neutral
monodentate (S) modes.[12–14] Numerous thiourea deriva-
tives and its metal complexes are known to exhibit a wide
range of biological activities such as antifungal, antibacte-
rial, antimalarial and antitumor, activities.[15–18] Introduc-
tion of various substituents into the thiourea ligand can
definitely increase the selectivity towards the metal ion
and is also expected to alter the coordinationmodes of these
ligands. Since the choice of ligands plays a crucial role in
determining the biological properties of the complexes we
decided to substitute aryl group with pyridyl group and
determine the coordination properties of pyridyl thiourea
derivatives. Previous studies in this laboratory have
reported some half‐sandwich arene ruthenium, rhodium
and iridium complexes with pyridyl thiourea ligands[19,20]

and in this study, we report the synthesis, structural and
cytotoxic activity against cancer and non‐cancer cell lines
in vitro of p‐cymene ruthenium, Cp* rhodium and Cp* irid-
ium complexes containing thiourea derivatives. Ligands
used in the present study are shown in Chart 1.

2 | EXPERIMENTAL

2.1 | Materials and Methods

The reagents were of commercial quality and used without
further purification. Metal salts RuCl3.nH2O, RhCl3.nH2O
and IrCl3.nH2O were purchased from Arora Matthey
Limited. α‐phellandrene, pentamethylcyclopentadiene,
2‐aminopyridine, 2‐aminopyrimidine and 2‐amino‐4‐
methyl‐pyridine were purchased from Sigma Aldrich.
Phenyl isothiocyanate was obtained from Spectrochem.

The solvents were dried and distilled prior to use according
to standard procedures.[21] Precursor metal complexes
[(p‐cymene)RuCl2]2 and [Cp*MCl2]2 (M = Rh/Ir) were
prepared according to the published procedures.[22,23]

The thiourea ligands 1‐phenyl‐3‐(pyridine‐2‐yl)thiourea
(L1), 1‐phenyl‐3‐(pyrimidin‐2‐yl)thiourea (L2) and 1‐(4‐
methylpyridin‐2‐yl)‐3‐phenylthiourea (L3) were prepared
according to reported procedures.[24] 1H NMR spectra
were recorded on a Bruker Avance II 400 MHz spectrome-
ter using CDCl3 as solvent; chemical shifts were referenced
to TMS. Infrared spectra (KBr pellets; 400‐4000 cm‐1) were
recorded on a Perkin‐Elmer 983 spectrophotometer. Mass
spectra were recorded with Q‐Tof APCI‐MS instrument
(model HAB 273) using acetonitrile as solvent. Elemental
analyses of the complexes were carried out on a Perkin‐
Elmer 2400 CHN/S analyzer.

2.1.1 | Structure determination by X‐ray
crystallography

Suitable single crystals of complexes were obtained by
slow diffusion of hexane into dichloromethane solution.
Single crystal data for the complexes were collected
with an Oxford Diffraction Xcalibur Eos Gemini diffrac-
tometer using graphite monochromated Mo‐Kα radiation
(λ = 0.71073 Å). The strategy for the data collection was
evaluated using the CrysAlisPro CCD software. Crystal
data were collected by standard ‘phi–omega scan’ tech-
niques and were scaled and reduced using CrysAlisPro
RED software. The structures were solved by direct
methods using SHELXS‐97 and refined by full‐matrix
least squares with SHELXL‐97 refining on F2.[25,26] The
positions of all the atoms were obtained by direct
methods. Metal atoms in the complex were located from
the E‐maps and all non‐hydrogen atoms were refined
anisotropically by full‐matrix least‐squares. Hydrogen
atoms were placed in geometrically idealised positions
and constrained to ride on their parent atoms with C‐H
distances in the range 0.95‐1.00 Angstrom. Isotropic
thermal parameters Ueq were fixed such that they were
1.2Ueq of their parent atom Ueq for CH's and 1.5Ueq of
their parent atom Ueq in case of methyl groups. Crystallo-
graphic and structure refinement parameters for the
complexes are summarized in Table 1 and selected
bond lengths and bond angles are presented in Table 2.
Figures 1–3 were drawn with ORTEP3 program whereas
Figures 4 and 5 were drawn using MERCURY 3.6
program.[27]

CHART 1 Ligands used in the study
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Because of poor crystal quality the crystal structure of
complex (1) has low theta value, we have presented the
data here only to establish the structure. Crystal structure
of complex (5) contains solvent molecule (CHCl3) in the
solved structure. The crystal structure of complex (6)
contains DCM and pentane molecules, which has been
removed by SQUEEZE method.[28]

2.1.2 | Cell lines testing, culture condi-
tions and cytotoxicity against cell lines

The cytotoxic activity of the thiourea derivatives
and its corresponding ruthenium, rhodium and iridium
complexes were evaluated against HCT‐116 colorectal
carcinoma and MIA‐PaCa‐2 pancreatic carcinoma cell
lines and the non‐cancer ARPE‐19 (human epithelial cell
line derived from the retina) cell line. These cell lines
were purchased from the American Type Culture Collec-
tion (ATCC) and the reagents used were purchased from
Sigma Aldrich Co. Ltd (Dorset, UK) unless otherwise
stated. Cytotoxicity of thiourea ligands and compounds
were evaluated using the standard MTT (3‐(4,5‐Dimethyl-
thiazol‐2‐yl)‐2,5‐diphenyltetrazolium bromide) cellular
viability assay as follows. Cells were inoculated into 96
well plates at 1.5 x 103 cells per well and incubated for
24 hours at 37 °C in an atmosphere of 5% CO2 prior to
drug exposure. The thiourea ligands and complexes (1‐9)
were all dissolved in DMSO at a concentration of
100 mM and diluted further with medium to obtain drug
solutions ranging from 0.5 to 100 μM. The final DMSO
concentration was 0.1% (v/v), which is nontoxic to cells.
Cisplatin was dissolved in phosphate buffered saline at a
stock concentration of 25 mM. Cells were exposed to drug
for 96 hours and cell survival was determined using the
MTT assay.[29,30] Briefly, 20 μL of MTT (0.5 mg/ml) in
phosphate buffered saline was added to each well and it
was further incubated at 37 °C for 4 hours in an atmo-
sphere containing 5% CO2. The solution was then
removed and the formazan crystals formed were dissolved
in 150 μM DMSO. The absorbance of the solution was
recorded at 550 nm using an ELISA spectrophotometer.
Percentage cell survival was calculated by dividing the
true absorbance of treated cell by the true absorbance
for controls (exposed to 0.1% DMSO). The IC50 values
were determined from plots of % survival against drug
concentration. Each experiment was repeated three times
and a mean value obtained and stated as IC50 (μM) ± SD.
To compare the response of non‐cancer cells to cancer
cells, the selectivity index (SI) was calculated as the IC50

for ARPE‐19 cells divided by the IC50 for either HCT‐116
or MIA‐PaCa‐2 cells. Values >1 indicate that complexes
have selective activity against cancer compared to non‐
cancer cells in vitro.T
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2.1.3 | General procedure for synthesis of
metal complexes (1‐9)
A mixture of metal precursor [(p‐cymeme)RuCl2]2 or
[Cp*MCl2]2 (M = Rh/Ir) (0.1 mmol) and thiourea

derivatives (L1‐L3) (0.2 mmol) were dissolved in dry ace-
tone (10 ml) and stirred at room temperature for 8 hours
(Scheme 1). A yellow colored compound precipitated out
from the reaction mixture. The precipitate was filtered,
washed with cold acetone (2 x 5 ml) and diethyl ether
(3 x 10 ml) and air dried.

FIGURE 2 (a) ORTEP plot of complex (5) and (b) ORTEP plot of
complex (6) with 50% probability thermal ellipsoids. Hydrogen
atoms (except on N3 and N4) are omitted for clarity

TABLE 2 Selected bond lengths (Å) and bond angles (°) of complexes

Complex 1 5 6 7 8

M(1)‐CNT 1.696 1.789 1.794 1.689 1.789

M(1)‐N(1) 2.122(6) 2.101(3) 2.110(5) 2.109(4) 2.101(3)

M(1)‐S(1) 2.3740(18) 2.3411(9) 2.3616(16) 2.3768(12) 2.3411(9)

M(1)‐Cl(1) 2.4097(18) 2.3992(10) 2.3962(16) 2.4009(12) 2.3992(10)

C=S(1) 1.699(7) 1.694(3) 1.700(6) 1.686(4) 1.694(3)

N(1)‐M(1)‐S(1) 85.99(15) 85.08(8) 86.15(13) 84.18(10) 85.08(8)

N(1)‐M(1)‐Cl(1) 86.14(16) 88.56(8) 88.14(13) 86.88(9) 88.56(8)

S(1)‐M(1)‐Cl(1) 85.74(7) 90.11(44) 87.34(6) 86.16(4) 90.11(4)

CNT represents the centroid of the arene ring and (M = Ru, Rh and Ir).

FIGURE 1 (a) ORTEP plot of complex (1) and (b) ORTEP plot of
complex (3) with 50% probability thermal ellipsoids. Hydrogen
atoms (except on N2 and N3) are omitted for clarity

ADHIKARI ET AL. 5 of 13



2.2 | [(p‐cymene)Ru(L1)к2(N,S)Cl]Cl (1)

Yield: 80 mg (74%); Anal. Calc for C22H25N3Cl2SRu
(535.49); C, 49.34; H, 4.71; N, 7.85. Found: C, 49.43; H,

4.84; N, 7.96 %; FT‐IR (KBr, cm‐1): 3337(m), 2203(m),
1620(m), 1545(m), 1443(m), 1484(m), 1231(m), 1122(m);
1H NMR (400 MHz, CDCl3): δ (ppm) = 13.23 (s, 1H,
NH), 12.01 (s, 1H, NH), 8.84 (dd, J = 4 and 4 Hz, 1H),
7.75 (t, J = 4 Hz, 1H), 7.55‐7.61 (m, 3H), 7.39 (t, J = 8 Hz,
2H), 7.30 (t, J = 8 Hz, 1H), 7.15 (t, J = 4 Hz, 1H), 5.47

FIGURE 3 (a) ORTEP plot of complex (7) and (b) ORTEP plot of
complex (8) with 50% probability thermal ellipsoids. Hydrogen
atoms (except on N2 and N3) are omitted for clarity

FIGURE 4 Crystal structure of complex (5) showing
intermolecular hydrogen bonding

FIGURE 5 (a) Crystal structure of complex (7) and (b) crystal
structure of complex (8) showing intermolecular hydrogen
bonding between chloride counterion and hydrogen atoms

6 of 13 ADHIKARI ET AL.



(d, J = 8 Hz, 1H), 5.39 (d, J = 4 Hz, 1H, CH(p‐cym)), 5.23
(t, J = 8 Hz, 2H, CH(p‐cym)), 2.74 (sept, 1H, CH(p‐cym)),
1.89 (s, 3H, CH(p‐cym)), 1.18 (dd, 6H, J = 4 and 4 Hz,
CH(p‐cym));

13C NMR (100 MHz, CDCl3): δ = 176.94,
164.59, 153.65, 151.93, 139.26, 135.40, 128.12, 126.87,
124.26, 120.37, 116.24 (C‐L1), 106.01, 99.18, 85.71, 84.42,
84.11, 83.27, 29.69, 21.42, 21.24, 17.18 (C‐p‐cym);
HRMS‐APCI (m/z) [Found (Calcd)]: [464.0753
(464.0734)] [M‐2H‐2Cl+H]+.

2.3 | [Cp*Rh(L1)к2(N,S)Cl]Cl (2)

Yield: 79 mg (73%); Anal. Calc for C22H26Cl2N3SRh
(538.33); C, 49.08; H, 4.87; N, 7.81. Found: C, 49.17; H,
4.95; N, 7.93 %; FT‐IR (KBr, cm‐1): 3370(w), 3151(m),
1611(m), 1603(m), 1568(m), 1536(m), 1228(m), 1135(m),
1122(m); 1H NMR (400 MHz, CDCl3): δ (ppm) = 13.41
(s, 1H, NH), 12.07 (s, 1H, NH), 8.74 (d, J = 8 Hz, 1H),
7.85 (t, J = 8 Hz, 1H), 7.73 (d, J = 8 Hz, 2H), 7.60
(d, J = 8 Hz, 2H), 7.45 (t, J = 8 Hz, 2H), 7.37 (t, J =
8 Hz, 1H), 1.54 (s, 15H, CH(Cp*));

13C NMR (100 MHz,
CDCl3): δ = 176.66, 152.33, 151.74, 140.56, 136.38,
129.10, 127.93, 125.70, 122.18, 117.17, (C‐L2), 97.07
(Cp*ipso), 8.78 (Cp*Me); HRMS‐APCI (m/z) [Found
(Calcd)]: [466.0820 (466.0824)] [M‐2H‐2Cl+H]+.

2.4 | [Cp*Ir(L1)к2(N,S)Cl]Cl (3)

Yield: 96 mg (76%); Anal. Calc for C22H26Cl2N3SIr
(627.64); C, 42.10; H, 4.18; N, 6.69. Found: C, 42.25; H,
4.27; N, 6.79 %; FT‐IR (KBr, cm‐1): 3338(w), 3186(m),
1617(m), 1591(w), 1544(m), 1484(m), 1233(m), 1159(m);
1H NMR (400 MHz, CDCl3): δ (ppm) = 13.25 (s, 1H,
NH), 12.03 (s, 1H, NH), 8.68 (d, J = 4 Hz, 1H), 7.70‐7.80
(m, 2H), 7.58 (d, J = 8 Hz, 2H), 7.45 (t, J = 8 Hz, 2H),
7.38 (d, J = 8 Hz, 2H), 7.19 (t, J = 8 Hz, 1H), 1.54 (s,
15H, CH(Cp*));

13C NMR (100 MHz, CDCl3): δ = 176.32,

153.61, 151.94, 140.21, 135.91, 129.07, 126.42, 124.12,
122.12, 117.17, (C‐L1), 97.07 (Cp*ipso), 8.55 (Cp*Me);
HRMS‐APCI (m/z) [Found (Calcd)]: [556.1381
(556.1398)] [M‐2H‐2Cl+H]+.

2.5 | [(p‐cymene)Ru(L2)к2(N,S)Cl]Cl (4)

Yield: 84 mg (78%); Anal. Calc for C21H24Cl2N4SRu
(536.48); C, 47.01; H, 4.51; N, 10.44. Found: C, 47.10; H,
4.62; N, 10.56 %; FT‐IR (KBr, cm‐1): 3370(w), 3298(m),
3176(m), 2965(m), 1618(m), 1583(m), 1561(m), 1474(m),
1202(m), 1161(m); 1H NMR (400 MHz, CDCl3): δ (ppm)
= 13.11 (s, 1H, NH), 9.14 (dd, J = 4 and 4 Hz, 1H), 8.78
(d, J = 4 Hz, 1H), 7.66 (d, J = 8 Hz, 2H), 7.47 (d,
J = 8 Hz, 2H), 7.38 (t, J = 8 Hz, 1H), 7.27 (t, J = 4 Hz,
1H), 5.56 (d, J = 4 Hz, 1H, CH(p‐cym)), 5.50 (d, J = 4 Hz,
1H, CH(p‐cym)), 5.38 (d, J = 4 Hz, 2H, CH(p‐cym)), 281 (sept,
1H, CH(p‐cym)), 2.00 (s, 3H, CH(p‐cym)), 1.25 (d, J = 4 Hz,
6H, CH(p‐cym));

13C NMR (100 MHz, CDCl3): δ = 177.08,
163.39, 160.45, 157.56, 136.28, 129.14, 128.05, 125.42,
118.18, (C‐L2), 107.60, 100.45, 86.73, 85.60, 85.13, 84.74,
30.70, 22.41, 22.19, 18.20 (C‐p‐cym); HRMS‐APCI (m/z)
[Found (Calcd)]: [465.0685 (465.0687)] [M‐2H‐2Cl+H]+.

2.6 | [Cp*Rh(L2)к2(N,S)Cl]Cl (5)

Yield: 78 mg (73%); Anal. Calc for C21H25Cl2N4SRh
(539.32); C, 46.77; H, 4.67; N, 10.39. Found: C, 46.87; H,
4.75; N, 10.48 %; FT‐IR (KBr, cm‐1): 3358(w), 3262(m),
3174(m), 1618(m), 1575(m), 1475(m), 1441(m), 1206(m),
1159(m); 1H NMR (400 MHz, CDCl3): δ (ppm) = 9.09
(dd, J = 4 and 4 Hz, 1H), 8.93 (s, 1H, NH), 7.73 (d,
J = 8 Hz, 2H), 7.56 (t, J = 8 Hz, 2H), 7.50 (d, J = 8 Hz,
1H), 7.38‐7.42 (m, 2H), 1.66 (s, 15H, CH(Cp*));

13C NMR
(100 MHz, CDCl3): δ = 176.23, 161.15, 161.03, 156.27,
136.15, 129.17, 128.14, 125.64, 118.75, (C‐L2), 89.91

SCHEME 1 Synthesis of metal
complexes (1‐9)
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(Cp*ipso), 8.51 (Cp*Me); HRMS‐APCI (m/z) [Found
(Calcd)]: [467.0784 (467.0777)] [M‐2H‐2Cl+H]+.

2.7 | [Cp*Ir(L2)к2(N,S)Cl]Cl (6)

Yield: 104 mg (83%); Anal. Calc for C21H25Cl2N4SIr
(628.63); C, 40.12; H, 4.01; N, 8.91. Found: C, 40.23; H,
4.11; N, 9.03 %; FT‐IR (KBr, cm‐1): 3374(w), 3252(m),
3171(m), 1616(m), 1585(m), 1463(m), 1204(m), 1162(m),
843(s); 1H NMR (400 MHz, CDCl3): δ (ppm) = 9.03 (dd,
J = 4 and 4 Hz, 1H), 8.87 (s, 1H, NH), 7.70 (d, J = 8 Hz,
2H), 7.55 (t, J = 8 Hz, 2H), 7.50 (d, J = 8 Hz, 1H),
7.35‐7.38 (m, 2H), 1.65 (s, 15H, CH(Cp*));

13C NMR
(100 MHz, CDCl3): δ = 175.67, 161.55, 161.06, 156.71,
136.26, 129.12, 128.11, 125.75, 119.01, (C‐L2), 97.40
(Cp*ipso), 8.84 (Cp*Me); HRMS‐APCI (m/z) [Found
(Calcd)]: [557.1355 (557.1351)] [M‐2H‐2Cl+H]+.

2.8 | [(p‐cymene)Ru(L3)к2(N,S)Cl]Cl (7)

Yield: 78 mg (71%); Anal. Calc for C23H27Cl2N3SRu
(549.52); C, 50.27; H, 4.95; N, 7.65. Found: C, 50.38; H,
5.06; N, 7.73 %; FT‐IR (KBr, cm‐1): 3356(m), 3160(m),
1618(m), 1594(m), 1547(m), 1487(m), 1224(m), 1125(m);
1H NMR (400 MHz, CDCl3): δ (ppm) = 13.12 (s, 1H,
NH), 12.12 (s, 1H, NH), 8.72 (d, J = 4 Hz, 1H), 7.64 (d, J
= 8 Hz, 2H), 7.46 (t, J = 8 Hz, 3H), 7.37 (t, J = 8 Hz,
1H), 7.04 (d, J = 4 Hz, 1H), 2.45 (s, 3H, CH3(py))
5.51 (d, J = 4 Hz, 1H, CH(p‐cym)), 5.43 (d, J = 4 Hz,
1H, CH(p‐cym)), 5.27 (t, J = 8 Hz, 1H, CH(p‐cym)), 2.80 (sept,
1H, CH(p‐cym)), 1.96 (s, 3H, CH(p‐cym)), 1.24 (dd, J = 4 and
4 Hz, 6H, CH(p‐cym));

13C NMR (100 MHz, CDCl3):
δ = 178.07, 153.75, 152.97, 152.34, 136.46, 129.07, 127.78,
125.23, 122.92, 117.42, 20.93 (C‐L3), 106.97, 100.02, 86.57,
85.30, 85.02, 84.15, 30.68, 22.42, 22.24, 18.21 (C‐p‐cym);
HRMS‐APCI (m/z) [Found (Calcd)]: [478.0902
(478.0891)] [M‐2H‐2Cl+H]+.

2.9 | [Cp*Rh(L3)к2(N,S)Cl]Cl (8)

Yield: 86 mg (78%); Anal. Calc for C23H28Cl2N3SRh
(552.36); C, 50.01; H, 5.11; N, 7.61. Found: C, 50.13; H,
5.27; N, 7.75 %; FT‐IR (KBr, cm‐1): 3371(s), 3120(m),
1619(m), 1602(w), 1585(s), 1523(s), 1223(m), 1140(m);
1H NMR (400 MHz, CDCl3): δ (ppm) = 13.20 (s, 1H,
NH), 12.10 (s, 1H, NH), 8.55 (d, J = 4 Hz, 1H), 7.60 (d, J
= 8 Hz, 2H), 7.47 (t, J = 8 Hz, 2H), 7.43 (t, J = 4 Hz,
2H), 7.09 (d, J = 4 Hz, 1H), 2.45 (s, 3H, CH3(py)), 1.53
(s, 15H, CH(Cp*));

13C NMR (100 MHz, CDCl3):
δ = 176.78, 153.30, 151.55, 151.20, 136.47, 129.08, 127.86,
125.70, 123.77, 117.86, 21.03, (C‐L3), 96.89 (Cp*ipso), 8.80
(Cp*Me); HRMS‐APCI (m/z) [Found (Calcd)]: [480.0980
(480.0981)] [M‐2H‐2Cl+H]+.

2.10 | [Cp*Ir(L3)к2(N,S)Cl]Cl (9)

Yield: 94 mg (73%); Anal. Calc for C23H28Cl2N3SIr
(641.67); C, 43.05; H, 4.40; N, 6.55. Found: C, 43.16; H,
4.47; N, 6.64 %; FT‐IR (KBr, cm‐1): 3340(w), 2922(m),
1618(m), 1593(w), 1541(m), 1489(m), 1232(m), 1189(m);
1H NMR (400 MHz, CDCl3): δ (ppm) = 13.07 (s, 1H,
NH), 12.04 (s, 1H, NH), 8.49 (d, J = 8 Hz, 1H), 7.55 (t,
J = 8 Hz, 3H), 7.44 (t, J = 8 Hz, 2H), 7.36 (t, J = 4 Hz,
1H), 7.01 (d, J = 4 Hz, 1H), 2.49 (s, 3H, CH3(py)), 1.52 (s,
15H, CH(Cp*));

13C NMR (100 MHz, CDCl3): δ = 176.44,
153.54, 152.39, 150.85, 136.32, 129.12, 127.91, 125.64,
123.77, 117.53, 20.94, (C‐L3), 89.32 (Cp*ipso), 8.51 (Cp*Me);
HRMS‐APCI (m/z) [Found (Calcd)]: [570.1572
(570.1555)] [M‐2H‐2Cl+H]+.

3 | RESULTS AND DISCUSSION

3.1 | Synthesis of complexes

The present work deals with the synthesis, characteriza-
tion and chemosensitivity studies of arene d6 metal
complexes containing thiourea derivatives. The metal
complexes (1‐9) were synthesized by the reaction of
precursor complexes and thiourea derivatives (L1‐L3) in
acetone. Scheme 1 depicts the synthesis of the metal com-
plexes containing thiourea derivatives. These complexes
were isolated as ionic salts with chloride counter ion.
The complexes were isolated as dark to light yellow solids
in moderate yields and are non‐hygroscopic. They are
soluble in common organic solvents like acetonitrile,
dichloromethane, chloroform, methanol and DMSO but
insoluble in petroleum ether, hexane and diethyl ether.
Single crystal X‐ray diffraction analysis confirmed the
coordination of the thiourea derivatives to the metal ion
in bidentate chelating N,S‐ manner. Further the anti‐
cancer activity of the thiourea derivatives and its metal
complexes were evaluated against two cancer cell lines
and one non cancer cell line.

3.2 | Spectral studies of the complexes

3.2.1 | IR studies of metal complexes

The preliminary confirmation of the formation of com-
plexes was justified from their IR spectra. The appearance
of the N‐H stretching frequencies in the complexes
around 3100‐3370 cm‐1 indicates that the N‐H group is
not involved in coordination. The coordination of the
thione sulfur to the metal would result in the displace-
ment of electrons towards the metal ion which will
weaken the C=S bonds hence on complexation the C=S
stretching vibrations is expected to decrease. Therefore
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on complexation the C=S stretching frequencies appeared
in the lower frequency region around 1202‐1233 cm‐1 as
compared to the free ligand suggesting the coordination
of thione sulfur. The C=N stretching vibration decreases
slightly and was observed in the range of 1598‐1620 cm‐1

which indicates involvement of pyridyl/pyrimidyl nitro-
gen in coordination.

3.2.2 | 1H NMR studies of metal complexes

The 1H NMR spectra of the complexes are provided
in the supplementary information (Figures S1‐S9). The
formation of the complexes was supported by the 1H
NMR studies. The appearance of the ligand proton signals
in addition to the p‐cymene and Cp* ring protons clearly
indicates the formation of the compounds. In the 1H
NMR spectra of the complexes the N‐H proton signals
were observed as a singlet around 9.83‐13.12 ppm. For
complexes (5 and 6) the N‐H proton resonance was
observed at 8.93 and 8.87 ppm. The appearance of the
N‐H proton signals in the complexes indicates that the
N‐H group is not involved in bonding. The aromatic pro-
ton signals associated with the thiourea ligands were
observed in the downfield region around 7.00‐9.14 ppm
indicating the coordination of the thiourea ligand to the
metal ion. Besides these resonance signals for the aro-
matic part of the ligand complexes (1, 4 and 7) displayed
an unusual pattern of signal for the p‐cymene moiety.
The aromatic proton signal for the p‐cymene ligand
consisted of three doublets for complex (4) around
5.38‐5.56 ppm whereas for complexes (1 and 7) it showed
two doublets and one triplet around 5.23‐5.51 ppm instead
of two doublets in the starting metal precursor. Also the
methyl protons of isopropyl group displayed one doublet
for complex (4) and two doublet of doublet for complexes
(1 and 7) around 1.18‐1.25 ppm as shown in (Figure 6).
This splitting of the aromatic and isopropyl protons of
the p‐cymene ligand is due to the desymmetrization of
the p‐cymene ligand upon coordination of the thiourea
derived ligand. Complexes (1, 4 and 7) displayed septet
around 2.74‐2.81 ppm for the methine protons of the
isopropyl group and singlet around 1.89‐2.00 ppm for the
methyl protons of the p‐cymene ligand. In complexes
(7‐9) a singlet around 2.45‐2.49 ppm was observed corre-
sponding to the methyl protons of the pyridine ring of
ligand L3. In rhodium and iridium complexes in addition,
to the signals for the protons of the ligand a sharp
singlet was observed around 1.52‐1.66 ppm for the methyl
protons of the pentamethylcyclopentadienyl ligand. Over-
all the 1H NMR spectra of the complexes exhibited the
expected resonances and integration which is consistent
with the formulation of the compounds.

3.2.3 | 13C {1H} NMR studies of metal
complexes

The 13C NMR spectra of the complexes further justify
the coordination of the ligands and formation of com-
plexes. The 13C NMR spectra of the complexes are pro-
vided in the supplementary information (Figures S10‐
S18). The 13C NMR spectra of the complexes displayed
signals associated with the ligand carbons, p‐cymene
ligand carbons, methyl carbon of Cp* and ring carbon
of Cp*. The carbon resonance of the thiocarbonyl
(C=S) group appeared in the lower frequency region
around 175.6‐178.0 ppm. This shifting of carbon reso-
nances of the thiourea derivatives clearly suggests its
involvement in coordination to the metal ion. The aro-
matic carbons signals for the ligands were observed in
the range of 116.2‐163.3 ppm. In complexes (7‐9), the
methyl carbon resonances of the pyridine ring were
observed around 20.9‐21.0 ppm. The ring carbon reso-
nances of the p‐cymene ligand were observed around
84.1‐106.9 ppm. The methyl, methine and isopropyl car-
bon resonances of the p‐cymene ligand were observed

FIGURE 6 Splitting of aromatic and methyl protons of isopropyl
group of p‐cymene ligand
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in the region around 17.1‐30.7 ppm. The signals associ-
ated with the ring carbons of the Cp* ligand was
observed in the region around 89.3‐97.4 ppm in contrast
the methyl carbon resonances was observed as a sharp
peak around 8.51‐8.84 ppm. Overall results from the
NMR spectral studies strongly support the formation of
the metal complexes.

3.2.4 | Mass spectral studies of metal
complexes

The mass spectra of the thiourea complexes are presented
in the supplementary information (Figures S19‐S27) and
the values are listed in the experimental section (2.4).
The mass spectra of the complexes are consistent with
the formulation and composition of the complexes. All
these complexes displayed their molecular ion peaks at
m/z: 464.0753, m/z: 466.0820, m/z: 556.1381, m/z:
465.0685, m/z: 467.0784, m/z: 557.1355, m/z: 478.0902,
m/z: 480.0980 and m/z: 570.1572 which corresponds to
[M‐2H‐2Cl+H]+ ion peak. The peak corresponding to
the loss of the arene ring (arene = p‐cymene/Cp*) was
not observed in its mass spectrum which indicates the
stronger metal to arene bond.

3.2.5 | Description of the crystal struc-
tures of complexes

In addition to the spectroscopic analysis we were also able
to confirm the coordination of the thiourea derivatives to
the metal by carrying out the single crystal X‐ray analysis.
Our attempt to isolate the single crystal for all the com-
plexes was unsuccessful; however we obtained single crys-
tals for complexes (1, 5, 6, 7 and 8) respectively. Suitable
single crystals were attached to a glass fiber and trans-
ferred into the Oxford Diffraction Xcalibur Eos Gemini
diffractometer. The data and molecular structure of com-
plex 1 presented here is to only confirm the structure
and composition of the molecule. The ORTEP plot of
complexes along with atom numbering scheme are shown
in (Figures 1–3) respectively. The methyl groups of Cp* in
complex (5) are disordered due to which the methyl
groups in Cp* has large thermal ellipsoids The details
regarding data collection and structure refinement
parameters are summarized in Table 1 and geometrical
parameters including bond lengths, bond angles and
metal atom involving ring centroid values are listed in
Table 2. Complexes (1, 5 and 8) crystallized in monoclinic
crystal system with space group P21/c whereas complex
(6) crystallized with C2/c space group in monoclinic
crystal system. Complex (7) crystallized in triclinic system
with space group P ͞1. X‐ray crystallographic studies

showed that these complexes contained the cationic
species of general formula [(arene)M(L)Cl] [(arene) = p‐
cymene, Cp*; M = Ru, Rh and Ir; (L) = (L1‐L3)] and
counter anion chloride. These complexes featured a
regular three legged “piano‐stool” geometry in which
the coordination sites around the metal is occupied by
the arene ligand (arene = p‐cymene/Cp*) in a η6/η5 man-
ner, terminal chloride and a chelating N,S‐ ligand. The
metal atom shows pseudo‐octahedral coordination geom-
etry wherein the arene ligand occupies the three facial
coordination sites acting as seat of ‘piano‐stool’ and
nitrogen and sulfur donor atoms from thiourea deriva-
tives (L1‐L3) and terminal chloride acting as legs.
The molecular structures of these complexes revealed
that the ligands (L1‐L3) coordinated metal in a neutral
bidentate chelating N,S‐manner through pyridyl nitrogen
N(1) in complexes (1, 7 and 8), pyrimidyl nitrogen N(1) in
complexes (5 and 6) and thione sulfur S(1). This coordina-
tion of the ligands in a bidentate manner led to the forma-
tion of a six‐membered chelated ring with the metal
center. The arene ring is essentially planar and the metal
to centroid of the arene ring distances are {1.696 (1), 1.789
(5), 1.794 (6), 1.689 (7) and 1.789 (8) Å}. The iridium to
centroid distance is slightly larger than the ruthenium/
rhodium centroid distances (Table 2). Further as per the
literature survey of these ligands these are known to
exhibit several coordination modes but in these half‐
sandwich d6 metal complexes reported here the preferable
mode of coordination of these ligands is only in a
bidentate к2(N,S) fashion. The deprotonation of the amido
hydrogen which was expected to alter the coordination
behavior of these ligands was also not observed as
evidenced by 1H NMR and molecular structures. There
is significant delocalization of π‐electron density in the
six‐membered chelate ring as evidenced from the bond
distances of the complexes which was found to be in the
range of 1.33‐1.69 Å.[31] The phenyl ring is effectively
planar to that of the chelate ring. Further the C‐S bond
distances in these complexes was found to be in the range
of 1.686‐1.700 Å suggesting that it is intermediate between
single C‐S (1.82 Å) and double C=S (1.56 Å) bond
distances.[32] The bond lengths in these complexes are
normal and consistent with the к2‐N,S‐ coordination of
the thiourea derivatives which correlates well with
reported values for similar complexes.[19,33–35] The metal
to nitrogen bond distances is comparatively shorter than
the metal to sulfur bond distances (Table 2). The M‐Cl
bond lengths in these complexes shows no significant dif-
ferences and was found to be in the range of 2.39‐2.40 Å
which is comparable to reported literature values.[33,34]

With respect to the bond angle values N(1)‐M(1)‐S(1),
N(1)‐M(1)‐Cl(1), S(1)‐M(1)‐Cl(1) these are close to 90°
suggesting pseudo‐octahedral geometry around the metal
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center (Table 2). Overall all the geometrical parameters
are as anticipated.

3.2.6 | Non‐covalent interactions
Further the crystal packing diagrams of these complexes
revealed several weak intermolecular interactions. For
instance the crystal structure of complex (5) crystallized
with solvent molecule (CHCl3) which showed intermolec-
ular hydrogen bonding. The chloride counterion in
complex (5) displayed three different types of intermolec-
ular hydrogen bonding, C‐H···Cl (2.510 Å), N‐H(4)···Cl
(2.246 Å), N‐H(3)···Cl (2.420 Å) and C‐H···Cl (2.909 Å)
as shown in (Figure 4). Also it possessed C‐H···Cl
(2.921 Å) interaction between the chloride attached to
rhodium and hydrogen atom of phenyl ring and C‐H···S
(2.788 Å) interaction between thione sulfur and hydrogen
atom of phenyl ring (Figure 4). The crystal structure of
complex (7) exhibits two different types of C‐H···Cl
(2.848 and 2.869 Å) interactions between the chloride
counterion and H‐atom of phenyl ring and methyl hydro-
gen of p‐cymene ring. It also showed N‐H(2)···Cl
(2.291 Å), N‐H(3)···Cl (2.425 Å) interactions between the
amide hydrogen and chloride counter ion [Figure 5 (a)].
Further the crystal structure of complex (8) is stabilized
by C‐H···Cl (2.704 and 2.863 Å) interaction between the
methyl‐H atom of Cp*, and N‐H(3)···Cl (2.320 Å), N‐
H(4)···Cl (2.277 Å) interaction between chloride counter
ion and amide hydrogen [Figure 5 (b)]. These weak inter-
molecular interactions play a crucial role in the formation
of supramolecular architectures.

3.2.7 | Chemosensitivity studies

The response of HCT‐116, MIA PaCa‐2 and ARPE‐19 cells
to the thiourea ligands (L1‐L3) and its metal complexes
(1‐9) are provided in Table 3. The thiourea ligands
(L1‐L3) were found to be inactive against both the cell line
with IC50 value > 100. Upon complexation of thiourea
ligands all the complexes displayed cytotoxicity against
both cancer cell lines. Complexes (4‐6) with ligand L2
were found to exhibit moderate activity against both the
cell lines with IC50 value in the range of 33.1 ± 0.39 to
77.4 ± 2.71 μM. Complexes (1‐3) with ligand L1 and
(7‐9) with ligand L3 possessed similar cytotoxicity against
both HCT‐116 and Mia‐PaCa‐2 cell line with IC50 value in
the range of 9.10 ± 0.09 to 18.2 ± 3.25 μM. These
complexes were found to be more active as compared to
complexes (4‐6). However, all these thiourea compounds
were found to be less cytotoxic as compared to cisplatin
whose IC50 value is 2.78 μM against HCT‐116 and 3.15
μM against MIA‐PaCa2 cell lines. Complex (8) was found
to possess the highest cytotoxicity among all other

complexes against HCT‐116 cell line with IC50 value of
9.16 ± 0.84 μM whereas complex (9) was the most potent
against Mia‐PaCa‐2 cell line with IC50 value of 9.10 ± 0.09
μM. The response of ARPE‐19 non‐cancer cell lines is
presented in Table 3 and corresponding selectivity indices
are presented in Figure 7. With regards to potency,
statistically significant differences between the response
of cancer cells lines and ARPE‐19 cells were observed
for all complexes with the exception of complex (4). In
the case of complexes (1, 3, 7 and 9) statistically signifi-
cant differences between the response of MIA‐PaCa‐2
(but not HCT‐116) and ARPE‐19 cells was observed sug-
gesting that some selectivity for MIA‐PaCa‐2 cells exists
in vitro (Table 3). The selectivity index (SI) is shown in
Table 4 which is defined as the ratio of IC50 values in
ARPE19 cells divided by the IC50 for either HCT‐116 or
MIA‐PaCa‐2 cells. With regards to selectivity, Figure 7
demonstrates that complexes (5, 6 and 8) have greater
selectivity for HCT‐116 cells than cisplatin under identical
experimental conditions. In some cases (complexes 1, 3
and 9) enhanced selectivity towards the MIA‐PaCa‐2 as
opposed to the HCT‐116 cell line is obtained. The IC50

and selectivity index values of these compounds provide
an ideal platform for the design of thiourea complexes
possessing high cytotoxicity.

TABLE 3 IC50 values of thiourea ligands (L1‐L3) and complexes
(1‐9) along with cisplatin against HCT‐116 and MIA‐PaCa‐2 cancer
cell line. Each value represents the mean ± standard deviation from
three independent experiments. Statistical analysis comparing the
response of cancer cell lines (HCT‐116 or MIA‐PaCa‐2) to non‐cancer
ARPE‐19 cells was performed by a two tailed students t‐test with *
and ** representing P values of < 0.05 and < 0.01 respectively

Compounds

IC50 (μM)

HCT‐116 MIA‐PaCa‐2 ARPE‐19

L1 IC50>100 IC50>100 IC50>100

L2 IC50>100 IC50>100 IC50>100

L3 IC50>100 IC50>100 IC50>100

Complex 1 17.52 ± 2.95 10.05 ± 0.17** 21.31 ± 3.53

Complex 2 9.69 ± 0.97** 10.17 ± 0.37** 19.46 ± 2.57

Complex 3 15.38 ± 3.21 9.96 ± 0.11* 24.14 ± 8.33

Complex 4 68.44 ± 5.82 77.44 ± 2.71 67.52 ± 16.98

Complex 5 44.82 ± 11.70* 33.66 ± 3.96** 84.41 ± 16.51

Complex 6 35.59 ± 7.35** 33.17 ± 0.39** 66.28 ± 3.97

Complex 7 18.23 ± 3.25 16.75 ± 0.42** 20.82 ± 0.57

Complex 8 9.16 ± 0.84* 9.48 ± 0.32* 15.75 ± 2.87

Complex 9 16.02 ± 2.13 9.10 ± 0.09** 19.78 ± 1.80

Cisplatin 2.78 ± 1.40 3.15 ± 0.10 3.43±0.48

IC50 = concentration of the drug required to inhibit the growth of 50% of the
cancer cells (μM).
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4 | CONCLUSION

In summary, we have successfully synthesized ruthe-
nium, rhodium and iridium half‐sandwich complexes
containing thiourea derivatives. These complexes were
fully characterized by various spectroscopic studies and
molecular structures were established by single crystal
X‐ray analysis. X‐ray crystallographic studies of the
complexes revealed that the thiourea derivatives coordi-
nated metal in a neutral bidentate chelating manner
coordinating metal through nitrogen atom from pyridine
or pyrimidine and thione sulfur. The chemosensitivity
studies of the thiourea derivatives and complexes
carried out against HCT‐116, MIA‐PaCa‐2 and ARPE‐19
cell lines showed that the thiourea ligands are not

cytotoxic but after complexation however, the complexes
possessed cytotoxicity. Whilst the potency of these
complexes is generally less than cisplatin, this study
demonstrates that several complexes have greater selec-
tivity for cancer cell lines (with some showing specific
selectivity for MIA‐PaCa‐2 pancreatic cancer cells)
than cisplatin under identical experimental conditions
in vitro. Further development of these complexes is
required to enhance selectivity further and explore
mechanism of action responsible for the differential
cytotoxic effects observed.
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The reaction of [(p‐cymene)RuCl2]2 and [Cp*MCl2]2 (M = Rh/Ir) with benzoyl

(2‐pyrimidyl) thiourea (L1) and benzoyl (4‐picolyl) thiourea (L2) led to the for-

mation of cationic complexes bearing formula [(arene) M (L1)к2(N,S)Cl]
+ and

[(arene) M (L2)к2(N,S)Cl]
+ [(arene) = p‐cymene, M = Ru, (1, 4); Cp*,

M = Rh (2, 5) and Ir (3, 6)]. Precursor compounds reacted with benzoyl

(6‐picolyl) thiourea (L3) affording neutral complexes having formula [(arene)

M (L3)к1(S)Cl2] [arene = p‐cymene, M = Ru, (7); Cp*, M = Rh (8), Ir (9)].

X‐ray studies revealed that the methyl substituent attached to the pyridine

ring in ligands L2 and L3 affects its coordination mode. When methyl group

is at the para position of the pyridine ring (L2), the ligand coordinated metal

in a bidentate chelating N, S‐ mode whereas methyl group at ortho position

(L3), it coordinated in a monodentate mode. Further the anti‐cancer studies

of the thiourea derivatives and its complexes carried out against HCT‐116,
HT‐29 (human colorectal cancer), Mia‐PaCa‐2 (human pancreatic cancer)

and ARPE‐19 (non‐cancer retinal epithelium) cell lines showed that the thio-

urea ligands are inactive but upon complexation, the metal compounds

displayed potent and selective activity against cancer cells in vitro. Iridium

complexes were found to be more potent as compared to ruthenium and rho-

dium complexes.

KEYWORDS

cytotoxicity, iridium, rhodium, ruthenium, thiourea

1 | INTRODUCTION

Ruthenium based organometallic complexes have
evolved as a promising candidates as anti‐cancer agents
having potential clinical applications in particularly
against cisplatin resistant tumors.[1] Half‐sandwich arene
ruthenium (II) complexes are currently the subject of
versatile research which have the capability to act as

metal‐based anti‐cancer drugs.[2,3] In particularly two
such complexes developed by Sadler's group [Ru (η6‐
arene) Cl (en)]+ (en = ethylenediamine) and Dyson's
group [Ru (η6‐toluene)Cl2 (pta)] (pta = 1,3,5‐triaza‐7‐
phosphaadamantane) have been extensively studied and
found to have excellent anti‐tumor properties.[4–6] The
organometallic scaffold present in the ruthenium arene
complexes presents an ideal platform for the design of
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these half‐sandwich complexes. The basic building blocks
in these complexes include the arene ligand which con-
trols the hydrophobicity and interactions with biomole-
cules, labile chloride ligand which enables coordination
of the metal with protein and nucleic acids.[7,8] Rhodium
and iridium pentamethylcyclopentadienyl complexes
have also been studied by various research groups for
their anti‐proliferative activities.[9,10] These complexes
have also displayed their remarkable activity as catalyst
for various organic transformation reactions.[11–13]

Much interest has been paid towards the coordination
chemistry of benzoylthiourea ligands because of their
interesting and versatile coordination behavior towards
various transition metals. These ligands possesses various
hetero donor atoms which can coordinate metal in sev-
eral coordination modes such as monobasic bidentate
(O, S), neutral monodentate (S), and neutral bidentate
(O, N) coordination modes.[14,15] Rhodium complex of
N‐benzoyl‐N´‐phenylthiourea ligand has been reported
wherein the ligand acted as bridging ligand coordinating
one rhodium center in a bidentate fashion through
(O, S) mode and the other through deprotonated
nitrogen.[16] Substitution of alkyl or aryl group with
various other substituents is expected to alter the coordi-
nation modes of these ligands. When the alkyl or aryl
group is replaced by a pyridyl group the ligand acted as
neutral bidentate ligand coordinating metal in a (N, S)
mode.[17,18] Transition metal complexes of various thio-
urea derived ligands have been evaluated for their anti‐
bacterial, anti‐cancer and anti‐microbial activities.[19–21]

In our present work we report the synthesis spectral
and molecular structures of ruthenium, rhodium and
iridium half‐sandwich complexes containing pyridyl and
pyrimidyl thiourea derivatives. Ligands used in the pres-
ent study are shown in Chart 1.

1.1 | Experimental

1.1.1 | Materials and Methods

The reagents used were of commercial quality and used
without further purification. Metal salts RuCl3.nH2O,
RhCl3.nH2O and IrCl3.nH2O were purchased from
Arora Matthey Limited. α‐phellandrene,
pentamethylcyclopentadiene, 2‐amino pyrimidine,
2‐amino‐4‐methyl pyridine and 2‐amino‐6‐methyl pyri-
dine were purchased from Sigma‐Aldrich and

benoylisothiocyanate was purchased from Alfa‐Aesar.
The solvents were dried and distilled prior to use accord-
ing to standard procedures.[22] The thiourea derivatives
(L1‐L3) were prepared according to published proce-
dures.[23,24] Precursor metal complexes [(p‐cymene)
RuCl2]2 and [Cp*MCl2]2 (M = Rh/Ir) were prepared
according to the published procedures.[25,26] 1H NMR
spectra were recorded on a Bruker Avance II 400 MHz
spectrometer using CDCl3 as solvent; chemical shifts
were referenced to TMS. Infrared spectra (KBr pellets;
400–4000 cm−1) were recorded on a Perkin‐Elmer 983
spectrophotometer. Mass spectra were recorded in
positive mode with Q‐Tof APCI‐MS instrument (model
HAB 273) using acetonitrile as solvent. Elemental analy-
ses of the complexes were carried out on a Perkin‐Elmer
2400 CHN/S analyzer.

1.1.2 | Structure determination by X‐ray
crystallography

Solvent diffusion method was used for growing single
crystals of compounds. Suitable single crystals for X‐ray
structure analysis have been obtained for [2]PF6 and [3]
PF6, available from [2] Cl and [3] Cl and (4, 5, 6, 7, 8
and 9) in a dichloromethane‐hexane mixture. The PF6
salts for complexes (2 and 3) were obtained by dissolving
quantitative amount of chloride salts i.e. [2] Cl and [3] Cl
in acetonitrile and adding excess amounts of ammonium
hexafluorophosphate whereupon ammonium chloride
precipitated out immediately. This solution was then fil-
tered over celite and the solvent was evaporated under
reduced pressure to afford yellow solid which was washed
with diethyl ether (2 x 5 ml) and air dried. This
compound was utilized for growing single crystals for
complexes (2 and 3). Single crystal data for the complexes
were collected with an Oxford Diffraction Xcalibur Eos
Gemini diffractometer using graphite monochromated
Mo‐Kα radiation (λ = 0.71073 Å). The strategy for the
data collection was evaluated using the CrysAlisPro
CCD software. Crystal data were collected by standard
‘phi–omega scan’ techniques and were scaled and
reduced using CrysAlisPro RED software. The structures
were solved by direct methods using SHELXS‐97 and
refined by full‐matrix least squares with SHELXL‐97
refining on F2.[27,28] The positions of all the atoms were
obtained by direct methods. Metal atoms in the complex
were located from the E‐maps and all non‐hydrogen

CHART 1 Ligands used in this study

2 of 13 ADHIKARI ET AL.



atoms were refined anisotropically by full‐matrix least‐
squares. Hydrogen atoms were placed in geometrically
idealised positions and constrained to ride on their parent
atoms with C‐H distances in the range 0.95–1.00 Ang-
strom. Isotropic thermal parameters Ueq were fixed such
that they were 1.2Ueq of their parent atom Ueq for CH's
and 1.5Ueq of their parent atom Ueq in case of methyl
groups. Crystallographic and structure refinement param-
eters for the complexes are summarized in (Table S1 &
S2) and selected bond lengths and bond angles are pre-
sented in (Table S3). Figures 1–3 were drawn with
ORTEP3 program whereas Figures 4–6 was drawn using
MERCURY 3.6 program.[29]

The crystal structure of complex (4) contains disor-
dered CHCl3 and H2O molecule. The asymmetric unit

in complex (5) contains two molecules along with a
H2O molecule. Crystal structure of complex (6) contains
H2O molecule in its solved structure. Asymmetric unit
in complex (7) contains two molecules.

1.1.3 | Cell lines testing, culture condi-
tions and cytotoxicity against cell lines

The in vitro cytotoxicity of the thiourea derivatives (L1‐
L3) and its corresponding arene d6 metal complexes were
performed at the University of Huddersfield against Mia‐
PaCa‐2 human pancreatic cancer cell line, HT‐29 and
HCT‐116 human colorectal carcinoma cell lines and the
non‐cancer ARPE‐19 human epithelial cell line. The cell
lines were originally purchased from ATCC and the

FIGURE 1 (a) ORTEP plot of complex (2) and (b) ORTEP plot of complex (3) with 50% probability thermal ellipsoids. Hydrogen atoms
(except on N3 and N4) are omitted for clarity

FIGURE 2 (a) ORTEP plot of complex (4), (b) ORTEP plot of complex (5) and (c) ORTEP plot of complex (6) with 50% probability thermal
ellipsoids. Hydrogen atoms (except on N2 and N3) are omitted for clarity
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reagents used were purchased from Sigma Aldrich Co.
Ltd (Dorset, UK) unless otherwise stated. Antiprolifera-
tive activity of the compounds was evaluated using the
standard MTT (3‐(4,5‐Dimethylthiazol‐2‐yl)‐2,5‐diphenyl-
tetrazolium bromide) cellular viability assay as described
elsewhere.[10] Briefly cells were seeded into 96 well plates
at 1.5 x 103 cells per well and incubated for 24 hours at

37 °C in an atmosphere of 5% CO2 prior to drug exposure.
Generally, a stock solution was freshly prepared by dis-
solving each of the compounds in dimethylsulphoxide at
a concentration of 100 mM which was subsequently
diluted with medium to obtain drug solutions ranging
from 0.5 to 100 μM. The final dimethylsulphoxide con-
centration was 0.1% (v/v), which is nontoxic to cells.

FIGURE 3 (a) ORTEP plot of complex (7), (b) ORTEP plot of complex (8) and (c) ORTEP plot of complex (9) with 50% probability thermal
ellipsoids. Hydrogen atoms (except on N2 and N3) are omitted for clarity

FIGURE 4 Crystal structure of complex
(5) showing the interlinking of the two
asymmetric units through intermolecular
hydrogen bonding
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Cisplatin was dissolved in phosphate buffered saline at a
stock concentration of 25 mM. The cells were exposed
to a range of drug concentrations for 96 hours and cell
survival was determined using the MTT assay.[10,29] Fol-
lowing drug exposure 20 μL of MTT (0.5 mg/ml) in phos-
phate buffered saline was added to each well and it was
further incubated at 37 °C for 4 hours in an atmosphere
containing 5% CO2. The solution was then removed and
the formed formazan crystals were dissolved in 150 μM

dimethylsulphoxide. The absorbance of the resulting
solution was recorded at 550 nm using an ELISA spectro-
photometer. The percentage of cell survival was calcu-
lated by dividing the true absorbance of treated cell by
the true absorbance for controls (exposed to 0.1%
dimethylsulphoxide). The IC50 values were determined
from plots of % survival against drug concentration. Each
experiment was performed in triplicate and a mean value
obtained and stated as IC50 (μM) ± SD. To compare the

FIGURE 5 Crystal structure of complex
(5) showing various intermolecular
hydrogen bonding

FIGURE 6 (a) Crystal structure of
complex (7) showing intramolecular
hydrogen bonding between the two
asymmetric units and (b) crystal structure
of complex (7) showing a dimeric unit
formed via intermolecular hydrogen
bonding
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response of non‐cancer cells to cancer cells, the selectivity
index (SI) was also calculated which is defined as the IC50

for ARPE‐19 cells divided by the IC50 for each cancer cell
line. Values >1 indicate that complexes have selective
activity against cancer compared to non‐cancer cells
in vitro.

1.1.4 | General procedure for preparation
of thiourea metal complexes (1–9)
A mixture of metal precursor [(p‐cymene)RuCl2]2 or
[Cp*MCl2]2 (M = Rh/Ir) (0.1 mmol) and thiourea deriva-
tives (L1‐L3) (0.2 mmol) were dissolved in dry acetone
(10 ml) and stirred at room temperature for 8 hours
(Scheme 1). A yellow colored compound precipitated
out from the reaction mixture. The precipitate was fil-
tered, washed with cold acetone (2 x 5 ml) and diethyl
ether (3 x 10 ml) and air dried.

1.1.5 | [(p‐cymene) Ru (L1)к2(N,S)Cl] Cl (1)

Yield 90 mg (79%); Anal. Calc. for C22H24Cl2N4OSRu
(564.49): C, 46.81; H, 4.29; N, 9.93. Found: C, 46.93; H,
4.38; N, 9.88%; FT‐IR (KBr, cm−1): 3430(b), 3045(w),
1710(s), 1585(m), 1559(m), 1257(m), 1175(m); 1H NMR
(400 MHz, CDCl3): δ= 14.33 (s, 1H, NH), 9.13 (d, J= 4 Hz,
1H), 8.76 (s, 1H, NH), 8.59 (d, J = 4 Hz, 1H), 8.39
(d, J = 8 Hz, 2H), 7.44–7.59 (m, 4H), 5.47 (d, J = 4 Hz,
2H, CH(p‐cym)), 5.31 (d, J = 8 Hz, 2H, CH(p‐cym)), 2.85
(sept, 1H, CH(p‐cym)), 2.11 (s, 3H, CH(p‐cym)), 1.27
(d, J = 8 and 8 Hz, 6H, CH(p‐cym));

13C NMR (100 MHz,
CDCl3): δ = 180.05, 166.20, 160.67, 156.28, 134.06,
131.14, 129.46, 128.96, 119.05, (C‐L1), 107.33, 101.48,
88.35, 86.63, 85.99, 85.46, 30.72, 22.32, 18.35 (C‐p‐cym);
HRMS‐APCI (m/z) [Found (Calcd)]: [492.0578
(492.0558)] [M‐2H‐2Cl + H]+.

1.1.6 | [Cp*Rh (L1)к2(N,S)Cl] Cl (2)

Yield 87 mg (76%); Anal. Calc. for C22H25Cl2N4OSRh
(556.01): C, 46.57; H, 4.44; N, 9.88. Found: C, 46.68; H,
4.56; N, 9.95%; FT‐IR (KBr, cm−1): 3424(b), 3076(w),
1712(s), 1599(m), 1580(w), 1257(m), 1177(m); 1H NMR
(400 MHz, CDCl3): δ = 14.42 (s, 1H, NH), 9.02 (dd, J = 4
and 4 Hz, 1H), 8.81 (s, 1H, NH), 8.62 (d, J = 4 Hz, 1H),
8.38 (d, J = 8 Hz, 2H), 7.51–7.63 (m, 4H), 1.64 (s, 15H,
CH(Cp*));

13C NMR (100 MHz, CDCl3): δ = 178.63,
161.42, 161.13, 133.78, 129.48, 128.83, 127.68, 119.58
(C‐L1), 96.13 (Cp*ipso), 8.89 (Cp*Me); HRMS‐APCI (m/z)
[Found (Calcd)]: [494.0672 (494.0648)] [M‐2H‐2Cl + H]+.

1.1.7 | [Cp*Ir (L1)к2(N,S)Cl] Cl (3)

Yield 93 mg (70%); Anal. Calc. for C22H25Cl2N4OSRh
(656.64): C, 40.24; H, 3.84; N, 8.53. Found: C, 40.32; H,
3.93; N, 8.64%, FT‐IR (KBr, cm−1): 3431(b), 3120(m),
1714(s), 1596(m), 1588(w), 1258(m), 1176(m); 1H NMR
(400 MHz, CDCl3): δ = 14.31 (s, 1H, NH), 8.91 (dd,
J = 4 and 4 Hz, 1H), 8.75 (s, 1H, NH), 8.61 (d,
J = 4 Hz, 1H), 8.37 (d, J = 4 Hz, 1H), 7.60 (t, J = 8 Hz,
2H), 7.52 (t, J = 8 Hz, 2H), 7.23 (m, 1H), 1.84 (s, 15H,
CH(Cp*));

13C NMR (100 MHz, CDCl3): δ = 178.31,
162.13, 161.22, 155.25, 134.02, 131.24, 129.46, 128.94,
119.88, 111.67, (C‐L1), 90.80 (Cp*ipso), 8.62 (Cp*Me);
HRMS‐APCI (m/z) [Found (Calcd)]: [584.1256
(584.1222)] [M‐2H‐2Cl + H]+.

1.1.8 | [(p‐cymene) Ru (L2)к2(N,S)Cl] Cl (4)

Yield 98 mg (85%); Anal. Calc. for C24H27Cl2N3OSRh
(577.02): C, 49.91; H, 4.71; N, 7.28. Found: C, 50.02; H,
4.87; N, 7.37%; FT‐IR (KBr, cm−1): 3434(b), 3064(w),
1707(m), 1606(m), 1571(m), 1482(m), 1241(m) 1222(m);
1H NMR (400 MHz, CDCl3): δ = 14.14 (s, 1H, NH),

SCHEME 1 Synthesis of neutral and
cationic metal complexes (1–9)
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12.84 (s, 1H, NH), 8.77 (d, J = 4 Hz, 1H), 8.41 (d, J = 8 Hz,
2H), 7.56–7.67 (m, 4H), 7.11 (d, J = 8 Hz, 1H), 5.67
(d, J = 4 Hz, 1H, CH(p‐cym)), 5.59 (d, J = 4 Hz, 1H,
CH(p‐cym)), 5.40 (d, J = 4 Hz, 2H, CH(p‐cym)), 2.93 (sept, 1H,
CH(p‐cym)), 2.48 (s, 3H, CH3(py)), 2.00 (s, 3H, CH(p‐cym)),
1.30 (d, J = 8 and 8 Hz, 6H, CH(p‐cym));

13C NMR
(100 MHz, CDCl3): δ = 178.66, 164.70, 153.53, 152.26,
149.89, 132.89, 130.38, 128.01, 122.81, 116.59, 21.42
(C‐L2), 105.75, 99.93, 86.97, 85.26, 84.90, 83.54, 29.69,
20.02, 17.29 (C‐p‐cym); HRMS‐APCI (m/z) [Found
(Calcd)]: [507.0883 (507.0852)] [M‐2H‐2Cl + H]+.

1.1.9 | [Cp*Rh (L2)к2(N,S)Cl] Cl (5)

Yield 103 mg (88%); Anal. Calc. for C24H28Cl2N3OSRh
(580.35): C, 49.67; H, 4.86; N, 7.24. Found: C, 49.76; H,
4.83; N, 7.38%; FT‐IR (KBr, cm−1): 3440(b), 3067(w),
1709(m), 1607(m), 1583(m), 1489(m), 1245(m) 1228(m);
1H NMR (400 MHz, CDCl3): δ = 14.09 (s, 1H, NH),
12.72 (s, 1H, NH), 8.49 (d, J = 4 Hz, 1H), 8.31 (d,
J = 8 Hz, 2H), 7.61 (s, 1H, CH(py)), 7.47–7.56 (m, 4H),
7.08 (d, J = 4 Hz, 1H), 2.39 (s, 3H, CH3(py)), 1.54 (s,
15H, CH(Cp*));

13C NMR (100 MHz, CDCl3): δ = 178.32,
165.68, 153.61, 151.94, 150.0, 139.91, 131.47, 129.07,
129.00, 124.84, 118.19, 21.12 (C‐L2), 97.50 (Cp*ipso), 8.85
(Cp*Me); HRMS‐APCI (m/z) [Found (Calcd)]: [508.0924
(508.0934)] [M‐2H‐2Cl + H]+.

1.1.10 | [Cp*Ir (L2)к2(N,S)Cl] Cl (6)

Yield 103 mg (77%); Anal. Calc. for C24H28Cl2N3OSIr
(669.68): C, 43.04; H, 4.21; N, 6.27. Found: C, 43.13; H,
4.28; N, 6.41%; FT‐IR (KBr, cm−1): 3441(b), 3083(w),
1703(m), 1606(m), 1586(m), 1475(m), 1243(m) 1217(m);
1H NMR (400 MHz, CDCl3): δ = 13.95 (s, 1H, NH),
12.79 (s, 1H, NH), 8.49 (d, J = 8 Hz, 1H), 8.40 (d,
J = 8 Hz, 2H), 7.74 (s, 1H, CH(py)), 7.64 (t, J = 8 Hz,
1H), 7.57 (t, J = 8 Hz, 2H), 7.07 (d, J = 4 Hz, 1H), 2.50
(s, 3H, CH3(py)), 1.61 (s, 15H, CH(Cp*));

13C NMR
(100 MHz, CDCl3): δ = 177.72, 164.18, 153.70, 152.89,
151.02, 138.41, 133.82, 129.06, 128.97, 124.72, 117.87,
21.03 (C‐L2), 90.05 (Cp*ipso), 8.54 (Cp*Me); HRMS‐APCI
(m/z) [Found (Calcd)]: [598.1529 (598.1504)] [M‐2H‐
2Cl + H]+.

1.1.11 | [(p‐cymene) Ru (L3)к1(S)Cl2] (7)

Yield 103 mg (89%); Anal. Calc. for C24H27Cl2N3OSRh
(577.02): C, 49.91; H, 4.71; N, 7.28. Found: C, 50.02; H,
4.87; N, 7.37%; FT‐IR (KBr, cm−1): 3447(b), 3038(w),
1715(m), 1620(m), 1552(m), 1446(m), 1384(m), 1250(m);
1H NMR (400 MHz, CDCl3): δ = 15.36 (s, 1H, NH),
10.92 (s, 1H, NH), 8.07 (d, J = 8 Hz, 2H), 7.60–7.66 (m,

2H), 7.54 (t, J = 8 Hz, 2H), 7.03 (d, J = 8 Hz, 1H), 6.95
(d, J = 8 Hz, 1H), 5.54 (d, J = 8 Hz, 2H, CH(p‐cym)), 5.37
(d, J = 8 Hz, 2H, CH(p‐cym)), 3.12 (sept, 1H, CH(p‐cym)),
2.48 (s, 3H, CH3(py)), 2.33 (s, 3H, CH(p‐cym)), 1.36 (d,
J = 4 Hz, 6H, CH(p‐cym));

13C NMR (100 MHz, CDCl3):
δ = 175.86, 164.59, 154.33, 151.08, 139.32, 132.94,
132.86, 128.39, 127.75, 119.8, 112.35, 21.76 (C‐L3),
103.51, 99.61, 84.02, 82.98, 29.88, 23.26, 17.89 (C‐p‐cym);
HRMS‐APCI (m/z) [Found (Calcd)]: [505.0734
(505.0762)] [M‐2H‐2Cl + H]+.

1.1.12 | [Cp*Rh (L3)к1(S)Cl2] (8)

Yield 92 mg (79%); Anal. Calc. for C24H28Cl2N3OSRh
(580.35): C, 49.67; H, 4.86; N, 7.24. Found: C, 49.76; H,
4.83; N, 7.38%; FT‐IR (KBr, cm−1): 3443(b), 3031(w),
1715(m), 1623(m), 1554(m), 1452(m), 1394(m), 1253(m);
1H NMR (400 MHz, CDCl3): δ = 15.47 (s, 1H, NH),
11.14 (s, 1H, NH), 8.08 (d, J = 8 Hz, 1H), 7.61–7.66 (m,
2H), 7.54 (t, J = 8 Hz, 2H), 7.20 (d, J = 12 Hz, 1H), 6.96
(d, J = 8 Hz, 1H), 2.49 (s, 3H, CH3(py)), 1.74 (s, 15H,
CH(Cp*));

13C NMR (100 MHz, CDCl3): δ = 175.24,
165.16, 153.14, 151.63, 142.88, 139.25, 133.36, 129.12,
128.02, 126.23, 119.92, 115.18, 23.43 (C‐L3), 88.54
(Cp*ipso), 8.41 (Cp*Me); HRMS‐APCI (m/z) [Found
(Calcd)]: [542.0646 (542.0540)] [M‐2H‐Cl]+, [506.0881
(507.0852)] [M‐2H‐2Cl‐1]+.

1.1.13 | [Cp*Ir (L3)к1(S)Cl2] (9)

Yield 97 mg (73%); Anal. Calc. for C24H28Cl2N3OSIr
(669.68): C, 43.04; H, 4.21; N, 6.27. Found: C, 43.13; H,
4.28; N, 6.41%; FT‐IR (KBr, cm−1): 3436(b), 3038(w),
1704(m), 1620(m), 1550(m), 1446(m), 1384(m), 1248(m);
1H NMR (400 MHz, CDCl3): δ = 15.40 (s, 1H, NH),
11.45 (s, 1H, NH), 8.0 (d, J = 8 Hz, 2H), 7.57 (t,
J = 8 Hz, 2H), 7.46 (t, J = 8 Hz, 2H), 7.12 (d, J = 8 Hz,
1H), 6.91 (d, J = 8 Hz, 1H), 2.42 (s, 3H, CH3(py)), 1.63 (s,
15H, CH(Cp*));

13C NMR (100 MHz, CDCl3): δ = 175.33,
165.11, 154.91, 151.77, 139.88, 133.50, 133.36, 128.92,
128.20, 127.78, 119.92, 113.34.23.83 (C‐L3), 88.98
(Cp*ipso), 8.42 (Cp*Me); HRMS‐APCI (m/z) [Found
(Calcd)]: [598.1507 (598.1504)] [M‐2H‐2Cl + H]+.

2 | RESULTS AND DISCUSSION

2.1 | Synthesis of complexes

The work presented herein describes the synthesis of
arene metal complexes containing benzoyl thiourea
derivatives. The complexes (1–9) were synthesized by
the reaction between precursor complexes and thiourea
derivatives (L1‐L3) in acetone. Scheme 1 depicts the
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synthesis of the metal complexes. Reaction of ligands (L1
and L2) with precursors afforded ionic complexes (1–6)
which were isolated as chloride counter ion whereas
reaction of (L3) afforded neutral complexes (7–9). Further
X‐ray analysis of these complexes revealed that the
methyl substituent present at the pyridine ring in ligands
(L2 and L3) affects its coordination behavior towards
metal ion. Depending on the position of the methyl group
attached to the pyridine ring the complexes can be iso-
lated as neutral or ionic. In the present case when methyl
group is at the para position of the pyridine ring such as
in (L2) it acted as bidentate chelating ligand yielding
ionic complexes, whereas methyl group at the ortho
position of the pyridine ring as in (L3) yielded neutral
complexes with monodentate coordination of the ligand.
All these complexes were isolated as light to dark yellow
solids in moderate yields and characterized by spectro-
scopic and analytical techniques. Complexes (1 and 4)
are not very stable in solid state and turned oily liquid,
which enabled us to evaluate its cytotoxicity analysis.
They are soluble in common organic solvents like aceto-
nitrile, dichloromethane, chloroform, methanol and
dimethylsulphoxide but insoluble in petroleum ether,
hexane and diethyl ether. Single crystal X‐ray diffraction
analysis confirmed the different coordinating modes of
the thiourea derivatives observed in this work i.e. a
bidentate chelating N, S‐ mode and a monodentate S‐
mode. Further the anti‐cancer activity of the ligands and
its metal complexes were evaluated against cancer cell
line and non‐cancer cell line.

2.2 | Spectral studies of the complexes

2.2.1 | IR studies of metal complexes

The IR spectra of the metal complexes showed stretching
frequencies in the region around 3035–3450, 1770–1720,
1580–1625, and 1240–1260 cm−1 corresponding to ν
(N‐H), ν (C=O), ν (C=N) and ν (C=S). The N‐H and
C=O stretching frequencies did not show any change
upon coordination of the ligands and were almost
unaltered which indicates it is not involved in bonding
to the metal atom. Whereas the C=S stretching frequen-
cies appeared in the lower frequency region around
1240–1260 cm−1 as compared to the free ligand which
strongly suggest the coordination of the sulfur atom of
the thiocarbonyl group. In cationic complexes (1–6) the
C=N stretching frequency decreases slightly as compared
to free ligand and was observed in the region around
1585–1610 cm−1 which indicates involvement of pyri-
dyl/pyrimidyl nitrogen in coordination. In contrast the
C=N stretching frequencies in neutral complexes (7–9)
remains unaltered and was observed in the region around

1620–1623 cm−1. The difference in C=N stretching fre-
quencies in neutral and cationic complexes is an indica-
tion of coordination of pyridyl/pyrimidyl nitrogen.

2.3 | 1H NMR studies of metal complexes

The 1H NMR spectra of the metal complexes confirms the
coordination of the ligands to the metal center. The pyri-
dyl and thiocarbonyl attached N‐H and carbonyl and
thiocarbonyl attached N‐H proton signals were observed
as a singlet around 10.92–15.36 ppm. For complexes
(1, 2 and 3) the N‐H proton resonance was observed
around 8.75–8.81 ppm. The appearance of the N‐H proton
signals indicates that it is not involved in coordination
and also suggests the neutral chelating mode of the
ligands. The signals due to the aromatic protons of the
ligands appeared in the downfield region around
6.44–9.13 ppm following coordination to the metal atom.
In complexes (4–9), the methyl proton of the pyridine
ring was observed as a singlet around 2.39–2.50 ppm
respectively. The appearance of the p‐cymene and Cp*
ring proton signals in addition to the protons of the
ligand confirms the binding of the ligand to the metal
atom. The methyl proton signal of the p‐cymene ligand
was observed as a singlet around 2.00–2.33 ppm. The
methyl protons of isopropyl group was observed as closely
spaced doublet for complexes (1 and 4) whereas for
complex (7) it was observed as doublet around
1.27–1.36 ppm and the methine protons of the isopropyl
group was observed as a septet around 2.85–3.12 ppm.
The aromatic protons of p‐cymene moiety displayed two
doublets for complexes (1 and 7) whereas three doublets
for complex (4). The methyl protons of the
pentamethylcyclopentadienyl (Cp*) ligand displayed a
sharp singlet around 1.54–1.84 ppm. Overall the 1H
NMR spectra of the complexes exhibited the expected
resonances and integration which is consistent with the
formulation of the compounds.

2.4 | 13C {1H} NMR studies of metal
complexes

The 13C NMR spectra of the complexes further justify the
coordination of the ligand. The 13C NMR spectra of the
complexes displayed signals associated with the ligand
carbons, p‐cymene moiety carbons, methyl carbon of
Cp* and ring carbon of Cp*. The 13C NMR spectra of
the complexes showed signal in the range
111.6–153.4 ppm for the aromatic carbons of the thiourea
derivatives. The carbon resonance of the thiocarbonyl
(C=S) group appeared in the lower frequency region
around 175.2–180.0 ppm whereas the carbon peak for
carbonyl (C=O) group appeared in the region around
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161.4–166.2 ppm. In complexes (4–9), the methyl carbon
resonances of the pyridine ring were observed around
21.0–23.8 ppm. The methyl, methine and isopropyl car-
bon resonances of the p‐cymene ligand were observed
in the region around 17.1–30.6 ppm whereas the aromatic
carbon resonance were observed around 82.9–107.3 ppm.
In addition to these carbon resonances the ring carbons
of the Cp* ligand displayed signal around 88.5–97.5 ppm
whereas the methyl carbon resonances was observed as
a sharp peak around 8.07–8.89 ppm. Overall results from
NMR spectral studies strongly support the formation of
the metal complexes.

2.5 | Mass spectral studies of metal
complexes

The mass spectra of the complexes further confirmed the
formation of the metal complexes. The mass spectra of
all these complexes except complex (8) exhibited their
predominant molecular ion peaks at m/z value which
corresponds to [M‐2H‐2Cl + H]+ ion peak. For instance
the mass spectrum of complex (6) displayed its molecular
ion peak at m/z: 508.0924 and the mass spectrum of
complex (9) showed its molecular ion peak at m/z:
598.1507 (Figure S18 and S20). Both these peaks
corresponds to [M‐2H‐2Cl + H]+ ion. In complex (8)
peaks were observed at m/z: 542.0646 which is due to
[M‐2H‐Cl]+ ion, and at m/z: 506.0881 which is due to
[M‐2H‐2Cl‐1]+ ion (Figure S19). The mass ion peaks
observed in these complexes are in accordance with
similar reported complexes.[30] The mass spectral values
strongly justify the composition and formulation of these
complexes.

2.6 | Description of the crystal structures
of complexes

In addition to the spectroscopic analysis the coordination
of the thiourea derived ligands to the metal ion was
confirmed by carrying out the single crystal X‐ray
analysis. The detail regarding data collection and
structure refinement parameters are summarized in
(Table S1 and S2) and geometrical parameters including
bond lengths, bond angles and metal atom involving ring
centroid values are listed in (Table S3). The molecular
structures of some of these complexes were established
by carrying out the single crystal analysis which revealed
the different coordination mode of the ligands to the
metal and the geometry of the complexes. Crystal
structures of complexes (4 and 7) contain two molecules
in its asymmetric unit. X‐ray analysis of these complexes
featured a regular three legged piano‐stool geometry with
metal coordinated by π‐bonded arene ring/Cp* ring

(arene = p‐cymene and Cp*) in a η6/η5 manner, nitrogen
and sulfur donor atoms from thiourea derived ligands
and terminal chloride. The geometry around the metal
center can be regarded as pseudo‐octahedral wherein
the arene ligand forms the seat; thiourea derivatives
and terminal chloride form the legs. The molecular
structures of complexes (2 and 3) were established with
PF6 counter ion. In cationic complexes (1–6) the
preferable mode of coordination of the thiourea derived
ligand to the metal is through the pyridyl and pyrimidyl
nitrogen's and thione sulfur probably due to increased
stability of the metal sulfur bond as suggested by HSAB
principle.

Complexes (2 and 3) have the cationic species [Cp*M
(L1)к2(N,S)Cl] {M = Rh and Ir} and counter anion PF6. In
complexes (2 and 3) the metal center is coordinated
through Cp* ring, ligand (L1) in a bidentate fashion and
terminal chloride thus possessing a three‐legged piano‐
stool structure. Ligand L1 acted as a neutral bidentate
chelating ligand coordinating metal through pyrimidine
nitrogen N(1) and thione sulfur S(1) thus forming a six
membered metallacycle (Figure 1).

Methyl substituted pyridyl thiourea derivatives coor-
dinated metal in a different manner depending upon
the position of the methyl group present at the pyridine
ring. When methyl group is at the para position of the
pyridine ring such as in benzoyl (4‐picolyl) thiourea
(L2) it acted as bidentate chelating ligand whereas when
methyl group is at the ortho position of the pyridine ring
as in benzoyl (6‐picolyl) thiourea (L3) it behaved as
neutral monodentate ligand. Previously we have shown
that when methyl group is at the meta position of the
pyridine ring such as in benzoyl (3‐picolyl) thiourea it
coordinated metal in a bidentate chelating manner.[17]

Complexes (4, 5 and 6) also have the cationic species
[(arene) M (L2)к2(N,S)Cl] [(arene) = p‐cymene, M = Ru
and Cp*, M = Rh and Ir] and counter anion chloride.
In these complexes the metal atom is coordinated
through arene/Cp* ring (arene = p‐cymene and Cp*) in
a η6/η5 manner, ligand L2 in a bidentate manner through
pyridine nitrogen N(1) and thione sulfur atom S(1)
forming a six membered chelate ring and terminal chlo-
ride thus featuring a three‐legged piano‐stool structure
(Figure 2).

In contrast complexes (7 and 8) have the neutral
species having general formula [(arene) M (L3)к1(S)Cl2]
[(arene) = p‐cymene, M = Ru (7) and Cp*, M = Rh
(8)]. In complexes (7 and 8) the metal is coordinated
through arene moiety, two chloride's, and ligand L3
wherein it acted as a neutral monodentate ligand coordi-
nating metal through thione sulfur (S1) (Figure 3). The
probable reason for ligand L3 to act as monodentate
ligand is due to the presence of methyl group at the ortho
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position of the pyridyl ring which is very close to pyridine
nitrogen.

The distance between the metal (M) to centroid of the
arene/Cp* ring are {1.795 (2), 1.794 (3), 1.688 (4), 1.795
(5), 1.800 (6), 1.687 (7), 1.782 (8) and 1.801 (9) Å}. In
cationic complexes (2–6) the metal to nitrogen bond dis-
tances were found to be in the range of 2.093–2.131 Å
while the metal to sulfur bond lengths was in the range
of 2.321–2.412 Å. These bond lengths are consistent with
the k2‐N,S coordination of the thiourea derivatives which
are found to be in close agreement with reported
values.[31,32] The bite angle values in these cationic
complexes were observed in the range of 84.7–91.3°. The
metal to sulfur bond lengths in neutral complexes (7–9)
is 2.410(2), 2.378(1) and 2.362(3) Å respectively. The
M‐S bond lengths in neutral complexes are slightly longer
than that of cationic complexes (Table S3). The M‐Cl
bond lengths in these complexes shows no significant
differences and was found to be in the range of
2.399–2.438 Å which are comparable with earlier
reported complexes.[17,18,33,34] The bond angle values
S‐M‐Cl and Cl‐M‐Cl in neutral complexes (7–9) lay in
the range of 87.7–95.5° (Table S3). The C‐S bond length
in these complexes lies in the range of 1.671–1.689 Å
agrees well with those in other related compounds for a
C=S double bond coordinated to a metal atom.[30,35,36]

The C=O bond length lies in the range of 1.199–1.222 Å
which purely indicates a double bond and which is not
involved in coordination. The oxygen atom of carbonyl
group is not involved in bonding to the metal also the
deprotonation of amido hydrogen which was expected
to alter the bonding modes of these ligands was also not
observed as confirmed by 1H NMR and single crystal
structures. Despite having a rich variety of bonding
modes of these ligands it is interesting to note that these
ligands preferably coordinated d6 metal (Ru, Rh and Ir)
half‐sandwich complexes in a bidentate к2(N,S) and
monodentate к1(S) manner.

2.7 | Non‐covalent interactions
The crystal packing of these complexes showed the
presence of several intermolecular and intramolecular
hydrogen bonding. For instance in complex (5) the chlo-
ride counterion and H2O molecule interlinks the two
asymmetric units through intermolecular hydrogen
bonding. Also N‐H···Cl and C‐H···Cl intermolecular
interactions are also observed (Figure 4). Complex (6) is
stabilized by intermolecular N‐H···Cl, C‐H···Cl and
O‐H···Cl interactions between the chloride counterion
and hydrogen atoms from amido, H2O and aromatic ring.
Also C‐H···O and C‐H···S interactions are observed and
the chloride attached to iridium is involved in C‐H···Cl

and O‐H···Cl intermolecular interactions (Figure 5). In
complex (7) the two asymmetric units possessed intramo-
lecular hydrogen bonding between the two chlorides
attached to ruthenium and amido hydrogen. The pyridyl
nitrogen is involved in N‐H···N interaction (Figure 6).
Also the two asymmetric units are stabilized through a
dimeric unit formed via intermolecular C‐H···Cl interac-
tion between the two chlorides and aromatic hydrogen
of p‐cymene moiety (Figure 6). The non‐covalent interac-
tions present in these complexes provide an ideal platform
for formation of complexes with interesting supramolecu-
lar features.

2.8 | Cytotoxicity studies against cancer
cell line

The cytotoxicity of the thiourea derivatives and its d6

metal complexes was evaluated by determining the IC50

values (the concentration of the drug required to inhibit
the growth of 50% of the cancer cells) against human
colorectal (HCT‐116 and HT‐29) and pancreatic cancer
(Mia‐PaCa‐2) cells as well as against the non‐cancerous
human epithelial cell line (ARPE‐19). Following a
standard MTT protocol, cells were incubated with the
compounds for 92 hours at 37 °C over a range of different
drug concentrations. The IC50 values of the compounds
against HCT‐116, HT‐29, Mi‐PaCa‐2 and ARPE‐19 cells
are presented in (Table 1). Because of the hygroscopic
nature of complexes (1 and 4) the cytotoxicity analysis
could not be carried out. The thiourea ligands (L1‐L3)
were found to be inactive against both the cell lines with
IC50 value >100 μM (the highest drug concentration
tested) whereas upon coordination of the ligands all the
complexes possessed cytotoxicity. The enhanced
cytotoxicity in complexes clearly indicates that the
chelation of the thiourea derivatives with metal ion is
responsible for the observed cytotoxicity. In the case of
HCT‐116 cells, complexes (2, 7 and 8) were found to
possess moderate activity with IC50 value in the range of
11.42 ± 1.86 to 24.92 ± 1.91 μM, in contrast complexes
(5, 6 and 9) were found to be more active exhibiting
IC50 value in the low micromolar range of 5.18 ± 0.12
to 6.98 ± 0.50 μM. Iridium complex (3) with ligand (L1)
was found to be highly cytotoxic with IC50 value of
1.37 ± 0.09 μM. This complex was found to be more
active with low IC50 value of 1.37 ± 0.09 μM as compared
to cisplatin whose IC50 value is 2.78 ± 1.40 μM. In general
the IC50 results shows the iridium compounds are more
active as compared to ruthenium and rhodium. The
higher cytotoxicity of the iridium compounds suggests
that the presence of merely arene/Cp* ring or ligand is
not only responsible for higher activity; the type of metal
also plays a crucial role.
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Similar responses were observed with the other cancer
cell lines with the exception of complex (3) where a broad
range of potencies was observed (Table 1). This is also
reflected in the selectivity indices where values ranging
from 1.27 to 13.33 were observed (Table 2, Figure 7). All
the complexes showed less toxicity towards the normal
cell line which is evident from its higher IC50 values. With
regards to potency, statistically significant differences
between the response of cancer cells line and ARPE‐19
cells were observed for all the compounds. The cytotoxic-
ity of these complexes was compared to that of other
reported thiourea ruthenium complexes by Karvembu
et al.[30,33] Comparing these results, we found that our
complexes showed promising activity similar to related

compounds. With regards to selectivity, all the complexes
have selectivity for cancer cells. Complex (3) showed
enhanced selectivity for HCT‐116 cells (13.33) as com-
pared to cisplatin whose selectivity is (1.23). This suggests
that complex (3) has more selectivity for cancer cells
in vitro as compared to cisplatin. In addition, complex
(3) has differential activity against different cancer cell
lines suggesting that this complex is exploiting a specific
target within this cell line. Further studies on structure–
activity relationship will be carried out in future, which
is expected to provide us a more insight into the specific
activity of the complexes against various cancer cell lines.

IC50 = concentration of the drug required to inhibit
the growth of 50% of the cancer cells (μM).

TABLE 2 Selectivity indices of complexes and cisplatin in HCT‐116, HT‐29 and Mia‐PaCa‐2 cancer cell lines. The selectivity index (SI) was
calculated as the IC50 for ARPE‐19 cells divided by the IC50 for either HCT‐116 or MIA‐PaCa‐2 cells

Compounds
Selectivity index
(HCT‐116)

Selectivity index
(Mia‐PaCa‐2)

Selectivity index
(HT‐29)

Complex 2 1.89 4.21 2.02

Complex 3 13.33 1.27 3.73

Complex 5 1.67 2.92 2.39

Complex 6 1.89 2.18 1.40

Complex 7 1.37 1.74 1.17

Complex 8 1.36 2.62 1.56

Complex 9 3.32 2.93 2.25

Cisplatin 1.23 1.09 1.32

TABLE 1 IC50 values of thiourea ligands (L1‐L3) and complexes along with cisplatin against HCT‐116, HT‐29, Mi‐PaCa‐2 cancer cell line
and non‐cancer cell line ARPE‐19. Each value represents the mean ± standard deviation from three independent experiments

Compounds

IC50 (μM)

HCT‐116 Mia‐PaCa‐2 HT‐29 ARPE‐19

L1 >100 >100 >100 >100

L2 >100 >100 >100 >100

L3 >100 >100 >100 >100

Complex 1 Data not available Data not available Data not available Data not available

Complex 2 24.92 ± 1.91 11.23 ± 0.49 23.27 ± 3.57 47.23 ± 0.63

Complex 3 1.37 ± 0.09 14.33 ± 0.79 4.89 ± 0.56 18.26 ± 0.58

Complex 4 Data not available Data not available Data not available Data not available

Complex 5 6.98 ± 0.50 4.01 ± 0.12 4.9 ± 0.09 11.72 ± 0.30

Complex 6 5.18 ± 0.12 4.48 ± 0.18 6.99 ± 0.51 9.79 ± 0.05

Complex 7 11.42 ± 1.86 9.02 ± 0.13 13.47 ± 1.66 15.72 ± 0.83

Complex 8 11.96 ± 2.19 6.21 ± 0.57 10.37 ± 0.17 16.24 ± 1.16

Complex 9 5.50 ± 1.86 6.22 ± 0.07 8.09 ± 1.06 18.25 ± 0.48

Cisplatin 2.78 ± 1.40 3.15 ± 0.09 2.58 ± 0.72 3.43 ± 0.48
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3 | CONCLUSION

In this work, we report a series of cationic and neutral
half‐sandwich p‐cymene ruthenium, Cp*rhodium and
Cp*iridium complexes containing pyridyl and pyrimidyl
thiourea derived ligands. Complexes containing ligands
L1 and L2 were isolated as cationic complexes whereas
complexes with ligand L3 was isolated as neutral
complexes. The position of the methyl group in pyridyl
thiourea ligands played a crucial role in determining
whether the ligand would act as chelating or
monodentate. X‐ray crystallographic studies revealed that
ligands L1 and L2 acted as chelating bidentate ligand
whereas L3 functioned as neutral monodentate ligand.
In cationic complexes (2 and 3) ligand L1 coordinated
metal through pyrimidyl nitrogen (N1) and sulfur atom
S(1) whereas in complexes (4, 5 and 6) ligand L2
coordinated metal through pyridyl nitrogen N(1) and
thione sulfur S(1). The coordination of the thione sulfur
and nitrogen atoms to metal center allowed the formation
of a six‐membered chelate ring. In neutral complexes
(7 and 8) L3 acted as neutral monodentate ligand
coordinating metal through thione sulfur (S1). The work
presented here displays interesting coordination modes
of the methyl substituted pyridyl thiourea ligands
depending upon the position of methyl substituent
attached to the pyridine moiety. Pharmacologically,
certain complexes are potent and selective activity against
a panel of cancer cells was observed as compared to non‐

cancer cells. Whilst further studies are required to
identify mechanisms of action, these compounds are
promising leads for further development as potential
anti‐cancer agents.
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a b s t r a c t

The Friedl€ander condensation reaction between 2-aminonicotinealdehyde and acetophenone de-
rivatives in presence of potassium hydroxide yielded 2-substituted-1,8-napthyridine derivatives viz. 2-
(1,8-napthyridin-2-yl)phenol (PHNp), 2-(1,8-napthyridin-2-yl)aniline (AnNp) and 2-(pyridine-4-yl)-
1,8-napthyridine (PyNp). Treatment of the chloro-bridged dimers [(arene)MCl2]2 [arene ¼ p-cymene,
Cp*; M ¼ Ru, Rh and Ir] with two equivalents of napthyridine ligands (PHNp, AnNp and PyNp) allowed
the formation of mononuclear napthyridine complexes having formula [(arene)M(PHNp)Cl2] (1e3),
[(arene)M(AnNp)Cl]PF6 (4e6) and [(arene)M(PyNp)Cl2] (7e9). These napthyridine compounds were
isolated as neutral and cationic complexes which were further characterized by analytical and
spectroscopic techniques. The molecular structures of some of the respective napthyridine complexes
were established by carrying out the single crystal X-ray analysis. Single crystal X-ray studies revealed
the coordination of the napthyridine ligands to the metal center wherein AnNp ligand coordinated
metal in a bidentate chelating NN0 manner and PHNp and PyNp ligand coordinated metal in a
monodentate fashion. In case of PHNp complexes the coordination occurs through napthyridine ni-
trogen N(1) whereas in case of PyNp complexes the coordination takes place through pyridine ni-
trogen N(1). These napthyridine complexes possessed cytotoxicity against HCT-116 (human colorectal
cancer) and MIA-PaCa-2 (pancreatic carcinoma) cancer cell lines as compared to non-cancer cell line
ARPE-19.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Arene ruthenium complexes are a well-known class of organ-
ometallic compounds generally referred to as half-sandwich
complexes having potential applications in many arenas [1].
These organometallic compounds have been found to possess
clinical as well as industrial applications [2]. Ruthenium com-
plexes have also displayed remarkable activity in medicinal
chemistry and these complexes have the potential to act as metal
based anti-cancer drugs [3,4]. Two such complexes in particular
namely [Ru(h6-arene)Cl(en)]þ (en ¼ ethylenediamine) and
[Ru(cymene)Cl2(PTA)], known as RAPTA-C (PTA ¼ 1,3,5-triaza-7-
phosphaadamantane), have been found to possess excellent

cytotoxic and anti-cancer activity both in vitro and in vivo
including activity against cisplatin resistant cancer cells [5,6].
Analogous to arene ruthenium complexes, Cp* rhodium and Cp*
iridium complexes are also being studied as an alternative to
platinum based drugs because of the inert facial co-ligand Cp*
which is expected to offer several advantages such as water sol-
ubility and lability [7]. These complexes also serve as catalysts for
various organic transformations such as hydrogenation and C-H
activation [8,9].

1,8-napthyridines represents an important class of ligands
containing two fused pyridine rings and whose structure is closely
related to bipyridines and phenanthrolines. These ligands possess
several donor sites thus allowing them to act as monodentate,
bidentate chelating and bridging coordinating ligand [10]. Substi-
tution of an appropriate donor groups such as pyridyl, thiazolyl,
furyl and pyrrole at the 2-position of 1,8-napthyridine provides a
ligand, which can coordinate metal with the substituted ring in* Corresponding author.
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Table 1
Crystal data and structure refinement parameters of complexes.

Complexes PHNp [3] [4] PF6. CH2Cl2 [5] PF6 [8] CHCl3 [9] CHCl3

Empirical formula C14H10N2O C24H25Cl2N2OIr C25H27Cl3F6N5PRu C24H25ClF6N3PRh C24H25Cl5N3Rh C24H25Cl5N3Ir
Formula weight 222.24 620.56 721.89 638.80 635.63 724.94
Temperature (K) 295(5) 293.6(4) 294(2) 293.6(2) 293.46(16) 295.8(5)
Wavelength (Å) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
Crystal system monoclinic monoclinic triclinic triclinic monoclinic orthorhombic
Space group P21/n P21/c PT1 PT1 P21/c Pbca
a (Å)/a (!) 6.7873(9)/90 13.4948(7)/90 10.7040(6)/89.251 10.4457(6)/103.015(5) 14.6829(6)/90 14.5012(7)/90
b (Å)/b (!) 7.4846(8)/91.156(11) 7.9005(4)/100.679(6) 12.2053(7)/72.359(5) 11.3360(6)/109.254(5) 13.1266(5)/104.747 14.1704(9)/90
c (Å)/g (!) 21.206(3)/90 21.1365(15)/90 13.0455(8)/64.432(5) 11.8077(6)/94.772(4) 14.4475(6)/90 26.0020(10)/90
Volume (Å3) 1077.1(2) 2214.5(2) 1451.22(15) 1267.08(13) 2692.84(19) 5343.1(5)
Z 4 4 2 2 4 11
Density (calc) (Mg/m"3) 1.371 1.861 1.652 1.674 1.568 1.802
Absorption coefficient (m)

(mm"1)
0.089 0.832 0.931 0.906 1.148 5.516

F(000) 464 1208 724 642 1280 2816
Crystal size (mm3) 0.25 # 0.23 x 0.21 0.21 # 0.12 x 0.09 0.27 # 0.21 x 0.15 0.25 # 0.15 x 0.07 0.25 # 0.23 x 0.21 0.35 # 0.25 x 0.15
Theta range for data collection 3.844e28.941! 3.240e29.075! 3.19e29.02! 3.332e29.115! 3.262e28.993! 3.5140e28.7290!

Index ranges "9<¼h<¼5, "5<¼k<¼10,
"26<¼l<¼25

"18<¼h<¼15, "5<¼k<¼10,
"28<¼l<¼27

"14<¼h<¼13, "16<¼k<¼16,
"17<¼l<¼16

"14<¼h<¼14, "15<¼k<¼15,
"40<¼l<16

"20<¼h<¼18,
"11<¼k<¼17, "19<¼l<12

"19<¼h<¼17, "12<¼k<¼16,
"32<¼l<18

Reflections collected 3683 6905 10127 8777 11091 14307
Independent reflections 2370 [R(int) ¼ 0.0209] 4465 [R(int) ¼ 0.0265] 6534 [R(int) ¼ 0.0445] 5707 [R(int) ¼ 0.0267] 6178 [R(int) ¼ 0.0309] 5588 [R(int) ¼ 0.0317]
Completeness to theta¼ 25.00! 96.2% 89.5% 99.5% 99.5% 99.3% 78.7%
Absorption correction Semi-empirical from

equivalents
Semi-empirical from
equivalents

Semi-empirical from
equivalents

Semi-empirical from
equivalents

Semi-empirical from
equivalents

Semi-empirical from
equivalents

Max and min transmission 1.0000 and 0.67974 1.0000 and 0.36096 0.8730 and 0.7871 1.0000 and 0.69116 26.37 and 3.26 1.00000 and 0.31067
Refinement method Full-matrix least-squares on

F2
Full-matrix least-squares on
F2

Full-matrix least-squares on F2 Full-matrix least-squares on F2 Full-matrix least-squares on
F2

Full-matrix least-squares on F2

Data/restraints/parameters 2370/0/154 4465/0/270 6534/5/377 5707/0/325 6178/0/298 6178/0/298
Goodness-of-fit on F2 1.088 1.013 1.038 1.051 1.061 1.077
Final R indices [I>2sigma(I)] R1 ¼ 0.0566, wR2 ¼ 0.1361 R1 ¼ 0.0346, wR2 ¼ 0.0699 R1 ¼ 0.0552, wR2 ¼ 0.1360 R1 ¼ 0.0361, wR2 ¼ 0.0895 R1 ¼ 0.0505, wR2 ¼ 0.1047 R1 ¼ 0.0402, wR2 ¼ 0.0781
R indices (all data) R1 ¼ 0.0871, wR2 ¼ 0.1615 R1 ¼ 0.524, wR2 ¼ 0.0346 R1 ¼ 0.0691, wR2 ¼ 0.1469 R1 ¼ 0.0423, wR2 ¼ 0.0935 R1 ¼ 0.0664, wR2 ¼ 0.1127 R1 ¼ 0.0588, wR2 ¼ 0.0858
Largest diff. peak and hole

(e.Å"3)
0.193 and "0.148 1.319 and "0.929 0.879 and "0.698 0.650 and "0.539 0.843 and "0.861 1.518 and "1.005

CCDC No. 1568181 e 1568178 1568179 1568180 e

Structures were refined on F02: wR2 ¼ [S[w(F02 - Fc2)2]/Sw(F02)2]1/2, where w"1 ¼ [S(F02)þ(aP)2þbP] and P ¼ [max(F02, 0)þ2Fc2]/3.
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addition to the napthyridine ring [11]. The napthyridine ligands
acts as a bridge to communicate between the two metal centers to
come close to each other andwhich is expected to alter the bonding
magnetic or energy transfer interactions. In cases where the donor
groups attached at the 2-position of the napthyridine ring were
substituted phenyl (F and OMe) and N-methyl pyrrole groups,
interesting coordinating chemistry has been observed for dir-
uthenium complexes [12]. Despite having a rich diversified chem-
istry of napthyridine metal complexes, it is noteworthy that only a
few half-sandwich platinum group metal napthyridine complexes
have been reported to date [10,13]. Based on the reactivity and
different bonding modes of napthyridine ligands we anticipated
that what would be the outcome if we substitute donor group such
as phenol, aniline and pyridine at the 2-position of the napthyridine
ring. We assumed that the formed ligand would display distinctly
unusual bonding modes and we have therefore explored this pos-
sibility in our present work. Ligands used in the present study are 2-
(1,8-napthyridin-2-yl)phenol (PHNp), 2-(1,8-napthyridin-2-yl)ani-
line (AnNp) and 2-(pyridine-4-yl)-1,8-napthyridine (PyNp). To the
best of our knowledge the coordination chemistry of these ligands
has not been explored previously.

Herein, we report the synthesis and anti-cancer studies of
ruthenium, rhodium and iridium half-sandwich complexes bearing
phenol, aniline and 4-pyridyl groups substituted at 2-position of
1,8-napthyridine moiety.

2. Experimental

2.1. Physical methods and materials

The reagents used were of commercial quality and used without
further purification. Metal chloride's RuCl3.nH2O, RhCl3.nH2O and
IrCl3.nH2O were purchased from Arora Matthey Limited. a-phel-
landrene, pentamethylcyclopentadiene and 20-hydrox-
yacetophenone were purchased from Sigma-Aldrich. 2-
aminonicotinaldehyde and 4-acetyl pyridine were obtained from
Alfa Aesar and 20-aminoacetophenone was obtained from Spec-
trochem. The solvents were dried and distilled prior to use ac-
cording to standard procedures [14]. Precursor metal complexes
[(p-cymene)RuCl2]2 and [Cp*MCl2]2 (M ¼ Rh/Ir) were prepared
according to the published procedures [15,16]. 1H and 13C NMR
spectra were recorded on a Bruker Advance II 400 MHz spec-
trometer using CDCl3 and DMSO-d6 as solvents; chemical shifts
were referenced to TMS. Infrared spectra (KBr pellets; 400-
4000 cm"1) were recorded on a Perkin-Elmer 983 spectropho-
tometer. Mass spectra were obtained from Waters ZQ 4000 mass
spectrometer by ESI method using acetonitrile as solvent.
Elemental analyses of the complexes were carried out on a Perkin-
Elmer 2400 CHN/S analyzer.

2.2. Structure determination by X-ray crystallography

Solvent diffusionmethodwas used for growing single crystals of
compounds by layering solutions of the compounds in dichloro-
methane or chloroform with a fourfold excess of hexane and
allowing them to stand undisturbed for one week. Suitable single
crystal of compounds were chosen and glued onto the tip of glass
fiber which was centered in the X-ray beam. The data for the
complexes was collected on an Oxford Diffraction Xcalibur Eos
Gemini diffractometer using graphite monochromated Mo-Ka ra-
diation (l ¼ 0.71073 Å). The strategy for the data collection was
evaluated using the CrysAlisPro CCD software. Crystal data were
collected by standard ‘‘phieomega scan’’ techniques and were
scaled and reduced using CrysAlisPro RED software. The structures
were solved by direct methods using SHELXS-97 and refined by
full-matrix least squares with SHELXL-97 refining on F2 [17,18]. The
positions of all the atoms were obtained by direct methods. Metal
atoms in the complex were located from the E-maps and all non-
hydrogen atoms were refined anisotropically by full-matrix least-
squares. Hydrogen atoms were placed in geometrically idealized
positions and constrained to ride on their parent atoms with C—H
distances in the range 0.95e1.00 Å. Isotropic thermal parameters
Ueq were fixed such that they were 1.2Ueq of their parent atom Ueq
for CH's and 1.5Ueq of their parent atom Ueq in case of methyl
groups. Crystallographic and structure refinement parameters for
the complexes are summarized in Table 1 and selected bond
lengths and bond angles are presented in Table 2. Figs. 1e5 were
drawn with ORTEP3 program [19].

The crystal structure of complex (4) contains disordered DCM
molecule. Crystal structure of complexes (8 and 9) contains CHCl3
molecule in their solved structure.

2.3. Cell line testing

The biological importance of the naphthyridines prompted us to

Table 2
Selected bond lengths (Å) and bond angles (#) of complexes.

Complex 3 4 5 8 9

M(1)-CNT 1.775 1.799 1.803 1.773 1.778
M(1)-N(1) 2.154(4) 2.143(3) 2.138(2) 2.128(3) 2.117(5)
M(1)-N(2) e 2.164(3) 2.179(3) 2.427(1)
M(1)-Cl(1) 2.405(1) 2.4165(11) 2.4478(7) 2.405(1) 2.409(2)
M(1)-Cl(2) 2.426(2) e e e 2.404(1)
N(1)-M(1)-N(2) e 82.29(14) 80.12(8) e

N(1)-M(1)-Cl(1) 87.7(1) 82.67(10) 82.90(6) 87.27(8) 87.6(1)
N(2)-M(1)-Cl(1) e 83.55(10) 91.00(6) e e

N(1)-M(1)-Cl(2) 89.0(1) e e 89.76(8) 85.9(1)
Cl(1)-M(1)-Cl(2) 85.13(5) e e 91.25(4) 89.46(5)

CNT represents the centroid of the arene/Cp* ring and M ¼ Ru, Rh and Ir.

Fig. 1. ORTEP plot of PHNp with 50% probability thermal ellipsoids.
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study the cytotoxic activity of the synthesized napthyridine ligands
and complexes. The cytotoxicity was tested against the HCT-116
colorectal carcinoma and MIA-PaCa-2 pancreatic carcinoma cell
lines with the IC50 result shown in Table 3. Both cell lines were
originally purchased from the American Type Culture Collection
(ATCC) and all other reagents were purchased from Sigma Aldrich
Co. Ltd (Dorset, UK) unless otherwise stated. The ARPE-19 cell line
which is a non-cancer, human epithelial cell line derived from the
retina and this was also obtained from ATCC. Cytotoxicity of ligands
and compounds were evaluated using the standard MTT 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide cellular
viability assay as follows. Cells were inoculated into 96 well plates
at 1.5 ! 103 cells per well and incubated at 37

"
C in an atmosphere

of 5% CO2 prior to drug exposure. The napthyridine ligands (Scheme
1) and complexes (1e9) (Scheme 2) were all dissolved in DMSO at a
concentration of 25 mM and diluted further withmedium to obtain
drug solutions ranging from 0.5 to 150 mM. Cisplatin was dissolved
in phosphate buffered saline at a stock concentration of 25mM. The
final DMSO concentrationwas 0.2% (v/v), which is nontoxic to cells.
Cells were exposed to drug for 96 h and cell survival was deter-
mined using the MTT assay [20,21]. Following drug exposure, 20 mL

of MTT (0.5 mg/ml) in phosphate buffered saline was added to each
well and it was further incubated at 37

"
C for 4 h in an atmosphere

of 5% CO2. The solutionwas then removed and the formed formazan
crystals was dissolved in 150 mM DMSO and the absorbance of the
solution was recorded at 550 nm using an ELISA spectrophotom-
eter. Percentage cell survival was calculated by dividing the true
absorbance of treated cell by the true absorbance for controls
(exposed to 0.2% DMSO). The IC50 values were determined from
plots of % survival against drug concentration. Each experiment was
repeated three times and a mean value obtained and stated as IC50
(mM) ± SD.

2.4. Synthesis of 2-substituted-1,8-napthyridine ligands

The ligands 2-(1,8-napthyridin-2-yl)phenol (PHNp), 2-(1,8-
napthyridin-2-yl)aniline (AnNp) and 2-(pyridine-4-yl)-1,8-
napthyridine (PyNp) were synthesized according to Friedl€ander
condensation (Scheme 1) [22]. Herein a detailed procedure is
provided only for 2-(1,8-napthyridin-2-yl)phenol (L1). A stirred
solution of 20-hydroxy acetophenone (408 mg, 3 mmol), 2-
aminonicotinealdehyde (366 mg, 3 mmol) and KOH (336 mg,
6 mmol) in 50% aqueous methanol (10 mL) was heated to 60 "C
overnight. The reaction mixture was quenched by the addition of
water (20 mL) and the resulting precipitate was isolated by filtra-
tion. The crude product was washed with water, dried in vacuum
and collected.

2.4.1. 2-(1,8-napthyridin-2-yl)phenol (PHNp)
Color: Orange crystals; Yield: 82%; IR (KBr, cm#1): 3521(b),

3224(m), 2961(m), 2870(w), 1644(s), 1469(m), 1358(m); 1H NMR
(400 MHz, CDCl3): d ¼ 14.7 (s, 1H, OH), 8.26 (d, 1H, J ¼ 12 Hz), 8.15
(d, 1H, J ¼ 8 Hz), 8.08 (d, 1H, J ¼ 8 Hz), 7.90 (d, 1H, J ¼ 8 Hz),
7.43e7.46 (m, 1H), 7.31e7.34 (m, 1H), 7.24 (d, 1H, J ¼ 8 Hz), 7.06 (d,
1H, J¼ 8 Hz), 6.88e6.92 (m, 1H); Anal. Calc for C14H10N2O (222.24);
C, 75.66; H, 4.54; N, 12.60. Found: C, 75.76; H, 4.67; N, 12.73%.

2.4.2. 2-(1,8-napthyridin-2-yl)aniline (AnNp)
Color: Yellow crystals; Yield: 86%; IR (KBr, cm#1): 3402(s),

3293(m), 3058(w), 2922(w), 1611(s), 1566(m), 1541(m), 1499(m),
1257(m); 1H NMR (400 MHz, DMSO-d6): d ¼ 8.84 (dd, 1H, J ¼ 4 and
4 Hz), 8.28 (d,1H, J¼ 8 Hz), 8.25 (dd,1H, J¼ 4 and 4 Hz), 8.00 (d,1H,
J ¼ 8 Hz), 7.70 (d, 1H, J ¼ 8 Hz), 7.38e7.41 (m, 1H), 7.34 (s, 2H, NH2),
6.98 (t, 1H, J ¼ 8 Hz), 6.65 (d, 1H, J ¼ 8 Hz), 6.46 (t, 1H, J ¼ 8 Hz);
Anal. Calc for C14H11N3 (221.25); C, 76.00; H, 5.01; N, 18.99. Found:
C, 76.09; H, 5.12; N, 19.08%.

Fig. 2. ORTEP plot of complex (3) with 50% probability thermal ellipsoids. Hydrogen
atoms (except on O1) are omitted for clarity.

Fig. 3. (a) ORTEP plot of complex (4) and (b) ORTEP plot of complex (5) with 50% probability thermal ellipsoids. Counter anions, hydrogen atoms (except on N1) are omitted for
clarity.
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2.4.3. 2-(pyridine-4-yl)-1,8-napthyridine (PyNp)
Color: White powder; Yield: 65%; IR (KBr, cm!1): 3021(m),

2927(m), 2811(m), 1634(m), 1587(m), 1494(m), 1340(s); 1H NMR
(400 MHz, CDCl3): d ¼ 9.21 (dd, 1H, J ¼ 4 and 4 Hz), 8.82 (d, 2H,
J¼ 8 Hz), 8.38 (d, 1H, J¼ 8 Hz), 8.28 (dd, 1H, J¼ 8 and 8 Hz), 8.20 (d,
2H, J ¼ 8 Hz), 8.07 (d, 1H, J ¼ 8 Hz), 7.54e7.57 (m, 1H); Anal. Calc for

C13H19N3 (207.23); C, 75.35; H, 4.38; N, 20.28. Found: C, 75.47; H,
4.46; N, 20.41%.

2.5. General procedure for preparation of neutral napthyridine
complexes (1e3)

Amixture of metal precursor [(arene)MCl2]2 (arene¼ p-cymene,
Cp*;M¼ Ru, Rh and Ir) (0.1mmol) and ligand 2-(1,8-napthyridin-2-
yl)phenol (PHNp) (0.2 mmol) were dissolved in dichloromethane
and the reaction mixture was stirred overnight at room tempera-
ture. This solution was then filtered over celite and the solvent was
evaporated under reduced pressure to afford yellow solid which
was washed with diethyl ether (2 # 10 mL) and air dried (Scheme
2).

2.5.1. [(p-cymene)Ru(PHNp)Cl2] (1)
Yield: 69 mg (75%); IR (KBr, cm!1): 3411(b), 3056(m), 1611(m),

1585(m), 1548(m), 1508(m), 1473(m), 1249(m), 1155(s); 1H NMR
(400 MHz, DMSO-d6): d ¼ 14.92 (s, 1H, OH), 8.89 (d, 1H, J ¼ 4 Hz),
8.48 (d, 1H, J ¼ 8 Hz), 8.31 (t, 2H, J ¼ 8 Hz), 8.07 (d, 1H, J ¼ 8 Hz),
7.47e7.50 (m, 1H), 7.22 (t, 1H, J ¼ 8 Hz), 6.77e6.82 (m, 2H), 5.61 (d,
2H, J ¼ 4 Hz, CH(p-cym)), 5.57 (d, 2H, J ¼ 8 Hz, CH(p-cym)), 2.61 (sept,
1H, CH(p-cym)), 1.86 (s, 3H, CH(p-cym)), 0.98 (d, 6H, J¼ 8 Hz, CH(p-cym));
13C NMR (100 MHz, DMSO-d6): d (ppm) ¼ 160.60, 160.29, 155.19,
149.35, 138.65, 135.10, 133.83, 128.16, 121.69, 121.11, 119.92, 118.16,
(C-PHNp), 105.51, 103.91, 87.71, 84.21, 30.31, 23.81, 17.41 (C-p-cym);
ESI-MS (m/z) [Found (Calcd)]: [456.96 (457.08)] [M-Cl-HCl]þ; Anal.

Fig. 4. ORTEP plot of complex (8) with 50% probability thermal ellipsoids. Solvent molecules and hydrogen atoms are omitted for clarity.

Fig. 5. ORTEP plot of complex (9) with 50% probability thermal ellipsoids. Solvent molecule and hydrogen atoms are omitted for clarity.

Table 3
IC50 values of napthyridine ligands and complexes (1e9) along with cisplatin against
HCT-116 and MIA-PaCa-2 cancer cell line and non-cancer ARPE-19 cell line. Each
value represents the mean ± standard deviation from three independent
experiments.

Compounds IC50 (mM)

HCT-116 MIA-PaCa-2 ARPE-19

PHNp 39.90 ± 1.64 62.48 ± 6.28 >100
AnNp >100 >100 >100
PyNp >100 >100 >100
Complex 1 82.09 ± 3.54 >100 >100
Complex 2 61.28 ± 13.8 25.14 ± 6.07 >100
Complex 3 37.79 ± 4.89 52.13 ± 12.28 >100
Complex 4 >100 >100 >100
Complex 5 >100 >100 >100
Complex 6 31.33 ± 12.92 82.09 ± 2.55 >100
Complex 7 >100 >100 >100
Complex 8 >100 >100 >100
Complex 9 >100 >100 >100
Cisplatin 2.78 ± 1.40 3.15 ± 0.10 3.43 ± 0.48

IC50 ¼ concentration of the drug required to inhibit the growth of 50% of the cancer
cells (mM).
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Scheme 1. Synthetic routes of ligands.

Scheme 2. Synthesis of neutral and cationic napthyridine metal complexes (1e9).
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Calc for C24H24Cl2N2ORu (528.43); C, 54.55; H, 4.58; N, 5.30. Found:
C, 54.64; H, 4.67; N, 5.39%.

2.5.2. [Cp*Rh(PHNp)Cl2] (2)
Yield: 82 mg (77%); IR (KBr, cm!1): 3434(b), 2137(m), 1608(m),

1503(m), 1475(m), 1384(m), 1137(m); 1H NMR (400 MHz, DMSO-
d6): d¼ 15.12 (s, 1H, OH), 9.10 (d, 1H, J¼ 4 Hz), 8.68 (d, 1H, J¼ 8 Hz),
8.51 (d, 2H, J ¼ 8 Hz), 8.26 (d, 2H, J ¼ 4 Hz), 7.67e7.70 (m, 1H), 7.42
(t, 1H, J ¼ 8 Hz), 6.97e7.02 (m, 1H), 1.60 (s, 15H, CH(Cp*)); 13C NMR
(100 MHz, DMSO-d6): d ¼ 160.61, 160.29, 154.49, 152.35, 139.65,
137.30, 132.83, 128.16, 122.69, 121.11, 118.92, 118.83, 118.18 (C-
PHNp), 98.68 (Cp*ipso), 8.51 (Cp*Me); ESI-MS (m/z) [Found (Calcd)]:
[459.02 (459.09)] [M-Cl-HCl]þ; Anal. Calc for C24H25Cl2N2ORh
(531.27); C, 54.26; H, 4.74; N, 5.27. Found: C, 54.37; H, 4.87; N,
5.41%.

2.5.3. [Cp*Ir(PHNp)Cl2] (3)
Yield: 98 mg (78%); IR (KBr, cm!1): 3401(b), 2918(w), 2150(m),

1632(m), 1608(m), 1503(m), 1475(m), 1137(m); 1H NMR (400 MHz,
DMSO-d6): d ¼ 15.12 (s, 1H, OH), 9.10 (dd, 1H, J ¼ 4 and 4 Hz), 8.68
(d, 1H, J ¼ 8 Hz), 8.51 (t, 2H, J ¼ 8 Hz), 8.27 (d, 1H, J ¼ 8 Hz),
7.67e7.70 (m, 1H), 7.42 (t, 1H, J ¼ 8 Hz), 6.98e7.02 (m, 2H), 1.61 (s,
15H, CH(Cp*)); 13C NMR (100 MHz, DMSO-d6): d ¼ 160.62, 160.30,
154.49, 152.36, 139.65, 137.30, 132.83, 128.17, 122.69, 121.11, 118.92,
118.26, 118.18 (C-PHNp), 92.01 (Cp*ipso), 8.17 (Cp*Me); ESI-MS (m/z)
[Found (Calcd)]: [549.10 (549.15)] [M-Cl-HCl]þ; Anal. Calc for
C24H25Cl2N2OIr (620.59); C, 46.45; H, 4.06; N, 4.51. Found: C, 46.58;
H, 4.14; N, 4.62%.

2.6. General procedure for preparation of cationic napthyridine
metal complexes (4e6)

Amixture of metal precursor [(arene)MCl2]2 (arene¼ p-cymene,
Cp*; M ¼ Ru, Rh and Ir) (0.1 mmol) and 2-(1,8-napthyridin-2-yl)
aniline (AnNp)were dissolved in drymethanol (5mL) and stirred at
room temperature for 1 h. Then 4 equivalents of NH4PF6 dissolved
in drymethanol (2mL) was added dropwise to the reactionmixture
and stirring continued for further 5-6 h whereupon a yellow solid
precipitated out from the reaction mixture. The precipitate was
filtered, washed with cold methanol (2 $ 5 ml) and diethyl ether
(2 $ 10 ml) and air dried (Scheme 2).

2.6.1. [(p-cymene)Ru(AnNp)Cl]PF6 (4)
Yield: 101mg (79%); IR (KBr, cm!1): 3314(m), 3125(m), 1604(m),

1494(w), 1462(w), 1111(m), 842(s); 1H NMR (400 MHz, DMSO-d6):
d ¼ 9.86 (d, 1H, J ¼ 12 Hz), 8.97 (d, 1H, J ¼ 4 Hz), 8.70 (d, 1H,
J ¼ 8 Hz), 8.27 (d, 1H, J ¼ 8 Hz), 8.00 (d, 1H, J ¼ 4 Hz), 7.86 (t, 1H,
J ¼ 8 Hz), 7.51e7.57 (m, 2H), 7.31 (t, 2H, J ¼ 8 Hz), 5.99 (dd, 2H, J ¼ 4
and 4 Hz, CH(p-cym)), 5.59 (d, 1H, J ¼ 8.0 Hz, CH(p-cym)), 5.54 (d, 1H,
J ¼ 8 Hz, CH(p-cym)), 2.19 (sept, 1H, CH(p-cym)), 1.98 (s, 3H, CH(p-cym)),
0.98 (d, 3H, J ¼ 8 Hz, CH(p-cym)), 0.89 (d, 3H, J ¼ 4 Hz, CH(p-cym)); 13C
NMR (100MHz, DMSO-d6): d¼ 161.78,158.61,155.19,148.13,138.12,
137.32, 134.18, 129.14, 123.41, 120.05, 119.18, 117.16, (C-AnNp),
106.14, 103.41, 89.51, 87.11, 85.22, 30.71, 23.81, 20.21, 16.41 (C-p-
cym); ESI-MS (m/z) [Found (Calcd)]: [492.06 (492.07)] [M ! PF6]þ,
ESI-MS (m/z) [Found (Calcd)]: [456.0 (456.10)] [M-PF6-HCl]þ; Anal.
Calc for C24H25ClN3F6PRu (636.96); C, 45.25; H, 3.96; N, 6.60.
Found: C, 45.38; H, 4.07; N, 6.71%.

2.6.2. [Cp*Rh(AnNp)Cl]PF6 (5)
Yield: 93 mg (72%); IR (KBr, cm!1): 3269(w), 2923(w), 1606(m),

1491(w), 1462(w), 843(s); 1H NMR (400 MHz, DMSO-d6): d ¼ 9.23
(d, 1H, J ¼ 4 Hz), 8.81 (d, 1H, J ¼ 8 Hz), 8.63 (d, 1H, J ¼ 8 Hz), 8.25 (d,
1H, J ¼ 8 Hz), 7.93 (d, 1H, J ¼ 8 Hz), 7.77e7.80 (m, 1H), 7.65 (t, 1H,
J ¼ 4 Hz), 7.47e7.54 (m, 2H), 7.40 (t, 1H, J ¼ 8 Hz), 6.71 (d, 1H,

J ¼ 4 Hz), 1.34 (s, 15H, CH(Cp*)); 13C NMR (100 MHz, DMSO-d6):
d ¼ 161.34, 157.13, 153.61, 142.01, 140.24, 139.21, 135.47, 133.45,
126.14, 124.16, 123.12, 120.33, 118.23 (C-AnNp), 89.38 (Cp*ipso), 8.13
(Cp*Me); ESI-MS (m/z) [Found (Calcd)]: [494.05 (494.08)]
[M ! PF6]þ, ESI-MS (m/z) [Found (Calcd)]: [458.06 (458.11)] [M-
PF6-HCl]þ; Anal. Calc for C24H26ClN3F6PRh (639.80); C, 45.05; H,
4.10; N, 6.57. Found: C, 45.15; H, 4.21; N, 6.63%.

2.6.3. [Cp*Ir(AnNp)Cl]PF6 (6)
Yield: 110 mg (75%); IR (KBr, cm!1): 3316(w), 3254(w), 3065(w),

2923(w), 1606(m), 1462(w), 1154(w), 842(s); 1H NMR (400 MHz,
CDCl3): d ¼ 9.34 (d, 1H, J ¼ 12 Hz), 8.85 (d, 1H, J ¼ 8 Hz), 8.49 (d, 1H,
J ¼ 8 Hz), 8.18 (d, 1H, J ¼ 4 Hz), 8.10 (d, 1H, J ¼ 8 Hz), 8.01 (d, 1H,
J ¼ 8 Hz), 7.80 (d, 1H, J ¼ 8 Hz), 7.57 (t, 1H, J ¼ 4 Hz), 7.34 (t, 1H,
J ¼ 8 Hz), 7.23 (d, 1H, J ¼ 4 Hz), 6.69 (d, 1H, J ¼ 12 Hz), 1.39 (s, 15H,
CH(Cp*)); 13C NMR (100 MHz, DMSO-d6): d ¼ 160.04, 153.63, 152.89,
142.01, 141.33, 137.57, 131.89, 131.45, 125.84, 123.78, 123.62, 123.36,
119.22 (C-AnNp), 86.38 (Cp*ipso), 8.07 (Cp*Me); ESI-MS (m/z) [Found
(Calcd)]: [584.07 (584.14)] [M ! PF6]þ, ESI-MS (m/z) [Found
(Calcd)]: [548.15 (548.16)] [M-PF6-HCl]þ; Anal. Calc for
C24H26ClN3F6PIr (729.11); C, 39.54; H, 3.59; N, 5.76. Found: C, 39.66;
H, 3.68; N, 5.82%.

2.7. General procedure for preparation of neutral napthyridine
metal complexes (7e9)

Amixture of metal precursor [(arene)MCl2]2 (arene¼ p-cymene,
Cp*; M ¼ Ru, Rh and Ir) (0.1 mmol) and ligand 2-(pyridine-4-yl)-
1,8-napthyridine (PyNp) (0.2 mmol) were dissolved in dry meth-
anol (5 mL) and stirred at room temperature for 6 h. A yellow
compound precipitated out from the reaction mixture. The pre-
cipitate was collected washed with cold methanol (2 $ 5 mL) and
diethyl ether (3 $ 10 mL) and air dried (Scheme 2).

2.7.1. [(p-cymene)Ru(PyNp)Cl2] (7)
Yield: 72 mg (70%); IR (KBr, cm!1): 2965(m), 2870(m), 1637(m),

1615(m), 1384(w), 1124(m); 1H NMR (400 MHz, CDCl3): d ¼ 9.14 (s,
3H), 8.35 (d, 1H, J ¼ 8 Hz), 8.24 (d, 1H, J ¼ 8 Hz), 8.08 (d, 2H,
J ¼ 8 Hz), 7.95 (d, 1H, J ¼ 8 Hz), 7.53e7.57 (m, 1H), 5.45 (d, 2H,
J ¼ 4 Hz, CH(p-cym)), 5.22 (d, 2H, J ¼ 4 Hz CH(p-cym)), 2.94 (sept, 1H,
CH(p-cym)), 2.06 (s, 3H, CH(p-cym)), 1.28 (d, 6H, J¼ 8 Hz, CH(p-cym)); 13C
NMR (100 MHz, CDCl3): d ¼ 155.78, 154.16, 153.19, 148.23, 139.12,
136.21, 135.11, 130.14, 128.06, 123.05, 119.18, 118.16, (C-PyNp),
106.18, 103.41, 90.13, 88.41, 30.20, 21.84, 17.80 (C-p-cym); ESI-MS
(m/z) [Found (Calcd)]: [478.21 (478.06)] [M ! Cl]þ, ESI-MS (m/z)
[Found (Calcd)]: [442.15 (443.09)] [M ! 2Cl]þ; Anal. Calc for
C23H23Cl2N3Ru (513.42); C, 53.80; H, 4.52; N, 8.18. Found: C, 53.93;
H, 4.63; N, 8.29%.

2.7.2. [Cp*Rh(PyNp)Cl2] (8)
Yield: 92 mg (89%); IR (KBr, cm!1): 2985(m), 2860(m), 1635(m),

1609(m), 1378(w), 1127(m); 1H NMR (400 MHz, CDCl3): d ¼ 9.19 (s,
1H), 9.15 (d, 2H, J ¼ 4 Hz), 8.45 (d, 1H, J ¼ 8 Hz), 8.31 (dd, 1H, J ¼ 4
and 4 Hz), 8.21 (d, 1H, J¼ 8 Hz), 8.04 (d, 2H, J¼ 8 Hz), 7.56e7.59 (m,
1H), 1.63 (s, 15H, CH(Cp*)); 13C NMR (100 MHz, CDCl3): d ¼ 156.31,
155.42, 154.34, 153.18, 148.33, 139.24, 137.14, 123.43, 123.35, 123.07,
118.14 (C-PyNp), 87.12 (Cp*ipso), 8.63 (Cp*Me); ESI-MS (m/z) [Found
(Calcd)]: [480.07 (480.15)] [M! Cl]þ, ESI-MS (m/z) [Found (Calcd)]:
[444.16 (445.10)] [M! 2Cl]þ; Anal. Calc for C23H24Cl2N3Rh (516.26);
C, 53.51; H, 4.69; N, 8.14. Found: C, 53.62; H, 4.76; N, 8.23%.

2.7.3. [Cp*Ir(PyNp)Cl2] (9)
Yield: 86 mg (71%); IR (KBr, cm!1): 2991(m), 2875(m), 1631(m),

1611(m), 1374(w), 1125(m); 1H NMR (400 MHz, CDCl3): d ¼ 9.20 (s,
1H), 9.13 (d, 2H, J ¼ 8 Hz), 8.45 (d, 1H, J ¼ 8 Hz), 8.31 (dd, 1H, J ¼ 4
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and 4 Hz), 8.19 (d, 2H, J ¼ 4 Hz), 8.06 (d, 1H, J ¼ 8 Hz), 7.57e7.60 (m,
1H), 1.58 (s, 15H, CH(Cp*)); 13C NMR (100 MHz, CDCl3): d ¼ 155.70,
155.59, 154.74, 153.88, 147.30, 139.32, 137.14, 123.56, 123.10, 123.02,
119.83 (C-PyNp), 86.0 (Cp*ipso), 8.58 (Cp*Me); ESI-MS (m/z) [Found
(Calcd)]: [570.21 (570.12)] [M " Cl]þ, ESI-MS (m/z) [Found (Calcd)]:
[534.23 (535.15)] [M " 2Cl]þ; Anal. Calc for C23H24Cl2N3Ir (605.07);
C, 45.62; H, 3.99; N, 6.94. Found: C, 45.79; H, 4.08; N, 7.05%.

3. Results and discussion

3.1. Synthesis of napthyridine ligands and metal complexes

The napthyridine ligands were synthesized according to
Friedl€ander condensation reaction and the napthyridine metal
complexes (1e9) were synthesized by the reaction of metal pre-
cursors with respective napthyridine ligands. At first the reaction of
PHNp with metal precursor was carried out using triethylamine as
base with an aim of deprotonating phenolic hydrogenwhich would
result in formation of NO chelated complex but no deprotonation
occurred as evidenced from the 1H NMR spectra of the complexes
which showed the presence of phenolic proton. So the reactionwas
carried out without using triethylamine and which resulted in
formation of the same compounds. X-ray studies revealed that the
PHNp ligand coordinated metal in a monodentate manner through
napthyridine nitrogen. Reaction of AnNp with precursor afforded
mononuclear bidentate chelated complexes. Surprisingly
substituting 4-pyridyl group at the 2-position of 1,8-napthyridine
in PyNp yielded complexes where PyNp is coordinated to metal
through pyridine nitrogen rather than napthyridine nitrogen as in
case of PHNp complexes. The three-napthyridine ligands used in
this work exhibited interesting coordination modes. Complexes of
PHNp and PyNp ligands were isolated as neutral complexes
whereas with AnNp ligand, complexes were isolated as ionic salts
with PF6 counter ion. The napthyridine ligands and metal com-
plexes were obtained in good yields. These complexes are soluble in
organic solvents such as chloroform, dichloromethane, acetonitrile
and DMSO but insoluble in diethyl ether and hexane. The nap-
thyridine ligands and the napthyridine metal complexes were
characterized spectroscopically and the molecular structures of
some of the complexes were established by single crystal X-ray
analysis.

3.2. Spectroscopic characterization of napthyridine ligands

The infrared spectra of PHNp and AnNp ligands exhibited
stretching frequencies for OH at 3521 cm"1 and for the NH2 group
at 3402 and 3293 cm"1. The C¼N and C¼C stretching frequencies of
the napthyridine ligands were observed in the range of
1450e1650 cm"1. The proton NMR spectra of the napthyridine li-
gands displayed signals in the range of 6.46e9.21 ppm for the
protons of the napthyridine moiety and substituted rings. In addi-
tion to these resonances the PHNp ligand displayed a singlet at
14.7 ppm for the phenolic proton and the AnNp ligand exhibited a
broad singlet for the NH2 proton at 7.34 ppm respectively. The
respective 1H NMR spectra of the napthyridine ligands are pre-
sented in the SI.

3.3. Spectroscopic characterization of napthyridine metal
complexes

3.3.1. IR studies of metal complexes
The IR spectra of the metal complexes suggest the coordination

of the napthyridine ligands to the metal atom. The presence of a
broad band for complexes (1e3) in the lower frequency region
around 3401-3434 cm"1 for the phenolic OH group suggests that

the phenolic group is not involved in coordination to the metal
center. This was further supported by NMR and single crystal
analysis. Complexes (4e6) displayed characteristic stretching fre-
quencies for NH2 group at lower frequency region around 3125-
3326 cm"1 as compared to the free ligand at 3402 and 3293 cm"1.
This shift to lower frequency suggests the coordination of the NH2
group. Further the C¼N stretching frequencies of the complexes
decreases slightly and was observed in the range of
1603e1615 cm"1 as compared to the free ligand which suggest the
coordination of the napthyridine and pyridine nitrogen's. In addi-
tion to these bands a sharp band for the cationic complexes (4e6)
was observed around 842-843 cm"1 attributed to the P-F stretching
frequency of the counter ion [23].

3.3.2. 1H NMR studies of metal complexes
The 1H NMR spectra of the metal complexes further support the

formation of the complexes. The resulting spectra are depicted in
the supplementary information and ensuing data are summarized
in the experimental section. The metal complexes exhibited signals
associatedwith the ligand protons and signals due to p-cymene and
Cp* ring protons. The signals associated with the napthyridine and
substituted ring protons were observed in the downfield region
around 6.65e9.86 ppm. This shifting of the ligand resonances in-
dicates the coordination of the napthyridine ligands to the metal
atom. Also the appearance of the phenolic proton signals in com-
plexes (1e3) around 14.9e15.1 ppm confirms that the phenolic OH
group is not involved in coordination to the metal atom. Further
confirmation of the binding of napthyridine ligands was confirmed
by the appearance of the p-cymene and Cp* ring proton signals. The
aromatic protons of the p-cymene ligand consisted of doublets
around 5.22e5.99 ppm. The isopropyl group of the p-cymene
ligand displayed doublet for complexes (1 and 7) whereas for
complex (4) it showed two doublets around 0.89e1.28 ppm. The
methyl andmethine protons of the p-cymene ligand were observed
as a singlet around 1.98e2.07 ppm and septet around
2.19e2.94 ppm. The methyl protons of the Cp* moiety was
observed as a singlet around 1.34e1.61 ppm.

3.3.3. 13C NMR studies of metal complexes
The 13C NMR spectra further justify the formation of the com-

plexes. The 13C NMR spectra of the complexes displayed signals
associated with the napthyridine carbons and the appearance of
the p-cymene moiety carbons, methyl carbon of Cp* and ring car-
bon of Cp* confirms the formation of these complexes. In the 13C
NMR spectra of the complexes the carbon resonances associated
with the napthyridine ligand were observed in the region around
118-161 ppm. The aromatic carbon resonances of the p-cymene
ligand were observed in the region around 84-106 ppm. The
methine, isopropyl and methyl carbon resonances of the p-cymene
moiety were observed in the region around 16-31 ppm. In addition
to these carbon resonances the ring carbons of the Cp* ligand dis-
played signal around 86.0e98.6 ppm and the signal for the methyl
protons of the Cp* moiety was observed around 8.07e8.63 ppm.
Overall results from NMR spectral studies strongly support the
formation of the metal complexes.

3.3.4. Mass spectral studies of metal complexes
The composition and formation of napthyridine metal com-

plexes (1e9) have further been justified by ESI-mass spectral
studies. The mass spectra of the complexes are presented in the
supplementary information and the values are listed in the
experimental section (2.5). The mass spectra of the complexes
(1e3) displayed their molecular ion peaks at m/z: 456.96, m/z:
459.02 and m/z: 549.10 corresponding to [M-Cl-HCl]þ ion. Com-
plexes (4e6) displayed their molecular ion peaks at m/z: 492.06, m/
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z: 494.05 and m/z: 584.07 which corresponds to [M ! PF6]þ ion
peak. Also peaks were observed at m/z: 456.0, m/z: 458.06 and m/
z: 548.15 which is due to [M-PF6-HCl]þ ion. Similarly complexes
(7e9) displayed peaks at m/z: 478.21, m/z: 480.15 and m/z: 570.21
which is due to the loss of one chloride [M ! Cl]þ ion and also it
exhibited peaks at m/z: 442.15, m/z: 444.16 and m/z: 534.23 which
is due to the loss of both the chloride [M ! 2Cl]þ ion.

3.3.5. Description of the crystal structures of complexes
Apart from spectroscopic analysis, the molecular structures of

some of the respective complexes were established by single crystal
X-ray analysis. Our attempt to isolate the single crystal for all the
complexes was unsuccessful; however we obtained single crystals
for the PHNp ligand and complexes 3, 4, 5, 8 and 9 respectively. By
carrying out the single crystal analyses wewere able to confirm the
various coordination modes of the napthyridine ligand and the
geometry of the complexes. The data and molecular structure of
complexes 3 and 9 presented here is to only confirm the structure
and composition of the molecule. The ORTEP plot of PHNp and the
complexes along with atom numbering scheme are shown in
(Figs. 1e5) respectively. The summary of the crystal data including
data collection and structure refinement parameters are summa-
rized in Table 1 and geometrical parameters including bond
lengths, bond angles and metal atom involving ring centroid values
are listed in Table 2. The molecular structure of PHNp ligand is
shown in (Fig. 1). Complexes (1e3) and (7e9) have the neutral
species with formula [(arene)M(PHNp)Cl2] and [(arene)M(PyNp)
Cl2] [(arene)¼ p-cymene, M¼ Ru (1), (7); Cp*, M¼ Rh (2), (8) and Ir
(3), (9)]. Complexes (4e6) have the cationic species with general
formula [(arene)M(AnNp)Cl] [(arene) ¼ p-cymene, M¼ Ru (4); Cp*,
M ¼ Rh (5) and Ir (6)] and counter anion PF6. These complexes
adopts a familiar three legged piano-stool geometry around the
metal center with coordination sites occupied by arene/Cp* ring
(arene ¼ p-cymene and Cp*) in a h6/h5 manner, nitrogen donor
atoms from napthyridine ligand and terminal chloride. The geom-
etry at the metal atom is pseudo-octahedral wherein the polycyclic
arene ligand acts as seat and napthyridine ligand and terminal
chloride form the legs. In complex (3) iridium metal is coordinated
through Cp* ring, PHNp ligand in a monodentate fashion coordi-
nating iridium through napthyridine nitrogen (N1) and two chlo-
rides thus possessing a three-legged piano-stool structure (Fig. 2).
In complexes 4 and 5 the metal is coordinated through p-cymene
and Cp* ring, AnNp ligand in a bidentate manner and one chloride.
The AnNp ligand acts as a chelating ligand coordinating metal
through aniline nitrogen N(1) and napthyridine nitrogen (N2)
forming a six membered metallacycle (Fig. 3). The napthyridine
nitrogen N(3) is not involved in coordination. Similarly in complex
8 the metal is coordinated through two chloride's, Cp* moiety and
PyNp ligand wherein it acted as a neutral monodentate ligand
coordinating rhodium through pyridine nitrogen (N1) (Figs. 4 and
5). The distance between the metal to centroid of the arene/Cp*
ring are {1.775 (3), 1.799 (4), 1.803 (5) and 1.773 (8) and 1.778 (9) Å}.
The Metal to nitrogen (M! N) bond distances in these complexes is
found to be in the range of 2.11e2.17 Å which are in close agree-
ment for reported complexes with napthyridine ligands (Table 2)
[10,13]. It is to be noted that in complexes (4 and 5) the M! N bond
distance {2.143(3) and 2.138(2), Å} from aniline N(1) is compara-
tively shorter than the napthyridine N(2) nitrogen-metal distances
{2.164(3) and 2.179(3) Å}. The M ! Cl bond lengths in these com-
plexes shows no significant differences and was found to be in the
range of 2.405e2.447 Åwhich are comparable with earlier reported
complexes [24]. The bite angle values in these napthyridine com-
plexes were observed in the range of 80.0e91.3$ which are
consistent with the piano stool arrangement of various groups
around the metal center (Table 2) [25,26].

Further from the crystal packing diagram it was observed that
complex (4) formed a dimeric unit via intermolecular van der Waal
N-H/Cl (2.647 Å) interaction between the terminal chloride and
amino hydrogen (Fig. 6). Also in complex (5) two different types of
weak intermolecular van der Waal N-H/Cl (2.548 Å) between
chloride and amino group of AnNp and C-H/Cl (2.815 Å) in-
teractions between chloride and napthyridine hydrogen was
observed (Fig. 7). Interestingly the crystal packing in complex (8)
formed a dimeric unit via intermolecular van der Waal C-H/Cl
(2.723 and 2.809 Å) interaction between the chloride ion and H-
atom from napthyridine and pyridine of PyNp (Fig. 8). These weak
interactions play a significant role in the formation of supramo-
lecular motifs with interesting features.

3.4. Chemosensitivity studies

The response of HCT-116 and MIA-PaCa-2 cells to the napthyr-
idine ligands and the respective metal complexes (1e9) are pre-
sented in Table 3. PHNp ligand was found to be moderately active
against both HCT-116 and MIA-PaCa-2 cell lines with IC50 values of
39.90 ± 1.60 and 62.48 ± 6.28 mM respectively. In contrast, both
AnNp and PyNp were found to be inactive with IC50 value > 100 mM
against both the cell lines. Upon complexation of napthyridine li-
gands complexes (1e3) of PHNp ligand displayed less activity
whereas PyNp complexes did not display any cytotoxicity and
iridium complex (6) with AnNp ligand possessed the highest ac-
tivity against HCT-116 cells. Complexes (1e3) were found to be
active against HCT-116 cell line with IC50 value in the range of
37.79 ± 4.90 to 82.09 ± 3.55 mM as compared to PHNp ligand whose
IC50 value is 39.90 ± 1.60 mM. Against the Mia-PaCa-2 cell line,
complex (2) was the most active with an IC50 of 25.13 ± 6.07 mM.
Complexes (3) and (6) were moderately active against the MIA-
PaCa-2 cell line with IC50 values of 52.13 ± 12.28 and
82.09 ± 2.55 mM. Differences between the response of HCT116 and
Mia-PaCa-2 cells exist suggesting that these complexes are tar-
geting inherent biochemical differences between these cells as
opposed to having general cytotoxic properties. However, all the
compounds were found to be less cytotoxic as compared to
cisplatin whose IC50 value is 2.78 mM. In contrast to cisplatin

Fig. 6. Packing diagram of complex (4) showing a dimeric unit formed via intermo-
lecular van der Waal N-H/Cl (2.647 Å) interaction between the terminal chloride and
amino hydrogen.
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however, none of the novel compounds tested exhibited a cytotoxic
effect on the non-cancer ARPE-19 cell line (IC50 values were
>100 mM). The selectivity ratio for cisplatin (defined as the IC50 of
ARPE-19 divided by the IC50 of cancer cell lines) was 1.23 for HCT-
116 cells whereas for complex (3), the selectivity index was >2.64.
Similar values for the selectivity index were obtained for other
complexes tested suggesting that whilst potency is reduced
compared to cisplatin, selectivity for cancer cells in vitro under
identical experimental conditions is enhanced.

4. Conclusion

In this work, we report the coordination chemistry of 2-
substituted-1,8-naphthyridine ligands towards ruthenium,
rhodium and iridium half-sandwich complexes. Complexes of

PHNp and PyNp were isolated as neutral complexes whereas AnNp
complexes were isolated as ionic salts with PF6 counter anion. The
molecular structures of neutral complexes revealed that PHNp and
PyNp ligands acted as monodentate ligand coordinating metal
through napthyridine nitrogen (N1) and pyridine nitrogen N(1).
Whereas the X-ray structures of cationic complexes with AnNp
ligand showed that it behaved as neutral chelating ligand coordi-
nating metal atom in a bidentate NN' fashion through aniline ni-
trogen N(1) and napthyridine nitrogen (N2) forming a six-
membered chelated ring. Chemosensitivity activity of the com-
plexes carried out against HCT-116 and MIA-PaCa-2cancer cell lines
showed that PHNp and its complexes are cytotoxic; however
iridium-based AnNp complex possessed the highest activity among
all other napthyridine complexes. Thework presented here exhibits
interesting coordination modes of the 2-substituted-1,8-napthyr-
idine ligands that have cytotoxic activity against cancer cells
in vitro. Whilst the potency of these compounds is less than
cisplatin, there is evidence to suggest that these complexes have
greater selectivity for cancer as opposed to non-cancer cells in vitro
than cisplatin and therefore representing promising compounds for
further development and evaluation.
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Abstract

Platinum(II)-based anticancer drugs are associated with high reactivity and thus a poor biological stability. The platinum(IV)-
complexes display potential advantages due to their greater stability and bioreductive activation, thereby allowing a greater proportion of
the drug to arrive at the target intact. All compounds tested were able to produce cytotoxicity in monolayer cell cultures, however, the
potencies of platinum(IV) drugs were lower than that observed for the platinum(II) compounds or established organic chemotherapeutic
agents. There was no significant alteration in the potency of platinum(II) or (IV) compounds to produce cytotoxicity in multicellular
tumour spheroids (MCTS) compared to monolayer cultures. All the organic and platinum-based cytotoxic agents produced, to varying
degrees, either a retardation or reduction in MCTS growth. Proliferating cells were restricted to the outer two to three cellular layers in
intermediate (d ¼ 350 mm) and large (d ¼ 600 mm)MCTS. Regardless of MCTS size, drug treatment produced a larger and more widely
distributed proliferating cell population, consistent with the recruitment of quiescent cells to the proliferating pool following cytotoxic
damage. Histology indicated that the predominant morphological change was that of apoptosis, although there was some drug-dependent
effects such as the metaphase arrest produced by vinblastine and chromatin dispersal to the periphery of nuclei produced by doxorubicin.
In summary, whilst the platinum(IV) derivatives were able to produce cytotoxicity via apoptosis, the introduction of a stable axial group
significantly retarded the rate at which this occurred.
# 2003 Elsevier Inc. All rights reserved.

Keywords: Platinum drugs; Chemotherapy; Solid tumour models; Apoptosis

1. Introduction

Platinum complexes remain the mainstay of a number of
chemotherapy strategies and have resulted in significant
curative potential in testicular cancer [1]. Yet despite their
potency and widespread clinical use [2], there are a number
of pitfalls or limitations to platinum complex-based che-
motherapy. These limitations are caused by resistance

pathways, toxicological profiles and pharmacokinetic con-
siderations. Resistance manifests in a number of forms
including reduced cellular accumulation [3,4], inactivation
from thiol containing reductants (e.g. glutathione and
metallathionein) [5–7] and increased gene specific DNA
repair pathways [8]. Toxicological profiles are similar to
many anticancer agents, however, the nephrotoxicity of
cisplatin remains perhaps the single greatest dose-limiting
factor [9]. Low bioavailability, poor cellular uptake and
high reactivity towards macromolecules in biological solu-
tions limit platinum-based chemotherapy by affecting the
pharmacokinetic parameters. The intracellular reactivity of
cisplatin with membrane phospholipids, proteins, cytoske-
letal microfilaments and RNAwill also reduce the amount
of compound available to react with the intended target
DNA [10]. A large number of chemical and biological
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collaborations have thus far failed to generate structural
analogues of cisplatin that combine this drugs efficacy, but
with greater stability [11].

Of the thousands of complexes synthesised and tested in
the pursuit of a successor to cisplatin, the majority have
been Pt(II)-complexes (i.e. square planar and four co-
ordinate). However, the Pt(IV)-complexes (octahedral,
six co-ordinate) offer many potential advantages [12].
As shown in Fig. 1 the Pt(IV)-complexes contain func-
tional groups above and below the plane of the ‘‘equator-
ial’’ leaving groups (e.g. Cl in cisplatin) and will be
referred to as the ‘‘axial’’ groups. Several investigations
have suggested that the anticancer activity of Pt(IV)-com-
plexes requires reduction to the lower oxidation state Pt(II)
state (for review see [12]). In fact, the presence of reducing
agents such as glutathione, ascorbate and protein sulfhy-
dryls increases the reactivity of Pt(IV)-complexes with
DNA [13–15]. The rate at which Pt(IV)-complexes are
reduced is critically dependent on the nature of the axial
groups and to a lesser extent the non-leaving equatorial
moiety. Complexes with chloro axial groups are the
most rapidly reduced to the Pt(II)-state, whilst hydroxy
groups are the least readily activated group [16]. Thus, by

chemical variation of axial groups a number of Pt(IV)-
complexes with lowered reactivity may be produced. The
stability of such compounds should enable greater delivery
to the site of action and prevent unwanted extra-tumour
toxicity. In addition, the lipophilicity of the Pt(IV)-com-
plexes may also be altered by axial substitutions to facil-
itate drug penetration within tumours and uptake into
tumour cells. Despite the obvious ability to modify and
rationally design Pt(IV)-based compounds, very few have
reached the clinical trial stage. The notable exceptions are
Iproplatin, Tetraplatin and JM216, which were discontin-
ued due to lower activity compared to cisplatin, neuro-
toxicity and variable uptake, respectively [12]. All three
generated significant promise during in vitro studies; for
example analogues of JM216 produce cytotoxicity in
monolayers with significantly higher potency than cispla-
tin [3]. Why have these and many other Pt(II) and Pt(IV)-
complexes failed the transition from promising activities in
vitro to anticancer efficacy in vivo?
A major limitation is the leap from relatively simplistic

monolayer cytotoxicity systems used for preclinical
screening to the complex environment of solid tumours.
Unlike monolayer cell cultures, solid tumours are char-
acterised by heterogenous cell populations (e.g. proliferat-
ing and quiescent), complex three-dimensional (3-D)
architecture, high interstitial pressure and a hostile envir-
onment with gradients of nutrients, metabolites and cel-
lular redox status [17]. These factors in combination often
conspire to reduce chemotherapeutic efficacy by altering
intratumour distribution, cellular uptake and drug stability.
Prediction of novel drug behaviour in such an environment
by extrapolation of pharmacokinetic properties observed
in monolayer cultures is difficult and the usefulness
of this system has been questioned [18]. Rational design
of novel Pt(IV) compounds with ‘‘desirable’’ pharmaco-
logical properties requires that such factors be taken into
account during preclinical evaluation. Many cancer cell
lines can be readily grown as 3-D structures, known as
MCTS to facilitate this type of evaluation [18,19].
The MCTS model system faithfully reproduces much of
the cellular and environmental heterogeneity observed in
avascular microregions of solid tumours [20,21], which
may be systematically examined for their effects on drug
efficacy.
The aim of the present manuscript is to characterise the

relative ability of a series of novel Pt(IV)-complexes with
varying axial groups to produce cytotoxicity in the MCTS
model of solid tumours. In addition, the location and
mechanism underlying their activity will also be investi-
gated in this intact model system. The efficacy of these
compounds will be compared to their ‘‘parent’’ Pt(II)-
analogue and the established anticancer drug, cisplatin.
Furthermore, the pharmacological spectrum of action will
be related to the actions of a variety of organic-based
anticancer drugs that produce cytotoxicity through antime-
tabolite activity (5-FU), DNA alkylation (chlorambucil),
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Fig. 1. Chemical structures of the platinum(II) and (IV) compounds.
Structures of the Pt(II) and Pt(IV)-complexes used in the investigations (En
and OAc correspond to ethane-1,2-diamine and acetato, respectively). En
was used as the starting structure for the synthesis of Pt(IV) compounds
with varying axial groups. The leaving groups in the active Pt(II)-complex
are the chloride ligands. Cisplatin: cis-[PtCl2(NH3)2]; En: [PtCl2(en)];
EnCl: [PtCl4(en)]; EnOH: cis,trans-[PtCl2(OH)2(en)]; EnOAc: cis,trans-
[PtCl2(OAc)2(en)].
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topoisomerase II inhibition (doxorubicin) and mictrotubule
disruption (vinblastine).

2. Materials and methods

2.1. Materials

RPMI-1640 medium, penicillin/streptomycin and fetal
calf serum were obtained from Life Technologies.
Methylthiazoletetrazolium (MTT), methylene blue trihy-
drate, vinblastine sulphate, doxorubicin hydrochloride,
chlorambucil and 5-FU were purchased from Sigma–
Aldrich. Gill’s haematoxylin, DPX mountant and aqua-
mount were obtained from BDH. The 1% eosin solution
was obtained from RA Lamb. The monoclonal antibromo-
deoxyuridine (Bu20a) was provided by the Leukaemia
Research Fund Immunodiagnostics Unit, Nuffield Depart-
ment of Clinical Laboratory Sciences, University of
Oxford.

2.2. Cell lines, culture and MCTS production

DLD-1 human colon carcinoma cells were obtained
from Dr. Roger Phillips (University of Bradford, UK)
and grown as monolayer cultures in RPMI-1640 medium
with glutamax and supplemented with 10% (v/v) fetal calf
serum and penicillin/streptomycin (100 IU mL!1 and
100 mg mL!1, respectively).
MCTS of DLD-1 cells were grown using the liquid

overlay technique [22] in 96-well tissue culture plates.
The 96-well plates were given a 100 mL base-coat of 0.75%
(w/v) agar that had been prepared in RPMI-1640 medium.
Freshly trypsinised DLD-1 cells taken from exponentially
growing cultures were overlaid on solid agar base-coats at
a density of 1" 103, 4" 103 or 2" 104 cells per 200 mL
RPMI-1640 medium (supplemented as described for
monolayers). The cells were kept still for 24 hr (378,
5% CO2) after which the plates were transferred to a
Titramax 100 (Heidolph Instruments) and shaken at
300 rpm in a tissue culture incubator. MCTS could be
routinely cultured under these conditions for up to 7 days,
with replacement of medium at 3-day intervals. Growth of
MCTSwas assessed bymeasurement of the tissue diameter
using a calibrated eye-piece graticule (100 pts per 10 mm)
(Pyser-SGI).

2.3. Synthesis of platinum(II) and (IV)-complexes

Full details describing the synthesis of the platinum(IV)-
complexes [PtCl2(en)], [PtCl4(en)], cis,trans-[PtCl2(OAc)2-
(en)] and cis,trans-[PtCl2(OH)2(en)] have previously been
described by Ellis et al. [16]. The synthesis of cisplatin is
based on that previously described by Boreham et al. [23].
The chemical structures of each platinum complex used in
this investigation are found in Fig. 1.

2.4. Cytotoxicity measurements in cell monolayers
and MCTS

DLD-1 cells were seeded at a density of 103 cells per
well in a 96-well tissue culture plate in 100 mL RPMI-1640
medium and left to attach for 24 hr. Drugs were prepared in
medium at twice the desired concentration and 100 mL
aliquots added to each well. The cells were incubated in
the presence of drug for 72 hr and the number of viable
cells determined using the MTT assay. The absorbance of
the formazan crystals produced was recorded at 550 nm
in a SpectraMAX 250 spectrophotometer (Molecular
Devices). Cell viability was determined as the drug con-
centration (IC50 value) that reduced the absorbance to 50%
of that in the untreated control group. Platinum derivatives
were stored as 50 mM stock solutions in 100 mM KCl
and administered to cells in the concentration range 10!7

to 3.10!4 M. All organic cytotoxic drugs were stored
as 50 mM stocks in DMSO and the final solvent concen-
tration added to cells was less than 0.1%. Doxorubicin
and vinblastine were added to cells in the range 10!12 to
3" 10!6 M, whilst chlorambucil and 5-FU were used at
10!9 to 3" 10!3 M.
Cytotoxicity of drugs in MCTS was determined by

measuring the amount of cellular outgrowth from the tissue
following or during drug exposure. MCTS were grown
from a starting density of 4" 103 DLD-1 cells per well of
agarose coated 96-well plates for 48 hr prior to drug addi-
tion. Drugs were then added to the wells and the MCTS
were incubated for a further 72 hr. Following incubation
the MCTS were transferred to ‘‘uncoated’’ 96-well tissue
culture plates and washed two times in 200 mL drug
free medium. The MCTS were incubated for a period of
72 hr to allow cellular outgrowth from the tissue—this
procedure is referred to as the ‘‘post-dosage’’ outgrowth
assay. An alternative procedure employed involved transfer
of the MCTS to 96-well tissue culture plates following
the initial 48 hr establishment period. Outgrowth in the
presence of cytotoxic drugs was then allowed—this proce-
dure is referred to as the ‘‘concomitant’’ outgrowth assay.
Following the incubation period, the medium was aspirated
and replacedwith 150 mL of 5 g L!1 methylene blue in 50%
(v/v) methanol to fix and stain cells. Thewells were washed
three times in phosphate buffered saline and the radial
outgrowth measured using a graduated microscope eye-
piece graticule. The radius of the MCTS was subtracted
from the measurements and the degree of outgrowth was
expressed as a percentage of that obtained in the absence of
drug treatment. The drug concentrations used were identical
to those for the monolayer cytotoxicity assays described
above.
Drug effects on the growth of MCTS were achieved

by measuring tissue diameter daily using a calibrated
microscope eye-piece graticule (100 pts per 10 mm)
(Pyser-SGI). MCTS, obtained from a seeding density of
4" 103 cells per well in a 96-well plate, were established
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for 48 hr and drugs incubated over a period of 5 days
during which the measurements were taken.

2.5. Routine histological procedures

To enable histological assays, MCTS were harvested,
washed in PBS and fixed in neutral buffered formalin
(pH 7.0). The MCTS were transferred to cut-off sections
of 1 mL round-bottom cryogenic vials (Nalgene), which
acted as casting moulds for embedding. The MCTS were
allowed to settle, formalin was removed manually and
the casting moulds filled with melted 2% (w/v) agar in
4% (v/v) formaldehyde. The agar was allowed to set and
subsequently removed from the casting moulds, placed in a
tissue culture cassette (RA Lamb) and routinely processed
(Histopathology Department, John Radcliffe Hospital,
Oxford, UK). The processed MCTS (in agar) were then
embedded in paraffin wax, 5 mm sections were cut and
haematoxylin and eosin staining of sections was done
according to standard protocols [24].

2.6. Proliferation status of MCTS: the BrdU
incorporation assay

The cellular proliferation status of cells in MCTS was
determined by measurement of 5-bromo-20-deoxy-uridine
(BrdU) incorporation in DNA using a peroxidase-based
immunohistochemical assay. MCTS were incubated with
BrdU (10 mM) for 12 hr prior to harvesting and histological
preparation. The paraffin-embedded tissue sections were
completely de-waxed and re-hydrated with PBS. Antigen
retrieval was achieved by placing slides in 1 M HCl at 608
for 10 min and then washing twice in PBS. Endogenous
peroxidase activity was inhibited with Peroxidazed 1
(BioCarta), washed thoroughly with PBS and covered with
the mouse monoclonal anti-BrdU antibody Bu20a solution
[25] for 45 min. The goat–anti-mouse, poly-HRP linked
secondary antibody MACH2TM (BioCarta) was added for
30 min and detection was achieved using the commercial
DAB substrate-chromogen (DAKO).

2.7. Morphological evaluation of cell death
(necrosis and apoptosis) in MCTS

For morphological examination, samples of MCTS were
treated with various drugs for 0, 1, 12, 24, 48 and 72 hr and
then fixed in 4% glutaraldehyde in 0.1 M phosphate buffer.
Samples were post-fixed in osmium tetroxide, dehydrated
in ethanol, treated with propylene oxide and embedded in
Spurr’s epoxy resin. For light microscopy, 1 mm sections
were stained with Azure A. For electron microscopy, thin
sections were cut and stained with uranyl acetate and lead
citrate prior to examination in a Jeol 1200EX electron
microscope.

The characteristic features of necrosis and apoptosis
were identified by electron microscopy. This information

was then used to identify necrotic and apoptotic cells in
light microscopy sections. This method was used to obtain
counts on the number of apoptotic cells (dark staining
picnotic cells) per spheroid.

2.8. Data analysis

Drug toxicity in monolayers and MCTS was quantified
using non-linear regression of the general dose–response
equation [26]:

F ¼ Fmin þ
Fmax # Fmin

1þ 10ðlog10 ic50#DÞ

where F is the viable cell number, Fmax is maximum viable
cell number, Fmin is minimum viable cell number, IC50 is
drug concentration causing a 50% decrease in cell viability
and D is the logarithm of drug concentration.
The viable cell number at each drug concentration was

expressed as a percentage of the MTT absorbance at
550 nm obtained in the control wells (i.e. no added drug).
Statistical comparisons between mean values of two

parameters were done using the Student’s t-test. Where
multiple (&3) comparisons were done, an ANOVA was
used with a Tukey’s post-hoc test. In either case, a P value
<0.05 was considered statistically significant.

3. Results

3.1. Drug cytotoxicity in monolayer cultures of
DLD-1 cells

The drugs used in the subsequent investigations were
classified as either organic or platinum based on the latter
shown in Fig. 1 and further divided according to the
platinum oxidation state (II or IV). The ‘‘parent’’ compound
for the synthesis of Pt(IV) derivatives is cis-[PtCl2(en)]
(En), a Pt(II)-complex with a structural analogue of cispla-
tin (Fig. 1). The difference between the two compounds lies
in the ethane bridge between the amines in En. The inert
Pt(IV)-complexes are activated upon reduction to the more
reactive Pt(II) by endogenous biomolecules:

The propensity for reduction is dependent on the axial
(X) group according to the general sequence: Cl > OAc >
OH. All of the platinum complexes display neutral charge
at physiological pH values. A comparison of the potencies
of all the compounds to produce cytotoxicity in a simple
monolayer system is shown in Table 1. The organic
compounds vinblastine (ic50 ¼ 1:7' 0:7 nM) and doxor-
ubicin (ic50 ¼ 89' 20 nM) were the most potent drugs
tested in DLD-1 monolayer cultures with potencies
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approximately 1000-fold greater than observed for the
antimetabolite 5-FU (ic50 ¼ 3:5" 0:4 mM) and the alky-
lating agent chlorambucil (ic50 ¼ 55" 12 mM). The Pt(II)
drugs cisplatin (ic50 ¼ 14" 4 mM) and En (ic50 ¼ 9:7"
1:8 mM) did not differ in cytotoxic potency; however, their
efficacy also lay in the micromolar range. The Pt(IV)
compounds displayed significantly lower cytotoxicity than
the parent agent En, however, the order of potency to
produce cytotoxicity in DLD-1 monolayers (EnOH >
EnCl > EnOAc) did not correlate precisely with their
propensity for reduction. Determination of log P values
for the platinum complexes2 indicates that the order of
hydrophobicity (EnOAc > EnCl > cisplatin ¼ En >
EnOH) displayed a poor correlation with the potency to
produce cytotoxicity in DLD-1 monolayers. Exposure to
drugs was standardised to 72 hr in order that Pt(IV) com-
pounds could be allowed sufficient time to be activated.

3.2. Characterisation of MCTS morphology and
cellular proliferation status

The MCTS system was used to produce a model for the
3-D cellular organisation inherent to solid tumours. The
MCTS were uniform, compact structures and a stable 3-D
structure was generated in less than 24 hr. A necrotic core
only developed in MCTS of size greater than approxi-
mately 400 mm diameter and after culturing for several days. Proliferating cells are identifiable in the untreated

MCTS (Fig. 2a) by the presence of darkly stained nuclei,
indicative of incorporation of the thymidine analogue
50-BrdU into cells during the S-phase of the cell cycle.

Table 1
Cytotoxicity of organic, Pt(II) and Pt(IV) compounds in monolayer and
MCTS cultures of DLD-1 cells

Drug
class

Specific drug Monolayer Spheroids

Concomitant Post-dosage

Organic Doxorubicin (nM) 89 " 20 12 " 4 60 " 24
Vinblastine (nM) 1.7 " 0.7 7.0 " 3 50 " 38
5-FU (mM) 3.5 " 0.4 1.9 " 0.7 4.5 " 3.2
Chlorambucil (mM) 55 " 12 1.2 " 1.1 2.6 " 2.0

Pt(II) Cisplatin (mM) 14 " 4 8.4 " 2.5 13 " 5
En (mM) 9.7 " 1.8 24 " 10 12 " 4

Pt(IV) EnCl (mM) 42 " 4 52 " 9 54 " 13
EnOAc (mM) 57 " 8 75 " 16 47 " 9
EnOH (mM) 26 " 7 118 " 31 50 " 7

DLD-1 cells were grown either as monolayer or MCTS cultures as
described in the materials and methods. Monolayers were exposed to
various concentrations of drug (1 nM–100 mM) for a 72 hr period.
Cytotoxicity in MCTS was determined by an outgrowth assay using one
of two different drug exposure protocols: (i) outgrowth measured in the
presence of drug for 72 hr—‘‘concomitant’’, and (ii) a 72 hr incubation in
the presence of drug followed by a recovery period to establish
outgrowth—‘‘post-dosage’’. Viable cells were determined by the MTT
assay for monolayers whilst outgrowth from MCTS was measured on
methylene blue stained cells. The drug potencies were determined by non-
linear regression of the dose–response equation and the values represent
IC50 values (mean" SEM) from three to five independent observations.

Fig. 2. The effects of anticancer agents on proliferating cell number in
MCTS. Intermediate (d # 350 mm) and large (d # 600 mm) MCTS were
incubated for 72 hr in the presence of organic and Pt-based anticancer
drugs. BrdU (10 mM) was added to the MCTS 12 hr prior to harvesting and
fixing in formalin. Immunohistochemistry with the Bu20a antibody was
used to detect the location of BrdU incorporation into drug-treated
spheroids. (a) Untreated large MCTS, (b) intermediate MCTS incubated in
the presence of 30 mM cisplatin, (c) large MCTS incubated with 3 mM
doxorubicin. The bar corresponds to 200 mm.

2Hall M, Amjadi S, Zhang M, Beale P, Hambley T, manuscript in
preparation.
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These large spheroids displayed proliferating cells
restricted to the outer two to three cell layers, indicating
that the majority of cells are in a quiescent state, whilst
MCTS with diameters of approximately 100 mm displayed
proliferating cells throughout (data not shown).

3.3. Cytotoxicity of organic, Pt(II) and Pt(IV) compounds
in MCTS cultures of DLD-1 cells

The cytotoxicity of organic and platinum-based drugs in
DLD-1 MCTS (d ! 350 mm) was determined by measure-
ment of cellular outgrowth following attachment to tissue
culture plates. Similarly to the monolayer cultures, a 72 hr
incubation period was chosen to ensure adequate reduction
of the Pt(IV) compounds and allow for sufficient drug
penetration within the solid tissue for all drugs. Two drug
incubation strategies were employed: (i) ‘‘concomitant’’,
during which the spheroids were incubated with drugs
during the 72 hr outgrowth stage or (ii) ‘‘post-dosage’’,
wherein MCTS were incubated with drugs for 72 hr prior to
initiation of the outgrowth phase in the absence of any drug.

Of the organic compounds tested, vinblastine displayed
significantly lower potency to produce cytotoxicity in
MCTS compared to monolayer cultures, regardless of
the incubation strategy (Table 1). This phenomenon has
been termed ‘‘multicellular’’ resistance, but was not
observed for doxorubicin, 5-FU or chlorambucil. In fact,
the potency of chlorambucil was actually significantly
increased in MCTS compared to monolayer cultures of
drug (P < 0:05, ANOVA).

The Pt(II) compounds cisplatin and En displayed almost
identical potencies to produce cytotoxicity in MCTS and
monolayer cultures of DLD-1 cells. In addition, drug
administration during or prior to the outgrowth phase
did not influence production of cytotoxicity by these
two highly reactive platinum species. As expected, the
Pt(IV) compounds exhibited lower potency to produce
cytotoxicity in MCTS compared to the Pt(II)-complexes.
However, a similar lack of difference in potency to elicit
cytotoxicity on MCTS outgrowth compared to monolayer
growth was observed for the Pt(IV) compounds EnCl and
EnOAc. EnOH, the compound with lowest potential for
activation to the reactive Pt(II)-species displayed a sig-
nificantly lower potency in MCTS culture compared with
monolayers (Table 1). The IC50 value was increased 2-fold
from the concentration observed in monolayer culture
(26" 7 mM) when drug was administered prior to out-
growth (50" 7 mM, P < 0:05) and 4.5-fold when added
during the outgrowth stage (118" 31 mM, P < 0:05).

3.4. Effects of drugs on MCTS size

The outgrowth assay may be considered a specific
measure of effects on the outer proliferative layers of
the MCTS. A more global assessment of the cytotoxic
efficacy of drugs on MCTS was determined by measure-

ment of solid tissue growth. To achieve this, MCTS were
incubated for 5 days in the presence of drug and a daily
measurement of diameter undertaken. Untreated MCTS
displayed growth during this time period reaching dia-
meters of 480" 11 mm, from an initial dimension of
d ¼ 349" 7 mm (Fig. 3). MCTS incubated with chloram-
bucil or 5-FU grew in a manner undistinguishable from the
untreated controls until days 4 and 5 when the increase in
diameter was retarded (Fig. 3a). In contrast, the effects of
vinblastine and doxorubicin were apparent after a 48 hr
exposure and manifest as a reduction on overall diameter
(Fig. 3a), reflecting an increase in cell death and cell
shedding from the MCTS. The gross architecture was
consistent with this effect and the MCTS displayed a
sensitivity to shear forces (data not shown).
Cisplatin caused a marginal initial drop in MCTS dia-

meter over the first 48 hr; however, there was no further
alteration in size over the course of measurements (Fig. 3b).
En produced a more significant fall in MCTS diameter by
48 hr (d ¼ 304" 17 mm, P < 0:05 vs. untreated control)
followed by recovery to d ¼ 339" 8 mm by 96 hr. How-
ever, the recovery was not complete and growth appeared
to stagnate by the end of the drug incubation period. A
significant reduction in growth of MCTS compared to
untreated controls was only evident at 72 hr incubation
with the most readily reduced Pt(IV)-species, EnCl
(Fig. 3c). The effect of this compound was similar to that
produced by vinblastine and doxorubicin as evidenced by
the continued reduction in diameter. In comparison, EnOH
produced a measurable difference from untreated MCTS
after 96 hr incubation and EnOAc only after 120 hr
(Fig. 3c). It should be noted that a reduction in MCTS
diameter following extended incubation in drug is reflec-
tive of cell shedding caused by cell death subsequent to the
initiation of a cytotoxic response.

3.5. Effects of drugs on BrdU incorporation within
MCTS

The vast majority of currently used anticancer drugs
interfere with specific aspects of cell replication and thus
proliferating cells represent their biological target. As
shown in Fig. 2, MCTS with a diameter greater than
approximately 300 mm contain a proliferating cellular pool
that is largely restricted to the outer layers. What is the
consequence to the MCTS of cytotoxic damage produced
by anticancer drugs on this sensitive cell population?
Figure 2 demonstrates the effects of 72 hr drug treatment
on the incorporation of BrdU into large (d ! 600 mm) and
intermediate (d ! 350 mm) MCTS. The striking effect of
both 10 mM cisplatin and 3 mM doxorubicin was to cause a
marked increase in BrdU incorporation as shown in Fig. 2b
and c, respectively. In contrast to the profile shown for
untreated MCTS, BrdU incorporation is no longer highly
localised to cells in the periphery and is clearly visible
throughout the entire tissue following a 72 hr incubation
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with drug. An identical effect was observed in both sizes of
MCTS for each of the drug classes examined. The increased
BrdU incorporation is likely to result from drug-induced
recruitment of cells to the proliferating pool and unsched-
uled DNA synthesis resulting from DNA repair pathways.

3.6. Morphological evaluation of necrosis and
apoptosis in MCTS

Initial electron microscopic observations were used to
characterise the nature of cell damage in control and

treated spheroids. The early stages of apoptosis were
identified by peripheral condensation of the chromatin
in otherwise intact cells (Fig. 4a). This was followed by
fragmentation of the nucleus and cell cytoplasm into a
number of apoptotic bodies (Fig. 4b). Many of these appear
more electron dense than unaffected neighbouring cells
(Fig. 4c). These apoptotic bodies were located between
cells but many were phagocytosed by adjacent cells, where
the cell fragments underwent degeneration within phago-
lysosomes (Fig. 4d). In the later stages, numerous apoptotic
bodies were observed being released from the surface of

Fig. 3. Effects of organic, Pt(II) and Pt(IV) cytotoxic agents on the growth of MCTS composed of DLD-1 cells. MCTS with a diameter of approximately
350 mm were incubated in the presence of drug for a period of 5 days during which the diameter was measured daily using an eyepiece graticule. (a) Effects of
chlorambucil (30 mM), doxorubicin (3 mM), vinblastine (3 mM) and 5-FU (30 mM) on MCTS diameter. (b) The Pt(II) compounds cisplatin and En were added
to spheroids at concentrations of 30 mM. (c) The Pt(IV) derivatives EnCl, EnOH and EnOAc were all added at concentrations of 100 mM. The concentrations
of all drugs added were based on the minimal amount required to completely inhibit outgrowth. Diameters were measured for 10 independent spheroids and
the results are expressed as mean! SEM.
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the MCTS (Fig. 4e). Very few cells appeared to undergo
necrosis characterised by the loss of cytoplasmic integrity
in the absence of nuclear changes (Fig. 4f). While the
incidence of apoptosis varied between samples the process
was similar in all instances.

Two of the drugs produced unique morphological
changes that have not previously been reported. In spher-
oids treated with doxorubicin there were unique changes in
the nuclear morphology that exhibited a progression from
the outer cells to the centre of the spheroid. There were

Fig. 4. Electron micrographs illustrating of various stages in cell death in MCTS. (a) Early stage of apoptosis in which the nucleus exhibits large peripheral
clumps of chromatin (arrowheads). The cell cytoplasm is intact although the cell is rounding up. The drug treatment was 12 hr incubation with 3 mM cisplatin.
Bar: 2 mm. (b) Later stage with the apoptotic cell fragmented into a number of apoptotic bodies (A) many containing nuclear fragments with peripherally
condensed chromatin. The MCTS had been incubated with EnCl (30 mM) for 12 hr. Bar: 2 mm. (c) An example showing apoptosis bodies (A) from two cells at
slightly different stages. The apoptotic bodies in the centre exhibited increased electron density. The tissue had been incubated for 24 hr in cisplatin (3 mM). Bar:
2 mm. (d) Late stage showing many cell fragments within and between cells. Many of these show evidence cytoplasmic degeneration within phagolysosomes of
adjacent intact cells. Images taken following 72 hr incubation with 30 mM EnCl. Bar: 5 mm. (e) Part of the periphery of a spheroid at a late stage showing
numerous apoptotic bodies (A) being released from the surface and also be between intact cells. The drug treatment was 48 hr incubation with 3 mM cisplatin.
Bar: 5 mm. (f) A cell undergoing necrosis is illustrated in which the lucent cytoplasm is associated with degeneration of the organelles. The intact nucleus (N) is
also lucent and lacks the peripherally condensed chromatin characteristic of apoptosis. The MCTS had been treated with EnCl (30 mM) for 24 hr. Bar: 2 mm.
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changes in the electron dense chromatin distribution within
the nuclei, (Fig. 5a). In many of the nuclei thin strands of
electron dense material form toward the periphery of the
nucleus but do not contact the nuclear membrane (Fig. 5b).
These changes are totally different from those associated
with apoptosis (Fig. 4a–e) and appeared to persist. It was
not clear that these cells progressed directly to apoptosis. In
the case of vinblastine there was a marked increase in the
number of cells observed in mitosis. These were observed
to contain randomly orientated chromosomes and lacked
centrioles and the nuclear spindle (Fig. 5a). Many of these
cells contained large protein crystals (Fig. 5a and b).
The light microscopy of the 1 mm sections gives

improved resolution, which assists in the identification
of both mitotic and apoptotic cells within the mass of

interphase cells. In the control spheroids, the cells formed
a tight mass of interconnected cells (Fig. 6a). The vast
majority of cells were in interphase with only a few cells
undergoing mitosis (3–5 mitotic cells per spheroid) and
rare cells undergoing apoptosis (1–2 cells per spheroid).
The mitotic and apoptotic cells were identified by the
characteristic nuclear changes confirmed by electron
microscopy. In treated spheroids, the incidence of apop-
tosis varied with duration of treatment and drug used.
Applying the morphological criteria identified by electron
microscopy it was possible to quantify the number of
apoptotic cells per spheroid (Fig. 6b and c). In the early
stages, when there were relatively few apoptotic cells
(Fig. 6b), it is possible to accurately count the cells but
in the later stages due to the fragmentation, degeneration

Fig. 5. Morphological alterations caused by vinblastine and doxorubicin in MCTS: electron microscopy. (a) Part of the periphery of spheroid treated with
doxorubicin (3 mM) for 12 hr showing the progressive changes in nuclear morphology. The nucleus of the outer cells is electron lucent with little chromatin
while the inner cell nucleus shows small clumps of dispersed chromatin typical of an interphase nucleus. The cell in the centre exhibits electron dense strands
of material some of which forms a layer close to the nuclear membrane. Bar: 2 mm. (b) High magnification image (from panel a) showing the electron dense
strand of material, which is not in contact with the intact nuclear membrane. In addition the cytoplasmic organelles and cell junctions are intact. Bar: 500 nm.
(c) Part of a spheroid treated with (3 mM) vinblastine for 24 hr showing a number of cells in mitosis identified by the randomly orientated chromosomes and
two apoptotic bodies. Bar: 5 mm. (d) Detail of the enclosed area in Fig 6c showing part of a large protein crystal and a mitochondrion. Bar: 200 nm.
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Fig. 6. Effects of organic anticancer drugs on cellular morphology in MCTS. (a) Control, untreated intermediate MCTS. The tissue is well compacted with no obvious apoptotic cells or regions of necrosis. (b)
Morphology of MCTS that had been treated with cisplatin (10 mM) for 24 hr. Apoptotic cells had appeared, but were mainly localised to the periphery. (c) MCTS that had been incubated with 3 mMwith doxorubicin
for 72 hr. The appearance of apoptosis is widespread and necrotic regions are located at the periphery. MCTS were grown subsequent to seeding at a density of 4! 103 cells per well of a 96-well plate. The MCTS
were harvested, fixed in 4% glutaraldehyde, embedded in epoxy resin and 1 mm sections cut. Cellular morphology was stained using Azure A and nuclei stain dark. The bar corresponds to 100 mm.
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and loss of apoptotic cells from the surface it was impos-
sible to obtain accurate counts (Fig. 6c). These samples
were identified as 30þ apoptotic cells per spheroid and the
overall results quantified in Fig. 7.
Following 1 hr incubation the general appearances of

MCTS where similar to that described for the control
samples, irrespective of the drug used. The incidence of
mitotic and apoptotic cells was also similar (3–5 mitotic
and 2–4 apoptotic cells per spheroid). Following 12 hr of
treatment, there were minor differences depending on the
drug used. In MCTS treated with either cisplatin or dox-
orubicin, no mitotic cells were observed and there was a
slight increased incidence of apoptosis (4–11 apoptotic
cells per section). Vinblastine treatment produced a
marked increase in the number of mitotic cells with a
significant proportion of the cells observed in metaphase
(33 mitotic cells per section). However, the number of
apoptotic cells was unchanged at approximately 5 apop-
totic cells per section. In MCTS treated with EnOH and
EnCl, the general appearance at this stage of drug incuba-
tion and the incidence of mitotic and apoptotic cells was
similar to that of the untreated controls.
There were more marked differences between the drugs

used following a 24 hr drug treatment. In the case of
cisplatin, there was an increased incidence of apoptosis
(Figs. 6b and 7). At this point many of the apoptotic cells
have fragmented into apoptotic bodies. By light micro-
scopy, these appear as dense staining structures between
and within the intact cells. There was no evidence of cells
undergoing necrosis. In spheroids treated with doxorubi-
cin, the appearances were similar to that observed at 12 hr
with a small increase in apoptosis. However, the number of
cells displaying distinctive nuclear changes was increased.
In the case of vinblastine, there was a further marginal
increase in the number of mitotic cells (38 per section)
from that observed at 12 hr. There was also an increase in
the number of apoptotic cells (15 per section). With EnOH
and EnCl only minor differences were observed in the

incidence of mitosis and apoptosis within the spheroids
(Fig. 7).
Following 48 hr incubation, there was a marked increase

in the number of apoptotic bodies in MCTS treated with
cisplatin. The majority of viable cells contained apoptotic
bodies and the spheroids were characterised by numerous
dense cell fragments. Due to the fragmentation into apop-
totic bodies it was difficult to calculate the exact number of
apoptotic cells. A number of these show cytoplasmic
breakdown similar to that seen in necrosis and late stage
apoptosis. However, there were only rare examples of cells
showing the characteristic features of necrosis. The major
change in doxorubicin-treated cells was an increase in the
number of apoptotic cells (Fig. 7). In the vinblastine-
treated spheroids, the proportion of mitotic cells was
further increased, as was the number of apoptotic cells
and bodies. In the case of EnOH, there was still relatively
little change in the morphological appearances by light or
electron microscopy. However, for EnCl, there was a slight
increase in the incidence of apoptosis (Fig. 7), to levels
observed for cisplatin after 12 hr.
By 72 hr treatment, the effects for most drugs were quite

dramatic. In the cisplatin, doxorubicin and vinblastine-
treated MCTS; there was evidence of a reduction in size of
the spheroids with a number of apoptotic bodies and a loss
of the tight inner cellular connections (Fig. 6c). In addition,
cells at the periphery appeared only loosely associated with
the tissue and indicate that the decrease in MCTS volumes
(Fig. 3) was due to shedding of cells. Samples at this stage
of drug incubation were graded has having 30þ apoptotic
bodies. Analysis using electron microscopy identified that
many of the apoptotic bodies were within phagolysosomes
and undergoing end stage degeneration. In the case of
EnOH there was relatively little change from the controls
except for a minor increase in the number of apoptotic cells
(6 per spheroid). In contrast the samples treated with EnCl
showed a marked increase in the number of apoptotic cells
(20þ per spheroid), which was approaching the level seen
in the other drug treatments. The effects of EnOAc were
essentially similar to observations with EnOH.
In conclusion, cisplatin and vinblastine produced very

marked cell death by 48 hr whereas changes produced by
doxorubicin and EnCl reached a peak at 72 hr. The drugs
EnOH and EnOAc were less effective, with little evidence
of cell death even at 72 hr incubation, although mitosis had
been inhibited. The majority of cell death, irrespective of
the drug used was by apoptosis with no evidence of wide
spread necrosis.

4. Discussion

The six co-ordinate Pt(IV)-complexes offer several
benefits over the more frequently used Pt(II) agents
[3,12,27] including increased stability in biological media
which potentially causes less unwanted side-effects and

Fig. 7. Time-course of apoptosis progression in MCTS. Apoptotic cells
were counted in sections of MCTS for 1, 12, 24, 48 and 72 hr of incubation
with vinblastine (3 mM), doxorubicin (3 mM), cisplatin (30 mM), EnCl
(100 mM) and EnOH (100 mM). Samples with extensive apoptosis, where
quantitation was difficult were assigned a value of 30þ per spheroid.
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facilitates delivery of ‘‘unreacted’’ compound to the
tumour site. The Pt(IV) pro-drugs are bioreductively acti-
vated to the Pt(II)-species by many intracellular molecules
including glutathione [12]. In the present study the ability
of several novel Pt(IV)-complexes to produce cytotoxicity
has been characterised and compared to several established
anticancer drugs including cisplatin. The axial groups were
chosen in order to produce compounds with low, inter-
mediate and high propensity for reduction to the active
Pt(II)-species. Each of the Pt(IV)-complexes produced
cytotoxicity in a colonic cancer cell line (DLD-1), albeit
at a marginally lower potency than the Pt(II) compounds.
The efficacy of Pt(IV)-complexes to produce cytotoxicity
was also examined in a model system (MCTS) that reflects
the hostile environment and cellular heterogeneity observed
in solid tumours.

Histological characterisation revealed that in MCTS
with diameter greater than 300 mm, only the outermost
layers were actively proliferating. The proliferation of
these cells is the source of outgrowth from the MCTS
[28] and also the cell population most sensitive to che-
motherapeutic regimes targeted against some aspect of
DNA replication. All compounds tested were able to
completely retard the growth of DLD-1 cells either from
the outer layers of MCTS or in monolayer cultures. The
potency to produce a cytotoxic response in 3-D cultures by
the Pt(II) compounds was indistinguishable from that
observed in monolayers. Similar potency in monolayers
vs. 3-D culture systems have previously been reported for
cisplatin using lung cancer cells [29]. The alkylating agent
chlorambucil was the only compound observed to display
greater potency in MCTS compared with monolayers and
similar results have been reported for another DNA alky-
lating agent, Thiotepa [30]. The reasons for such observa-
tions are unclear and were in complete contrast to the
mitotic inhibitor vinblastine, which demonstrated a sig-
nificantly lower potency in MCTS; a phenomenon that has
been termed ‘‘multicellular resistance’’. The potency of
doxorubicin was unaffected in MCTS as determined by the
outgrowth assay and is perhaps not surprising given
the high localisation of this drug to outer layers of such
tissue, due to its poor permeability in biological tissues.
The Pt(IV)-complexes also displayed similar cytotoxicity
in MCTS and monolayers, however, as expected, their
potencies were lower than that observed for the active
Pt(II)-species.

Characterisation of drug effects in terms of MCTS
growth provided some discrimination between the classes
of Pt-complex. Between 24 and 48 hr of drug exposure
both Pt(II)-complexes produced a significant reduction,
compared to the original MCTS diameter. This reduction
is presumably caused by sloughing of necrotic/apoptotic
cells from the outer layers and the time scale of this effect is
similar to that previously reported for detachment of
apoptotic cells from monolayer cultures [31]. A reduction
in MCTS diameter was also observed for vinblastine and

doxorubicin, although the effect continued over the dura-
tion of the investigation. In contrast, the reduction of
MCTS size produced by the Pt(II)-complexes stabilised,
and in the case of En appeared to recover. This response is
consistent with the rapid production of cytotoxicity by
Pt(II)-complexes and their short duration of action due to
reductive metabolic inactivation by thiols and other endo-
genous biomolecules. The Pt(IV)-complex with highest
propensity to lose axial groups, namely EnCl, retarded
growth of MCTS initially and between 4 and 5 days of
incubation produced a significant reduction in tissue dia-
meter. The compound with lowest reduction potential,
EnOH, produced a similar profile and time-course of
effects on MCTS size, however, the magnitude was lower
compared to EnCl. The delayed onset of effects by the
Pt(IV)-complexes is consistent with the requirement for
metabolic activation to produce the more reactive species.
In contrast, EnOAc which is intermediate in reactivity
between EnOH and EnCl did not produce a measurable
effect on growth until 5 days of incubation. Therefore,
although the axial moiety of the Pt(IV)-complexes delays
the onset of action, the effects observed here are not
absolutely predicted by the reduction potential of the
compounds.
The drug-induced cytotoxicity and retardation/reduction

in MCTS growth indicate that the outer proliferating layer
of cells is indeed susceptible to anticancer agents. Regard-
less of the type of compound examined, a significant shift
in the location of cells incorporating BrdU into DNA,
which is indicative of increased DNA repair [32] and
the recruitment of quiescent cells to the proliferating pool
[21]. It is unclear what factors promote the establishment
of quiescent cell populations within MCTS; however,
several investigations demonstrate that hypoxia and glu-
cose deficiency are not primary causative agents [20,33].
More likely causes include cell–cell, and cell–matrix
interactions, growth factor availability and expression
of growth factor receptors [20]. The ability to ‘‘recruit’’
cells from this quiescent population has previously been
suggested [21] to act as a means of tumour re-growth
following chemical insult and also potentially a source of
resistance that depends not on genetic change but a time-
dependent factor. The lack of dependence on class or mode
of drug action suggests a primary response to stress
induced by anticancer agents.
Unlike the generalised effects on proliferating cell

number, the nature of cellular insult within MCTS varied
considerably between the compounds investigated. Mor-
phological data obtained in the present manuscript indicate
that incubation with vinblastine leads to cells throughout
the tissue progressing to metaphase during the first
24–48 hr incubation, consistent with its ability to disrupt
microtubule formation [34]. Further prolonged incubation
with vinblastine was associated with progression to
widespread apoptosis. The mechanism of doxorubicin-
mediated cytotoxicity in cancer cells is complex, although
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the most likely mechanism is inhibition of topoisomerase II
[35] and the ultimate effect is to elicit apoptosis [36].
Administration to MCTS rapidly caused nuclear damage
that appeared as chromatin condensation and displacement
to the periphery. This unique effect of the formation of
dense strands of material within the nucleus differs from
the well defined features of early cellular changes [37,38]
in apoptosis and appeared to localise mainly to the outer
cellular layers of the MCTS. Doxorubicin has been demon-
strated to penetrate solid tissue masses slowly [39–41] and
the initial distribution pattern is almost exclusively
restricted at the periphery of MCTS [42]. Continued
exposure of MCTS to doxorubicin resulted in the appear-
ance of widespread general necrosis, presumably a result
of the complex and multifaceted ability of this anthracy-
cline to produce cellular damage.
Cisplatin produced deleterious effects on the morphol-

ogy of MCTS cells within 24 hr and the damage appeared
as apoptosis. The ability of cisplatin to elicit apoptosis in
cancer cells has been well established [43,44] and this
compound is able to penetrate solid tissue masses rapidly
[45]. A prolonged exposure to drug resulted in progression
of the damage to central areas of the MCTS rather than a
significant widespread escalation of necrosis. This was in
contrast to the increased damage observed with prolonged
exposure to vinblastine and doxorubicin. This reduced
long-term impact of cisplatin may be related to the inherent
and well documented reactivity of this Pt(II) compound
(for review see [12]). Inactivation of cisplatin is achieved
by chelation with glutathione, ascorbate, metallothionein
and other protein thiols (for review see [46]). The dis-
crepancy between the time-course of effects between
cisplatin and either vinblastine or doxorubicin were also
consistent with data observed for MCTS growth kinetics
(see above). Proliferating cells represent the cellular target
for cisplatin and the progression to central areas of the
MCTS is consistent with the recruitment of these cells
from a quiescent state.
Did Pt(IV)-complexes produce similar morphological

changes in MCTS that were described for the Pt(II)-com-
plexes cisplatin and En? Short-term incubation (up to
24 hr) of MCTS with Pt(IV)-complexes failed to produce
any measurable morphological changes. However, follow-
ing prolonged exposure (72 hr) the most potent Pt(IV)-
complex used, namely EnCl, caused cell death that was
discernable from the untreated MCTS. Although the extent
and distribution was significantly lower than that seen for
Pt(II) compounds, the nature of the damage appeared
similar. The propensity to produce cell death in solid
tumours appeared to be related to reduction potential as
evidenced by the further reduction in damage produced by
the least reactive compound, EnOH. The delay in produ-
cing cellular damage is consistent with the requirement for
cell-mediated activation of these compounds and a greater
duration of action may also be indicated by the late onset of
MCTS growth inhibition.

Thus, the novel Pt(IV) compounds are characterised by
similar cytotoxicity profiles to the Pt(II) agents in a solid
tumour environment, although with moderate reduction
in potency. A significant benefit of the Pt(IV) compounds
was the delayed onset of action, which is reflective
of greater stability, even within the hostile intratumour
environment.
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Angiogenesis in the Hollow Fiber Tumor Model Influences Drug Delivery to Tumor
Cells: Implications for Anticancer Drug Screening Programs1
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John A. Double
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Abstract

The National Cancer Institute uses the hollow fiber assay as part of its
screening program for anticancer drug discovery. Angiogenesis to hollow
fibers implanted s.c. has not been reported, thereby raising concerns
about the efficiency of drug delivery and its subsequent effects on chemo-
sensitivity. By extending postimplantation times beyond the 6-day period
presently used, extensive vascular networks develop, resulting in both
increased delivery and chemosensitivity to doxorubicin. This study sug
gests that present protocols used to evaluate compounds may produce
false negative results, and additional studies to determine the predictive
value of the assay are required.

Introduction

In the late 1980s, the Developmental Therapeutics Program of the
NCI' radically changed its approach to the large-scale, random

screening of compounds for anticancer activity (1). Instead of using
xenografts or syngeneic rodent tumor models as a front line screen, all
compounds submitted to the NCI are evaluated against a panel of
well-characterized human tumor cell lines. Compounds are selected
for further evaluation if they possess disease-specific activity in vitro,
are COMPARE negative (i.e., have chemosensitivity fingerprints that
differ from standard agents), or if activity in vitro is correlated with
the expression of specific molecular targets in the cell line panel
(1-4). It was envisaged that the primary in vitro screen would have
such discriminative powers that only a few agents would need to be
evaluated against human tumor xenografts. This, however, has not
been the case (5), thereby creating a backlog of compounds awaiting
evaluation against xenografts. Because of the cost associated with the
use of xenografts to evaluate large numbers of compounds, the NCI
developed and introduced an intermediate screen through which com
pounds must pass before full evaluation in xenograft tumor models
(6). The hollow fiber assay (7, 8) used by the NCI involves the
short-term in vitro culture ( 1 day) of tumor cells inside biocompatable,
polyvinylidene fluoride fibers, followed by implantation into mice at
two anatomically separate sites (s.c. and i.p.). Drugs are administered
i.p. (mice are treated daily for up to 4 days), fibers are removed 2 days
later (total time in vivo is 6 days), and chemosensitivity is assessed
using a modified MTT assay in vitro (8). Compounds are submitted
for more extensive in vivo evaluation in xenografts if they demon
strate activity at both the s.c. and i.p. sites. Responses at the i.p. site
might be expected to reflect in vitro chemosensitivity (although they
are unlikely to be identical as drug exposure parameters will be
different due to drug clearance from the peritoneal cavity), as it is
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unlikely that drug delivery problems would occur after an i.p. drug
administration. Responses at the s.c. site after i.p. drug administration,
however, may indicate that the new agent possesses both good bio-
availability and pharmacological properties. Drug delivery to tumors
is dependent on several factors, one of which is the presence of an
established blood supply. Blood vessel development to hollow fibers
implanted s.c. has not been reported previously, raising concerns
about the efficiency of drug delivery and the subsequent effects this
may have on chemosensitivity, bearing in mind the role that drug
C X T values play in determining chemosensitivity (9). Lack of
activity at the s.c. site may, therefore, be caused by poor drug delivery
as a result of lack of blood vessel development: if this is the case, the
validity of the test system is called into question. Tumor cells in
hollow fibers should theoretically be able to induce an angiogenic
response as the molecular weight cutoff point of the fiber walls is
large enough (Mr 500,000) to allow for appropriate growth factors to
pass through the fiber wall. Present protocols for using the hollow
fiber assay involve both short-term in vitro ( 1 day) and in vivo (6 day)
cultivation, which may be too short to enable angiogenesis to occur.
The aims of this study, therefore, were: (a) to determine whether
hollow fibers implanted s.c. can develop a blood supply if postim
plantation times are extended beyond the 6-day period presently used;
and (b) to determine what effect the presence or absence of a vascular
network has on both drug delivery and chemosensitivity in a murine
colon tumor model.

Materials and Methods

Materials. Poly-Vinyl-Idene-Fluoride Spectra/Por Hollow fibers (internal
diameter = 1 mm with a molecular weight cutoff point of M, 500,(XX)) were
purchased from Spectrum Medical, Inc. (Houston. TX). Doxorubicin. MTT,
and DMSO were purchased from Sigma (Poole. Dorset, United Kingdom).
Solvents for high-performance liquid chromatography analysis of doxorubicin
were of analytical grade and were purchased from Fisher Scientific (Lough-
borough, United Kingdom). All cell culture material was purchased from Life
Technologies, Inc. (Paisley, United Kingdom).
Animals. Pure strain NMRI mice (6-8 weeks of age) were obtained from

B & K Universal, Ltd. (Hull. United Kingdom) and kept under 12 hourly
cycles of light and darkness with access to a CRM pellet diet (Special Diet
Services, Witham. United Kingdom) and water ad libitum. All animal exper
iments were conducted under appropriate animal licenses issued by the Home
Office (London. United Kingdom), and United Kingdom Coordinating Com
mittee on Cancer Research guidelines were followed throughout (10).
Cell Culture. MAC ISA cells were obtained from an ascitic murine

adenocarcinoma of the colon, as described elsewhere (9). and routinely main
tained as monolayer cultures in RPMI 1640 supplemented with PCS (10%),
sodium pyruvate (2 mM), Penicillin/Streptomycin (50 IU ml '/50 /Â¿gmP '),
and i.-glutamine (2 mM) and buffered with HEPES (25 mM). Fibers were
rehydrated, sterilized, and loaded with MAC ISA cells (1 X IO6 cells ml ').
as described by Hollingshead et al. (8). Fibers were transferred to a T-25 flask
containing growth medium and incubated at 37Â°Cfor a period of 14 days under

constant agitation (80 rpm) on an orbital shaker, with daily changes of
medium. Histological analysis of fibers after 14 days of culture in vitro
demonstrated that fibers contain a central necrotic core (data not shown).
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\

Fig. 1. Morphological appearance of blood vessel development to hollow fibers implanted s.c. into NMRI mice. A, typical appearance of subdermal vasculature in the absence of
fibers. Blood vessel development lo fibers containing MAC 15A cells on days 4 (B), 1 (Q, 14 (D), 21 (Â£"),28 (F), and 32 (G) after implantation at the s.c. site. H, absence of blood

vessel development to fibers containing medium only (28 days after implantation s.c.).
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Table 1 Delivery of doxorubicin to the interior of blank and MAC ISA cells containing
hollow fibers implanted either s.c. or i.p.

Doxorubicin concentration (ng mg ) inside fibers with and without MAC 15A cells
on days 4 and 28 after implantation."

Site offibers.c.

i.p.Doxorubicin

(day 4)control0.016

Â±0.002
42.4 Â±21.8Doxorubicin

(day 28)
control0.04

Â±0.05
23.7 Â±11.7Doxorubicin

(day 4)
MACISA<0.015

19.6 Â±10.8Doxorubicin

(day 28)
MAC15A0.43

Â±0.35
13.0 Â±16.6

' Each value represents the mean Â±SD of at least three independent experiments.

Blood Vessel Development to Hollow Fibers. As the production of
growth factors such as vascular endothelial growth factor is enhanced under
hypoxic conditions (11). implantation of "mature" fibers containing central

necrotic cores (7) may further stimulate angiogenesis. After 14 days of culture
in vitro, hollow fibers (containing central necrotic cores) were implanted s.c.
using a sterile trocar (3 fibers/mouse at the same site). At various times after
implantation, mice were sacrificed by cervical dislocation, a central midline
incision made, and the skin peeled back to reveal the fibers in situ. Blood
vessel development to fibers was recorded photographically. Fibers containing
medium alone were also implanted s.c. to serve as controls.
Chemosensitivity Studies. Fibers containing MAC ISA cells were im

planted s.c. and i.p. using a sterile trocar (3 fibers/site). For implantation of
fibers i.p., mice were anesthetized before implantation using a trocar. Doxo
rubicin was administered to mice (10 mg kg~' i.p.) on days 4 or 28 after fiber

implantation at both the i.p. and s.c. sites. Fibers were retrieved from mice 6
days after drug administration (time from first treatment to fiber removal is
comparable with protocols used by the NCI), and Chemosensitivity assessed
using a modified MTT assay, details of which are described elsewhere (8).
Chemosensitivity was expressed in terms of the percentage of cell survival
taking the absorbance of control fibers (mice treated with drug vehicle only) to
represent 100% cell survival. Statistical comparisons were made using Stu
dent's ; test.

Drug Analysis. Mice bearing fibers containing MAC 15A cells implanted
s.c. and i.p. were treated with doxorubicin (10 mg kg"1, ip) either on days 4

or 28 after implantation. Fibers were removed l h after drug administration, the
heat seals removed, and the contents expelled by air into a preweighed
Eppendorf tube. Fibers were flushed with PBS (50 /j.1) into the same tube, and
protein was precipitated by the addition of 100 jul MeCN:methanol (3:1). After
centrifugation at 7,000 X g for 5 min, doxorubicin concentration (expressed as
amount/weight of fiber contents) was determined by high-performance liquid
chromatography, as described elsewhere (12). Control fibers (containing me
dium only) were treated in an identical manner to fibers containing MAC ISA
cells, and results were expressed in terms of amount/weight of fiber contents.
Statistical comparisons were made using Student's ( test.

Results and Discussion

The hollow fiber assay presently in use by the NCI is a relatively
short-term assay conducted over a period of 6 days in vivo. During this
time period, the development of a vascular supply to hollow fibers has
not been reported, and Hollingshead et al. (8) conclude that the hollow
fiber assay is not appropriate for studying host/tumor interactions such
as angiogenesis. By extending the postimplantation time in vivo,
however, extensive vascular networks to hollow fibers containing
MAC ISA cells do develop over a period of 28-32 days (Fig. 1).
Similar results were obtained with other MAC cell lines (MAC 13 in
NMRI mice and MCF-7 in NCR nude mice) with extensive vascular
networks established 28 days after implantation (data not shown). The
development of a blood supply is dependent on the presence of tumor
cells, as control fibers containing medium only do not stimulate
angiogenesis over a similar time scale (Fig. 1). Although the original
aim of this study was not to develop and fully characterize a novel
model of angiogenesis, the results of this study suggest that the hollow
fiber techniques could be used in the field of angiogenesis and the
search for angiogenesis inhibitors. It has certain theoretical advan
tages over presently available techniques, in that genetically well-

characterized cells (including patterns of growth factor expression)
can be implanted into fibers, and that these cells can be retrieved intact
at various stages after implantation without host cell infiltration.
Additional studies are required, however, to determine whether an
giogenesis in the hollow fiber model has advantages over presently
existing techniques (13), particularly with respect to quantitation, the
use of windows to observe blood vessel development, and the use of
fibers containing gels impregnated with growth factors.
The presence or absence of a vascular supply to hollow fibers

implanted s.c. has a significant effect on both drug delivery (Table 1)
and Chemosensitivity (Table 2). In terms of drug delivery, the con
centration of doxorubicin in hollow fibers (s.c.) containing MAC ISA
cells (Table 1) is significantly higher when doxorubicin is adminis
tered 28 days after implantation (0.43 Â±0.35 ng mg"1) compared

with the same fibers treated 4 days after implantation (<0.015 ng
mg~'). In hollow fibers (s.c.) containing medium only, no significant

differences exist in doxorubicin levels inside fibers treated either 28 or
4 days after implantation (Table 1), which reflects the fact that
development of a blood vessel supply does not occur in blank fibers
(Fig. 1). Similarly in fibers implanted i.p. post implantation, times
have no significant effect on drug concentrations inside the fiber,
although much greater concentrations are achieved compared with
fibers implanted s.c. (Table 1). The relationship between drug distri
bution and blood vessel development is also reflected in terms of
Chemosensitivity in that s.c. fibers treated when a vascular supply is
established (day 28) are more sensitive to doxorubicin than s.c. fibers
treated in the absence of a vascular supply (Table 2). No significant
difference exists between the response of MAC ISA cells in fibers
implanted i.p. for 4 or 28 days before drug administration (Table 2).
The results of this study demonstrate that the treatment of hollow

fibers s.c. with doxorubicin in the absence of an established blood
supply gives rise to a false negative result due largely to the fact that
drug delivery is impaired. In terms of drug screening, experimental
models must meet several criteria, one of which being that the
predictive value of the model is such that false negative results are
kept to a minimum. In the case of the hollow fiber assay, no published
information is available on the predictive value of the hollow fiber
assay in terms of whether or not responses in hollow fibers correlate
with activity in xenografts. Hollingshead et al. (8) have demonstrated
activity, however, against fibers implanted s.c. for several standard
anticancer agents, although it is not known how drugs reach this site
in the absence of a vascular supply. As impaired drug delivery to
tumors is a major obstacle for an effective anticancer drug therapy, it
could be argued that compounds that are active against hollow fibers
at the s.c. site have the highly desirable property of being efficiently
delivered to tumors in the absence of a good blood supply. In addition,
modifications to the hollow fiber assay to commence chemotherapy
once a blood supply has been established would lead to more com
pounds going through to testing against xenograft models, resulting in
possible logistical problems for large-scale screening programs. Nev
ertheless, the results of this study raise the possibility that potentially
useful compounds may be missed and suggest that additional studies
to address the issues of false negative prediction rates and the feasi
bility of screening potentially more compounds against xenografts are
required.

Table 2 Response of MAC ISA cells in hollow fibers implanted s.c. and i.p. after
treatment with doxorubicin on da\x 4 and 28 after implantation.0

Site of implantation
% Cell survival

(treatment time, day 4)
% Cell survival

(treatment time, day 28)

97.6 Â±20.1
10.1 Â±6.5

47.8 Â±14.3
2.8 Â±2.0

" Each value represents the mean Â±SD of at least three independent experiments.

5265

Research. 
on August 28, 2014. © 1998 American Association for Cancercancerres.aacrjournals.org Downloaded from 

http://cancerres.aacrjournals.org/


lil.(X)l) VKSSlil. I)i:Vi;i.OI'MENT TO HOLLOW PIHKKS

In conclusion, this study has demonstrated that hollow fibers con
taining tumor cells can induce angiogenesis in mice and this has direct
implications for drug delivery and chemosensitivity. These results
suggest that the treatment of fibers before blood vessel development
occurs may be a source of false negative predictions, and studies to
address this question need to be conducted. Finally, the demonstration
that hollow fiber tumor models can induce an angiogenic response in
the host suggests that this model may have some use in the search for
antiangiogenic drugs, although considerable refinement of the assay to
address questions such as quantitation of blood vessel development
need to be addressed.
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ORIGINAL ARTICLE

Measles virus causes immunogenic cell death in human
melanoma
OG Donnelly1,2,3, F Errington-Mais1, L Steele1, E Hadac2, V Jennings1, K Scott1, H Peach3, RM Phillips4, J Bond1, H Pandha5,
K Harrington6, R Vile1,2, S Russell2, P Selby1 and AA Melcher1,3

Oncolytic viruses (OV) are promising treatments for cancer, with several currently undergoing testing in randomised clinical
trials. Measles virus (MV) has not yet been tested in models of human melanoma. This study demonstrates the efficacy of MV
against human melanoma. It is increasingly recognised that an essential component of therapy with OV is the recruitment of
host antitumour immune responses, both innate and adaptive. MV-mediated melanoma cell death is an inflammatory process,
causing the release of inflammatory cytokines including type-1 interferons and the potent danger signal HMGB1. Here, using
human in vitro models, we demonstrate that MV enhances innate antitumour activity, and that MV-mediated melanoma cell
death is capable of stimulating a melanoma-specific adaptive immune response.

Gene Therapy advance online publication, 15 December 2011; doi:10.1038/gt.2011.205

Keywords: oncolytic; measles; melanoma; immunotherapy; HMGB1; interferon.

INTRODUCTION
Measles virus (MV) is among the first viruses to have been
recognised to cause spontaneous cancer remissions, and more
recently has been studied both preclinically and clinically for its
potential as a therapeutic oncolytic virus (OV).1 -- 14 MV has not yet
been studied in models of human melanoma, a disease with few
therapeutic options, but one known to respond to other OV and
immunomodulatory approaches.15 -- 17

Both the wild-type strain of measles and the Edmonston
vaccine strain (MV) have tropism for the cell surface receptor
CD150, commonly expressed on lymphocytes. The vaccine strain
has additional tropism for CD46, a membrane cofactor protein.18,19

CD46 is ubiquitously expressed on all nucleated human cells and
serves to downregulate the action of the complement pathway
upon autologous cells. CD46 is known to be upregulated on
several tumour types and is thought to be the predominant
mechanism for the oncolytic preference of MV.20

Around six OV have made progress into early phase clinical
trials.21 MV, in addition to its long history of administration as a
vaccine, has been safely delivered in patients with a variety of
tumours by intravenous, intratumoural and intraperitoneal routes
with no significant adverse events reported in a number of early
phase clinical trials.13,14,22

Though there is considerable interest in OV as agents directly
toxic to cancer, we and others have also explored the potential for
OV to trigger antitumour immune responses.18,23 Indeed in some
models immunity, rather than obstructing OV efficacy, is required
for therapy.24 We have demonstrated in preclinical melanoma
models that immune responses against tumour targets are
triggered by inflammatory responses to OV and are a vital
component of successful treatment, capable of overcoming
immunosuppressive tumour environments and clearing meta-
static disease.25 Reovirus, a promising OV currently being explored
in phase III clinical testing, has been shown to activate dendritic
cells (DC), which in turn stimulated innate antitumour activity in

both natural killer cells (NK) and T cells,26 as well as adaptive T-cell
responses.27 Here, we investigate both the direct oncolytic activity
of MV, and also the potential for MV to stimulate innate and
adaptive antitumour immune responses in melanoma.

RESULTS
MV has oncolytic activity against, and replicates in, human
melanoma cell lines
CD46 is upregulated on tumour cells, and is one of the receptors
for the Edmonston strain of MV. To test the potential of MV as an
OV against melanoma, we therefore first confirmed expression of
CD46 on four human melanoma cell lines, Mel888, Mel624, MeWo
and SkMel28 (Figure 1a).

The characteristic cytopathic effect (CPE) of MV is the formation
of giant multinucleated cells, or syncytia, created as infected cells
express fusogenic MV proteins on their surface.20 In all four
melanoma cell lines tested, this distinctive CPE was evident even
at low multiplicities of infection (MOI), from 48 h after infection
with a MV engineered to express GFP (MV-GFP; Figure 1b).
MV-mediated killing of melanoma cell lines was quantified using a
flow cytometry-based assessment of membrane integrity and cell
viability (the Live/Dead assay), which demonstrated dose- and
time-dependent killing of melanoma targets by MV (Figure 1c).
This oncolytic activity of MV was further confirmed using a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (data
not shown).

Next, cell lysates were prepared from each cell line 24 -- 72 h
after infection with MV at an MOI of 0.1, and titrated for evidence
of viral replication on VERO cells using the Reed-Muench
method.28 As shown in Figure 1d, viral replication was supported
in all cell lines.

Cell morphology and behaviour differs between two- and three-
dimensional culture models, with the latter better mimicking the
complex cell -- cell interactions occurring in vivo. In particular, viral
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penetration into tumours is likely to be a significant obstacle for
therapy, not represented in conventional monolayer models.29 To
address this concern, we used a multilayer model of Mel624
grown on transwell (TW) inserts, in which transverse sections

taken through the multilayer demonstrate the thickness achieved
(Figure 1ei).30 Confocal microscopy of the multilayers 48 h after
infection with MV-GFP demonstrated susceptibility to infection,
and significant penetration of large syncytia through the full
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thickness of the multilayer; Figure 1eii shows a virtual slice through
a GFP-expressing syncytium, looking from the side. 4’,6-diamidino-
2-phenyl indole (DAPI)-stained nuclei from uninfected cells are
present around the syncytium, which is seen to extend all the
way from the TW membrane to the upper extent of the cellular
multilayer. Hence, cell-to-cell fusion, mediated by MV, is not a
phenomenon restricted to two-dimensional culture models, and
in this three-dimensional model leads to the formation of large
convoluted syncytia.

MV stimulates the release of an inflammatory profile of cytokines,
chemokines and danger signals by infected melanoma cells
To investigate the inflammatory response to MV, cell-free super-
natants collected from cells infected with varying MOI of MV were
analysed by enzyme-linked immunosorbent assay (ELISA) for the
presence of cytokines and chemokines (Figure 2a).31 Although
cytokine release varied between cell lines, certain patterns
emerged. There was a dose-dependent increase in the levels of
the inflammatory cytokines IL6 (in three of four cell lines) and IL8
(in all cell lines) released by cells upon infection with MV.
Moreover, type I interferons (IFN) a and/or b, and type III IFN l
were secreted to a variable degree by melanoma lines undergoing
MV-induced killing. IFN have antiproliferative effects on melanoma
cells,32 as well as recruiting innate and adaptive immune
responses.33,34

Furthermore, significant levels of the chemokine RANTES were
released by all cell lines except MeWo. In addition, western
blotting also identified the presence of HMGB1 in cell-free
supernatant from Mel888, Mel624 and MeWo (Figure 2b). HMGB1
is known to be a potent danger signal, acting upon DC and other
cells through TLR4, and has been shown to be an obligatory
mediator of antigen presentation by DC.35,36

Primary melanoma cells are also susceptible to MV oncolysis
Metastatic deposits resected from three patients with histologi-
cally proven melanoma were used to prepare cell suspensions,
maintained in culture before use at low-passage numbers
(Figure 3a).31 In keeping with the established melanoma cell
lines, primary melanoma cells demonstrated the characteristic CPE
of infection with either MV or MV-GFP treatment (Figure 3b). Live/
Dead assay confirmed the susceptibility of cells to MV treatment,
albeit at a prolonged time course relative to the immortalised cell
lines (Figure 3c). Furthermore, ELISA demonstrated the release of
RANTES, IL6 and IL8 from primary cells 72 h after treatment with
MV (Figure 3d).

MV treatment of peripheral blood mononuclear cells enhances
innate antitumour immunity
We have previously shown that another OV (reovirus) can
stimulate innate antitumour immunity within peripheral blood
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Figure 2. The inflammatory response associated with MV infection. (a) Cytokine/chemokine release. Cell-free supernatants were collected
48 h after infection with MV, and cytokine levels determined by ELISA. Data shown are representative of three independent experiments.
(b) HMGB1 release. Melanoma cells were treated with MV at MOI from 0.01 to 5. After 48 h of infection cell-free supernatant was collected
then analysed by western blot for HMGB1. Lanes with protein markers (M) and untreated controls (C) are indicated. Data shown are
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Figure 1. Oncolytic activity of MV against human melanoma cell lines. (a) Levels of surface expression of CD46, the MV receptor, were
determined by flow cytometry in four human melanoma cell lines (Mel888, Mel624, MeWo and SkMel28). Filled histograms are isotype
controls. Data shown are representative of three separate experiments. (b) Melanoma cells were infected with GFP-expressing MV at a range
of MOI. Photographs were taken 48 h after infection by phase contrast (left) and fluorescence (right) microscopy. (c) Cytotoxicity was further
measured in each cell line using the Live/Dead assay. Data shown are mean results from five separate experiments; bars demonstrate s.e.
(d) Viral replication. Melanoma cells were infected at an MOI of 0.1 and after 48 h virus quantification was determined using the TCID50
method. Data shown are representative of three separate experiments. (e) Mel624 were grown in a three-dimensional model using TW
inserts for 5 days, then infected from the inferior (as indicated) surface with MV-GFP. (ei) Transverse sections of the multilayer model stained
with haematoxylin and eosin. (eii) Confocal Z-stack image showing a lateral projection of a GFP-expressing syncytium.
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mononuclear cell (PBMC) effectors.37 Therefore, PBMC were
prepared from fresh blood, treated overnight with MV at an MOI
of 1, and assayed for their ability to kill chromium-labelled tumour
targets. As demonstrated in Figure 4a, MV treatment of PBMC
markedly enhanced killing of melanoma targets over untreated

PBMC, at a range of effector to target ratios. This effect was not
melanoma specific, as enhanced killing of the ovarian cancer cell
line SkOV was also demonstrated (data not shown). As innate
cytotoxicity can be mediated by NK cells, we next looked for
evidence of NK cell activation following treatment with MV.
A panel of NK phenotypic activation markers was used, and
CD69 was upregulated by MV treatment in all donors studied
(Figure 4b); levels of expression of other markers (CD16, CCR7,
DNAM1 and NKG2D) did not alter (data not shown). To further
address whether NK cells were responsible for MV-induced innate
activation, a CD107 assay was performed, which confirmed
degranulation of CD3-CD56þ NK cells during MV-enhanced
PBMC melanoma cell killing (Figure 4c).

DC are activated by MV-infected melanoma cells
With regard to antitumour immune responses stimulated by OV,
we have previously shown that adaptive immunity can also be
primed in models of human melanoma, and that DC serve a
critical role in that process.25,27,38 We therefore explored the
impact of MV and MV-treated melanoma cells upon DC. The wild-
type or pathogenic strain of measles is known to be toxic to
human DC,39 and most of the deaths associated with the measles
illness are due to secondary infections as a consequence of
immunosuppression.40 In contrast and consistent with its long
history of safe use as a vaccine and in keeping with previous
reports,18,39 we found that Edmonston strain oncolytic MV was not
toxic to DC, as assessed both morphologically and by Live/Dead
assay (Figure 5a). Indeed, DC from both healthy donors and
patients with metastatic melanoma directly treated with MV
upregulated the costimulatory surface activation markers CD80
and CD86 (data not shown).

Tumours are known to generate an immunosuppressive
environment capable of impeding the activation and function of
DC.41 However, the inflammatory environment stimulated by MV
infection of tumour may facilitate DC activation, alongside direct
immunostimulatory recognition of the virus itself. To address this
question, the tumour-conditioned media (TCM) from Mel888 and
MV-treated Mel888 cells were collected and filtered to remove
free virions,42 the efficacy of filtration having previously been
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confirmed by filtering neat virus stock and confirming the absence
of CPE on Vero cells. Filtered TCM was added to DC in culture
overnight, and the following day expression of DC activation/
maturation markers were assessed by flow cytometry. As shown in
Figure 5b, there was consistent upregulation of CD80 and CD86 in
response to TCM from Mel888 treated with MV. Moreover, direct
coculture of MV-infected Mel888 cells with DC (incorporating both
cell-to-cell and direct virus effects) also led to phenotypic changes
in DC with upregulation in CD80 and CD86 (Figure 5c). However,
no significant additional cytokine production was elicited from DC
on culture with MV-infected Mel888 cells (data not shown). Hence,
both the inflammatory milieu represented by TCM, and cocultured
virus-infected tumour cells, are capable of phenotypically activat-
ing DC for potential support of priming of adaptive antitumour
immunity.42,43

Adaptive immune priming in response to MV infection of
melanoma cells
Given the evidence that MV infection of melanoma cells results in
the expression of inflammatory cytokines and danger signals
(Figures 2 and 3), and that DC are activated by MV-infected
melanoma (Figure 5c), we next investigated the ability of MV
infection to stimulate a functional adaptive immune response.

DC were cocultured for 24 h with Mel888 that had been treated
with MV for 48 h. The Mel888 cells were allowed to adhere and the
non-adherent tumour cell-loaded DC (MV-Mel-DC) were collected

and cocultured with autologous PBMC, as previously described.27

One week later, the PBMC were again restimulated with identically
treated DC. A CD107 assay was performed after 1 and 2 weeks,
to test CD8 T-cell degranulation against Mel888 or an irrelevant
tumour target (SkOV; Figure 6a); intracellular CD8 IFNg was also
assayed after 2 weeks (Figure 6b). To confirm a cytolytic T-cell
response, a chromium release assay was performed, again against
Mel888 and irrelevant SkOV targets (Figure 6c). Although results
varied between donors, in 9 of 12 donors there was evidence of
enhanced antimelanoma activity in response to MV; Figure 6
shows results from one representative donor. As seen in Figure 6a,
CD8 cytotoxic T cells cocultured with MV-Mel-DC degranulated
specifically on recognition of melanoma targets. The same cell
population was also positive for intracellular IFNg, indicative of a
Th1 cytokine response (Figure 6b). Finally, in a functional killing
assay, CTL primed by MV-Mel-DC had more activity against
uninfected melanoma targets than those primed by Mel-DC
(Figure 6c).

Figure 6 shows that, in all three assays, MV-infected Mel888 cells
were more effective than uninfected cells as an antigen source for
loading of DC for priming of a specific anti-Mel888 immune
response.

DISCUSSION
In keeping with reports of the action of unmodified and modified
strains of oncolytic MV in other tumour models, we have
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demonstrated the potential of MV as an OV for the treatment of
melanoma (Figures 1 and 3). The presence of clear CPE in both
two- and three-dimensional in vitro tumour models, and objective
measures of cell viability, confirmed oncolytic activity to a
magnitude and within a timescale, similar to published studies
in models of human prostate cancer,44,45 breast cancer,46

glioblastoma,47 myeloma,48 lymphoma49 and mesothelioma.18,50

In addition to being susceptible to productive infection by MV,
melanoma cells (both cell lines and primary) produced an
inflammatory pattern of cytokines and chemokines following
infection (Figures 2 and 3). Discussions about IFN in the context of
OV normally centre around the need for therapeutic viruses to
evade IFN, or on the loss of IFN responsiveness in tumour cells.
Although melanoma cells have been demonstrated to have
defective responses to IFN,51,52 our finding that melanoma cells
retain the ability to release IFN in response to MV infection was
not detrimental to viral killing.42 Moreover, this maintained IFN
release could be beneficial to therapy, because IFN can protect
normal tissues to enhance the therapeutic index of the virus,53

and IFN have direct antiproliferative effects themselves and are
used clinically in melanoma.32,54 Finally, IFN are known to activate
DC33 and enhance adaptive immune responses55 as well as innate
antitumour immunity in the context of OV.37 The presence of
HMGB1 in the TCM of MV-infected melanoma cells is of note
(Figure 2b), because HMGB1 is a potent danger signal capable of
promoting antigen presentation, and is thought to be central to
the efficacy of conventional treatments,35,56 -- 59 as well as involved
in responses to OV.36

These data add to the growing body of evidence that a local
combination of tumour target and OV leads to death of cancer
cells and the reversal of the immunosuppressive milieu propa-
gated by tumours. The activation of innate antitumour immunity
by OV (shown here for MV; Figure 4) can support therapy via a
range of immune effectors, either systemically and/or within the
tumour itself.26,60 Moreover, within an appropriate inflammatory

tumour environment, DC may also become suitably activated
(Figure 5) for acquisition of tumour associated antigens and
effective priming of an adaptive antitumour immune response
(Figure 6). The immune system has been viewed as likely to have a
deleterious impact upon oncolytic virotherapy, by obstructing the
systemic delivery of virus and limiting intratumoural viral
replication and spread.23 Increasingly, however, the evidence is
mounting that OV may enhance both innate and adaptive
antitumour responses,23 and that the net effect may be a benefit
to therapy. In at least some preclinical models the bulk of the
therapeutic effect of OV is in fact immune mediated, rather than
due to direct oncolysis,24,60 although the balance between the
therapeutic and damaging effects of the immune response to any
OV is likely to be complex and depend on multiple variables,
including prior antiviral immunity, route of administration and
coadministration of immunomodulators such as chemotherapy.
Hence, interesting new strategies are being pursued that
recognise that the role of the immune system in OV therapy is
not straightforward, and that accumulating preclinical and clinical
findings need to be incorporated into novel strategies to
maximise benefit for patients.61

The options to correlate these data with in vivo assays are
limited as mice lack the CD46 receptor. Transgenic mice
expressing CD46 are available only on IFN-deficient backgrounds,
so study of clinically relevant MV in immune competent murine
models is, at present, problematic.62 The data presented here
support the ongoing development of MV as an agent with both
oncolytic and immunotherapeutic potential in the treatment
of human melanoma. Recent clinical studies with ipilimumab,
an anti-CTLA4 antibody17 and ongoing trials using adoptive
cell therapies,63 reiterate the potential for immunotherapeutic
approaches to have profound benefits for patients with mela-
noma. As the immunogenic potential of OV therapy is increasingly
recognised, it is important that future clinical trials with these
agents seek to identify relevant translational immune end points,

Week 1

4

5
Control
0.1

Week 2

4

5
Control
0.1

IFN

6

8

10
Control
0.1 60

80

Control
0.1

0

1

2

3

%
 C

D
8+

 c
el

ls
 p

os
iti

ve
 fo

r 
C

D
10

7

%
 C

D
8+

 c
el

ls
 p

os
iti

ve
 fo

r 
C

D
10

7

0

1

2

3

0

2

4

%
C

D
8+

 c
el

ls
 p

os
iti

ve
fo

r 
in

tr
ac

el
lu

la
r 

IF
N

Target

0

20

40

E:T Ratio

%
 ta

rg
et

 k
ill

in
g

Mel 
88

8
SkO

V
Blan

k

Mel 
88

8

10
0 t

o 1

50
 to

 1

25
 to

 1

12
.5 

to
 1

SkO
V

Blan
k

Mel 
88

8
SkO

V
Blan

k

Figure 6. Priming an adaptive T-cell immune response. CTL were primed from PBMC cocultured with autologous DC that had been loaded
with either Mel888 (control) or Mel888 treated with Mv at an MOI of 0.1 (0.1). (a) Degranulation of CTL following coculture with either
Mel888, SkOV or an equal volume of media free of target cells. (b) Intracellular IFNg within CTL primed from PBMC following coculture with
Mel888, SkOV or media control. (c) Cr-51 release from Mel888 following coculture with CTL; no significant release of Cr51 was detected
from irrelevant SkOV targets. Data shown are from one donor, representative of experiments in 12 donors, in 9 of which a specific
antimelanoma response was elicited.

Immunogenic melanoma cell killing by measles virus
OG Donnelly et al

6

Gene Therapy (2011) 1 -- 9 & 2011 Macmillan Publishers Limited



in addition to conventional measures of safety and efficacy, in
order to inform further preclinical investigation and maximise the
potential impact of viral agents.

MATERIALS AND METHODS
Cell culture and reagents
Human melanoma cell lines Mel888, Mel624, SkMel28 and MeWo were
all supplied by Cancer Research UK (London, UK) and were grown in
Dulbecco’s modified Eagle’s medium (Invitrogen, Paisley, UK) supplemen-
ted with 10% (v/v) fetal calf serum (FCS; Biosera, Ringmer, UK) and 1% (v/v)
L-glutamine (Invitrogen). Vero cells were supplied by the ATCC (Manassas,
VA, USA) and were grown in the same media. Cells were routinely tested
and found to be negative for mycoplasma infection.

Human melanoma explants, collected under the auspices of existing
ethical approvals were cultivated in a complete tissue media comprising:
Dulbecco’s modified Eagle’s medium containing 10% (v/v) FCS, 1% (v/v)
L-glutamine, with the antimicrobials gentamicin (25 mg l!1), penicillin (1 U l!1),
streptomycin (1mg l!1), amphotericin (0.1 mg l!1), and supplemented with
1% (v/v) non-essential amino acids (all Sigma-Aldrich, Dorset, UK), 1% (v/v)
insulin, transferrin and selenium (Invitrogen), and 25 mM HEPES buffer
(Sigma-Aldrich). Single-cell suspensions were prepared as previously
described.31

Human PBMC and human myeloid DC were prepared as previously
described.27 PBMC were maintained in RPMI supplemented with 10% FCS
and 1% L-glutamine. Immature DC were cultured in RPMI supplemented
with 10% FCS, 1% glutamine 800 IU ml!1 GM-CSF (Peprotech, London, UK)
and 0.05mg ml!1 IL-4 (R&D systems, Abingdon, UK).

Multilayer model and confocal microscopy
In all, 2" 105 cells were seeded into 8 mm pore size ThinCert tissue culture
inserts for 24-well plates, (Greiner Bio-One, Stroudwater, UK). Virus was
added to the underlying well around 5 days after cell seeding. At 48 h after
infection TW were fixed in 1% w/v paraformaldehyde (Sigma-Aldrich)
overnight and the following morning rinsed in phosphate-buffered saline
(PBS) by gentle immersion in sequential containers of sterile PBS after
cautious aspiration of residual paraformaldehyde. The TW were immersed
in 1% FCS in PBS and blocked for 2 h. TW were then aspirated and
immersed for 5 min in 300 nM DAPI (Invitrogen) diluted in PBS, and
thoroughly rinsed in serial changes of PBS as above. TW were imaged on
glass-bottomed culture dishes using an Eclipse TE2000-E microscope and
the data analysed using EZ-C1 FreeViewer software v3.5 (both from Nikon
Instruments Europe, Kingston, UK).

Measles virus
MV and MV expressing GFP were prepared as described previously.49,64,65

Viral stocks were kept frozen at !80 1C and thawed aliquots were used
immediately. Viral stocks were bulked on Vero cells and titrated in a
standard TCID50 assay as previously described.1 Viral treatment of cells
was performed in a reduced volume of serum-free Optimem (Invitrogen).
For experiments requiring virus-free TCM, supernatants were collected and
passed through a 0.2-mm Acrodisc syringe filter (Pall Life Sciences,
Portsmouth, UK) and then through a ViresolveNFR filter (Millipore, Watford,
UK) to remove virus. In order to confirm the completeness of filtration, neat
viral stocks were filtered then the eluate titrated on Vero cells as above.42

Viral replication was quantified by infecting melanoma cells in six-well
plates at an MOI of 0.1 in triplicate. At the required time point cells and
supernatant were harvested, and subjected to three freeze -- thaw cycles to
release intracellular virus. The resulting product was titrated onto Vero cells
in a 96-well plates after serial 10-fold dilutions in Optimem. After 5 days,
wells were inspected for CPE and viral titre calculated according to the
method of Reed and Muench.28

Flow cytometry
Antibodies to human CD3, CD16, CD46, CD56, CD80, CD86, CD150, DNAM1
and CCR7 were supplied by Beckton-Dickinson Pharmingen (Oxford, UK).

Anti-human CD40 was obtained from Invitrogen. Cells were acquired using
a FACS Calibur and data analysed with CellQuest Pro software (both
Beckton-Dickinson Biosciences). Differences between median fluorescence
intensity values in DC experiments were compared using the paired t-test
and statistical significance defined where P-values o0.05.

Viability assays
Cells were harvested and washed with PBS then labelled with Live/Dead
fixable dead cell stain (Invitrogen), according to the manufacturer’s
protocol, and incubated at room temperature for 30 min. Cells were
subsequently washed twice, once with PBS and once with PBS
supplemented with 1% FCS. They were then fixed in 1% paraformaldehyde
and analyzed by flow cytometry. Further assessment of oncolytic activity
was performed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay after 24, 48 and 72 h treatment with MV according to
methodology previously described.31

ELISA and western blotting
IL6 and IL8 were detected using matched pair antibodies (BD Pharmingen).
IFNb was quantified using the Verikine Human Interferon Beta ELISA kit
(Interferon Source, Newmarket, UK). IFNa was quantified using the
Mabtech Human ELISA kit (Mabtech Ab, Buro, Germany). IL28 and RANTES
were measured using the respective R&D duosets.

HMGB1 was assayed by collecting cell-free supernatants, 48 h after
treatment with MV. The supernatants were diluted 1:1 with Laemmli buffer
before loading 20ml of diluted supernatant on a 10% SDS -- polyacrylamide
gel electrophoresis gel using standard protocols; staining for HMGB1 was
performed using a monoclonal mouse anti-human HMGB1 antibody (R&D
systems) used at 1 mg ml!1 in a 1:1 mix of Odyssey blocking buffer (LiCor
Biotechnology, Cambridge, UK) and PBS/0.1% Tween. Goat anti-mouse
conjugated with AlexaFluor 680 (Molecular probes, Invitrogen) was used
as a secondary antibody at 0.2mg ml!1 for protein detection using the
Odyssey Infrared imaging system (LiCor Biotechnology).

Priming assays
Cytotoxic T-lymphocytes were generated by loading Mel888 or MV-treated
Mel888 onto DC at a ratio of 3:1. After 24 h non-adherent DC were
harvested then cocultured with autologous PBMC at ratios varying
from 1:15 to 1:45 in CTL media (RPMI supplemented with 7.5% (v/v)
human AB serum (Sera Laboratories Ltd., Hayward’s Heath, UK ), 1% (v/v)
L-glutamine, 1% v/v sodium pyruvate (Invitrogen), 1% (v/v) non-essential
amino acids, 1% (v/v) HEPES (Invitrogen), 20mM b-mercaptoethanol
(Sigma-Aldrich)) and 5 ng ml!1 IL-7 (R&D Systems). IL-2 (R&D Systems)
was added at 30 IU ml!1 on day 4 only. CTL were restimulated after 1 week
in an identical fashion.

Cytotoxicity assays
CD107 degranulation. Surface expression of CD107 was measured as
follows: CTL and tumour targets were incubated at a 1:1 ratio in the
presence of anti-CD107a and b-FITC (BD Pharmingen). Brefeldin A (Sigma-
Aldrich; 10mg ml!1) was added after 1 h. After a further 4 h, cells were
stained with anti-CD8, or anti-CD56 and anti-CD3, and analysis performed
by flow cytometry.

Chromium release assay. The cytotoxic activity of CTL or PBMC was
measured using the 51Chromium release assay as previously described.66

Percent lysis was calculated using the formula: % lysis ¼ 100" (c.p.m.
experiment ! c.p.m. spontaneous release)/(c.p.m. maximum release !
c.p.m. spontaneous release).

Intracellular IFNg. CTL and tumour targets were incubated at a 1:1 ratio
and brefeldin A added after 1 h. After a further 4 h cells were harvested and
stained with anti-CD56 and anti-CD3, then fixed with 1% w/v paraformal-
dehyde. Cells were subsequently permeabilised with 0.3% w/v saponin
then stained with FITC-labeled goat anti-human IFNg (BD Pharmingen),
and analysis performed by flow cytometry.
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a b s t r a c t

Inadequate drug delivery to tumours is now recognised as a key factor that limits the efficacy of
anticancer drugs. Extravasation and penetration of therapeutic agents through avascular tissue are
critically important processes if sufficient drug is to be delivered to be therapeutic. The purpose of this
study is to develop an in silico model that will simulate the transport of the clinically used cytotoxic
drug doxorubicin across multicell layers (MCLs) in vitro. Three cell lines were employed: DLD1 (human
colon carcinoma), MCF7 (human breast carcinoma) and NCI/ADR-Res (doxorubicin resistant and
P-glycoprotein [Pgp] overexpressing ovarian cell line). Cells were cultured on transwell culture inserts to
various thicknesses and doxorubicin at various concentrations (100 or 50mM) was added to the top
chamber. The concentration of drug appearing in the bottom chamber was determined as a function of
time by HPLC-MS/MS. The rate of drug penetration was inversely proportional to the thickness of the
MCL. The rate and extent of doxorubicin penetration was no different in the presence of NCI/ADR-Res
cells expressing Pgp compared to MCF7 cells. A mathematical model based upon the premise that the
transport of doxorubicin across cell membrane bilayers occurs by a passive ‘‘flip-flop’’ mechanism of the
drug between two membrane leaflets was constructed. The mathematical model treats the transwell
apparatus as a series of compartments and the MCL is treated as a series of cell layers, separated by
small intercellular spaces. This model demonstrates good agreement between predicted and actual drug
penetration in vitro and may be applied to the prediction of drug transport in vivo, potentially becoming
a useful tool in the study of optimal chemotherapy regimes.

& 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Both acquired and inherent resistance to cytotoxic and
targeted anticancer agents are typically associated with biochem-
ical or molecular changes at the cellular level. These include
decreased drug uptake, increased drug efflux via extrusion pumps
such as P-glycoprotein (Pgp), reduced target expression, direct
mutation of the molecular target and increased repair of DNA
damage (Arpino et al., 2008, Chien and Moasser, 2008, Kelley and
Fishel, 2008, Lemos et al., 2008). Whilst these undoubtedly
contribute to drug resistance, impaired drug delivery to tumours
or ‘pharmacokinetic drug resistance’ is also recognised as a
significant barrier to effective drug treatment (Grantab et al.,
2006, Minchinton and Tannock, 2006, Tannock et al., 2002,

Tunggal et al., 1999). Seminal studies conducted in the late
1970s using multicell spheroids in vitro clearly demonstrated that
significant drug penetration barriers exist for clinically important
anticancer drugs such as doxorubicin. This comparatively simple
experimental model provided the first indication that the failure
of many solid tumours to respond to chemotherapy could be
due to insufficient drug being delivered to the tumour. The factors
that determine how much drug is delivered to the tumours
are complex, but include the drug’s pharmacokinetic profile,
elevated interstitial pressure in tumours, the chaotic and
inefficient nature of the blood supply to tumours and strong
binding of drugs to cellular and extracellular macromolecules
(Heldin et al., 2004).

The development of in silico models that can forecast the
movement of drugs through tumours may provide tools for
optimising drug delivery. A quantitative understanding of drug
delivery to tumour cells requires a mathematical framework to
describe the dynamics of how drugs get to and penetrate through
the tumour mass. In the first instance, a basic model is required
in order that key mechanisms influencing drug delivery can
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be identified and characterised. The experimental multicell layer
(MCL) model, initially developed by Cowan et al. (1996) and
modified by Phillips et al. (1998) fulfils this criterion (Fig. 1). Cell
layers are grown in a controlled manner to various thicknesses on
a microporous membrane and the drug added to the top chamber.
The concentration of drug appearing in the bottom chamber can
be determined as a function of time using chromatographic
techniques.

The aim of this work was to develop a mathematical model
for drug transport through MCLs for doxorubicin, an anthracycline
cytotoxic drug used widely in the treatment of patients with
cancer. Doxorubicin was selected for several reasons; first,
previous studies have shown that tissue penetration is an issue
with doxorubicin (Minchinton and Tannock, 2006; Sutherland,
1979). Secondly, doxorubicin transport into and out of cells and
extravascular transport through MCLs have been modelled
mathematically (Eytan, 2005; Hicks et al., 1997; Regev and Eytan,
1997). These models are limited as they are primarily focused
on drugs whose penetration through MCLs is diffusion-limited;
they do however serve as a basis for the current study. Finally,
doxorubicin also has the advantage of being naturally fluorescent
so is easily detectable by chromatographic techniques and
fluorescence microscopy.

2. Methods

2.1. Cell culture and drug penetration

A schematic of the experimental apparatus is shown in Fig. 1A.
It consists of a transwell insert placed into one well of a 24 well
plate. Cells are grown on a collagen coated membrane (0.4mm
pore size) that separates the top from the bottom chamber.
The thickness of the MCL can be varied (Fig. 1B) by adjusting

incubation time post-seeding. The membrane itself is 50mm thick
and is 6.5 mm in diameter. The cells have an average diameter
of approximately 25mm so there are around 70,000 cells in a layer
one cell thick.

Three cell lines were used in this study: DLD1 (human colon
carcinoma), MCF7 (human breast carcinoma) and NCI/ADR-
Res (doxorubicin resistant OVCAR8 cells, Scudiero et al., 1998).
Resistance of NCI/ADR-Res cells to doxorubicin was confirmed
prior to drug penetration. IC50 values measure the effectiveness
of a compound in inhibiting biochemical function and represent
the concentration of a drug required for 50% inhibition in vitro.
Following 1 hour exposure to doxorubicin, IC50 values of 4100mM,
1.0570.67mM and 2.2070.78mM were obtained for the NCI/ADR-
Res, MCF7 and DLD1 cells, respectively. Cells were routinely
maintained in RPMI 1640 culture medium supplemented with
10% foetal calf serum, sodium pyruvate (2 mM), L-glutamine
(2 mM) and buffered with HEPES (25 mM). Phenol red free
medium was used for drug penetration studies, to prevent
interference with doxorubicin peaks on HPLC chromatograms.
MCLs which had been cultured for 1, 3 and 5 days were analysed
for each cell line, in parallel with no cell controls. The thickness
of the MCL was determined by microscopic analysis of histological
cross sections using a graduated eyepiece which had been
calibrated using a stage micrometre.

Doxorubicin (at 50 or 100mM) was added initially (as bolus)
to the top chamber and the concentration of drug reaching the
bottom chamber was determined as a function of time by high
pressure liquid chromatography (HPLC) with mass spectrometry
(MS) detection. The bottom chamber was constantly stirred.
Samples, each of 10ml, were taken from the bottom chamber
every 2 minutes for the first 10 minutes, then every 5 minutes
subsequently. At each time point, 10ml of fresh media was added
to the bottom chamber such that the volume in the bottom
chamber remained constant at 600ml.

ARTICLE IN PRESS

Fig. 1. The experimental transwell setup (A) and histology of DLD1 multicell layers (B) ranging from 20 to 85mm thick. The scale bar in Fig. 1B equals 50mm.
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2.2. HPLC analysis of doxorubicin

High purity HPLC grade solvents (Fisher Scientific, Loughbor-
ough, UK), analytical grade chemicals (Sigma Chemical Co. Ltd.
Poole, UK) and triple distilled water were used throughout.
Each 10ml sample taken for analysis was added to 290ml of fresh
culture medium and doxorubicin, extracted by solid phase
extraction (SPE). Each SPE cartridge C18-(EC), 50 mg, was primed
by adding 1 ml methanol followed by 1 ml of 0.02% formic acid
into the cartridge. The analytical sample (300ml) was added to
each cartridge which was washed by adding 1 ml of 0.02% formic
acid solution, then dried under vacuum. Doxorubicin was eluted
from the cartridge using 1.5 ml isopropanol:methanol (3:1) and
the eluent evaporated to dryness in a centrifugal evaporator
at room temperature. The sample was reconstituted in 30ml
of mobile phase A and transferred to polypropylene vials for
injection into the HPLC.

Chromatographic analysis of doxorubicin used mobile phase A
comprising 90% 5 mM ammonium formate, adjusted to pH 3.5
with formic acid, 10% acetonitrile and mobile phase B comprising
40% 5 mM ammonium formate, adjusted to pH 3.5 with formic
acid, 60% acetonitrile. The mobile phases were mixed in a ratio of
60% A–40% B. Separation was achieved using a Waters C18 10 cm
Acquity column (1.7mm!2.1 mm: Milford, MA, USA) with a
mobile phase flow rate of 0.4 ml/min was used. Samples were
injected (5ml) using a Waters Acquity Separation Module and the
total run time was 3 minutes. Detection was performed using
a Waters Quattro Premier MS/MS in parallel with diode array
UV-vis absorbance detection. MS detection of doxorubicin utilised
a Multiple Reaction Monitoring (MRM) channel extracted at
544.044396.9 m/z. in ES+ mode. Capillary voltage was set to
3.75 kV, cone 22 V, source temperature 100 1C, desolvation
temperature 300 1C and collision energy 12 V. The MRM dwell
was 0.2 seconds. The limit of quantification for this method of
detection was 2 nM doxorubicin. Calibration curves were estab-
lished by spiking tissue culture medium (300ml) with a range of
doxorubicin concentrations (0–50 nM): samples ere extracted and
analysed as described above.

2.3. Biological basis of the mathematical model

Fig. 2 is a schematic of the transport of doxorubicin in and out
of MDR-type cells, based on the work of Eytan (2005) who
considered the case of a single cell contained within a pool of
drug. Our model develops from that to consider doxorubicin

transport through multicellular layers. Doxorubicin in the
extracellular medium is adsorbed (represented by the rate
constant k4) into the outer leaflet of the plasma membrane.
The reverse process is represented by k"4. Drug bound to the
membrane then undergoes a ‘‘flip–flop’’ process (k1) in which
it is transferred from the outer to the inner leaflet and
vice-versa. Doxorubicin in the inner leaflet is rapidly released
from (k5) and can rebind to (k"5) the cytoplasm. Once inside the
cell, drug can bind (k2) to molecular sinks in the nucleus, such as
DNA, and also be extruded directly out into the extracellular space
via Pgp (kp).

The rates of adsorption and desorption of the drug present in
the cell membrane are sufficiently fast that drug in the outer
membrane is in practical equilibrium with the drug pool in the
extracellular medium. Similarly, drug in the inner membrane is
in equilibrium with the pool in the cytoplasm. For this reason,
the mathematical model neglects these processes, assuming the
flip-flop (k1) to be the rate-limiting step.

The histology of the MCLs seen in Fig. 1B shows that the cell
lines considered in this work are tightly packed, so it is reasonable
to assume that all drug transport between top and bottom
chambers (in the presence of cells) is via the mechanism shown
above, i.e. there is no leakage.

2.4. Mathematical model

The mathematical model treats the transwell apparatus as a
series of compartments, shown in Fig. 3. The MCL is treated as a
series of cell layers, separated by small intercellular spaces.
The number of layers used in the model is determined by the
duration of incubation used to grow the MCL. Typically, layers
incubated for 1, 3 and 5 days are approximately 1, 2 and 3 cells
thick, respectively. The collagen-coated membrane is treated as a
compartment in its own right.

It is assumed that all cells contain a given concentration of
sites to which doxorubicin can bind. The model allows doxor-
ubicin within the cell layers to bind to these sites until no free
sites remain. Drug can also dissociate itself, becoming free
within the cell layer once again and also making its binding site
available. Since doxorubicin can also bind within the transwell
membrane, a similar process to represent this is included in the
model.

The Pgp pumping can be modelled by Michaelis–Menten type
kinetics (Eytan and Kuchel, 1999) and its pump activity in typical
Pgp overexpressing cells is estimated to be around 1–50 nmoles/
second/109 cells (Eytan, 2005). Transport rates associated with
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Fig. 2. Transport mechanisms of doxorubicin in MDR-type cells, adapted from Eytan.
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the binding of doxorubicin within the cell and membrane
layers are assumed to be proportional to the product of the
concentration of free drug and the concentration of free binding
sites. The transport rate between all other compartments is
assumed to be proportional to concentration in the originating
compartment.

Suppose n cell layers are present. We denote the concentration
of drug (mM) in compartment j by Cj, as shown in Fig. 3.

The parameters used in the model are shown in Table 1,
which also shows the values of those parameters which are
known or estimated at the outset. The values of r2, r!2, r3 and r!3

will largely depend on the rates of the reactions by which
doxorubicin binds to DNA or to sites in the collagen-coated
membrane. These rates have been assigned nominal values
on the assumption that they will be significantly larger than
the other transport rates (Eytan and Kuchel, 1999) and there-
fore their exact values will not greatly affect the overall rate of
drug penetration since the flip–flop process will always be
the rate-limiting step. Dissociation rates (r!2 and r!3) were
assumed to be a tenth of their respective binding rates,
following Eytan (2005). VL and VI were estimated by examin-
ing microscopic histology images such as those shown in
Fig. 1B.

The concentrations in each compartment over time are then
defined by the following system of ODEs, using the nomenclature
of Fig. 3.

For the top chamber compartment:

VT
dCT

dt
¼ !r1CT þ r1CL1 þ

rpCL1

2ðkm þ CL1Þ

The LHS of this equation is the rate of change of the amount
of doxorubicin in the top chamber. The first term on the RHS
corresponds to drug being lost (at a rate r1) from the top chamber
into the first cell layer, and the second term is the reverse process.
The third term is the Michaelis–Menten term associated with the
Pgp pump extruding doxorubicin from the first cell layer back into
the top chamber.

The next compartment holds the free drug in the first cell
layer:

VL
dCL1

dt
¼ r1CT þ r1CI1 ! 2r1CL1 !

rpCL1

ðkm þ CL1Þ
! r2CL1ðC0 ! Cb1Þ þ r!2Cb1

Here, the first three terms represent the passive transport of drug
between the first cell layer and its neighbouring compartments
(the top chamber and the first intercellular layer). The fourth term
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Fig. 3. Schematic of the compartmental setup and transport mechanisms for the mathematical model with two cell layers present. The nomenclature for doxorubicin
concentrations in each compartment is also shown.

Table 1
Model parameters and their meaning with known and estimated values where applicable.

Parameter Meaning Value Source

r0 Rate of transport to/from membrane n/a To be determined experimentally
r1 Rate of transport to/from cell layer n/a To be determined experimentally
r2 Rates of transport due to binding/dissociation within cell layer 100mlmM!1 s!1 Nominal value
r!2 10ml s!1 Nominal value
r3 Rates of transport due to binding/dissociation within membrane 100mlmM!1 s!1 Nominal value
r!3 10ml s!1 Nominal value
rp Maximum transport rate due to Pgp pumping 0.0035mmol s!1 Eytan (2005)
km Michaelis constant associated with Pgp pumping 2.0mM Eytan (2005)
VT Volume of top chamber 100ml Known
VL Volume of cell layers 0.8ml Estimated from histology
VI Volume of intermediate layers 0.05ml Estimated from histology
VM Volume of membrane 1.65ml Known
VB Volume of bottom chamber 600ml Known
C0 Initial concentration of free binding sites in cell layer n/a To be determined experimentally
M0 Initial concentration of free binding sites in membrane n/a To be determined experimentally
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is drug being lost from the compartment due to the Pgp pump.
Free drug in this layer can also be lost due to binding at a rate
proportional to the concentration of free drug multiplied by the
concentration of free binding sites. This process is modelled in the
fifth term, while the sixth term represents bound doxorubicin
being released back into the compartment.

The remainder of the equations are derived similarly and are
shown below:

VL
dCb1

dt
¼ r2CL1ðC0 # Cb1Þ # r#2Cb1

VI
dCI1

dt
¼ #2r1CI1 þ r1CL1 þ r1CL2 þ

rpCL1

2ðkm þ CL1Þ
þ

rpCL2

2ðkm þ CL2Þ

VL
dCLi

dt
¼ r1CIði#1Þ þ r1CIi # 2r1CLi

#
rpCLi

ðkm þ CLiÞ
# r2CLiðC0 # CbiÞ þ r#2Cbi

VL
dCbi

dt
¼ r2CLiðC0 # CbiÞ # r#2Cbi

VI
dCIi

dt
¼ #2r1CIi þ r1CLi þ r1CLðiþ1Þ

þ
rpCLi

2ðrm þ CLiÞ
þ

rpCLðiþ1Þ

2ðrm þ CLðiþ1ÞÞ

9
>>>>>>>>>>>>>>>>=

>>>>>>>>>>>>>>>>;

i ¼ 2; . . . ;n# 1

VL
dCLn

dt
¼ r1CIðn#1Þ þ r1CIn # 2r1CLn #

rpCLn

ðkm þ CLnÞ
# r2CLnðC0 # CbnÞ þ r#2Cbn

VL
dCbn

dt
¼ r2CLnðC0 # CbnÞ # r#2Cbn

VI
dCIn

dt
¼ #r1CIn # r0CIn þ r1CLn þ r0CM þ

rpCLn

2ðkm þ CLnÞ

VM
dCM

dt
¼ #2r0CM þ r0CIn þ r0CB # r3CMðM0 # CbMÞ þ r#3CbM

VM
dCbM

dt
¼ r3CMðM0 # CbMÞ # r#3CbM

VB
dCB

dt
¼ #r0CB þ r0CM

The ODEs are subject to the initial conditions:

CT ð0Þ ¼ T0

CLið0Þ ¼ Cbið0Þ ¼ CIið0Þ ¼ 0

CMð0Þ ¼ CbMð0Þ ¼ CBð0Þ ¼ 0
i ¼ 1; . . . ;n

This system has one realistic (non-negative) steady state given by:

CT ¼ CIi ¼ CM ¼ CB ¼ f i ¼ 1; . . . ;n

CLi ¼ j i ¼ 1; . . . ;n

Cbi ¼
r2C0

r#2 þ r2j
i ¼ 1; . . . ;n

CbM ¼
r3M0

r#3 þ r3f
i ¼ 1; . . . ;n

where f and j satisfy:

fVT þfVM þ CbMVM þ fVB þ nðVLjþ VLCbi þ VIjÞ ¼ T0VT

2r1j2 þ ð2r1km þ rp # 2r1fÞj# 2r1kmf ¼ 0

In the absence of the Pgp pump (rp ¼ 0), we have j ¼ f.
Note that if rp ¼ 0 and also r#35r3 and r#25r2 (in other

words the dissociation of doxorubicin is much slower then its
binding) the steady state solution can be written down concisely

and becomes

fðVT þ VM þ VB þ nVI þ nVLÞ þM0VM þ nC0VL & T0VT

f &
T0VT #M0VM # nC0VL

VT þ VM þ VB þ nVL þ nVI

which is intuitively reasonable.
We can non-dimensionalise the above system as follows,

switching to a long time scale.

t ¼ r1

VT
t

zT ¼
1
T0

CT ; zLi ¼
1
T0

CLi; zbi ¼
1
C0

Cbi; zIi ¼
1
T0

CIi i ¼ 1; . . . ;n

zM ¼
1
T0

CM ; zbM ¼
1

M0
CbM ; zB ¼

1
T0

CB

a0 ¼
r0

r1
; a2 ¼

r2C0

r1
; b2 ¼

r#2

r2T0
; a3 ¼

r3M0

r1
; b3 ¼

r#3

r3T0
,

ap ¼
rp

r1T0
; am ¼

km

T0

WL ¼
VT

VL
; WI ¼

VT

VI
; WM ¼

VT

VM
; WB ¼

VT

VB

The resulting system of equations is as follows:

dzT

dt ¼ #zT þ zL1 þ
apzL1

2ðam þ zL1Þ
1

WL

dzL1

dt ¼ zT þ zI1 # 2zL1 #
apzL1

ðam þ zL1Þ
# a2zL1ð1# zb1Þ þ a2b2zb1

1
WL

dzb1

dt ¼ a2zL1ð1# zb1Þ # a2b2zb1

1
WI

dzI1

dt ¼ #2zI1 þ zL1 þ zL2 þ
apzL1

2ðam þ zL1Þ
þ

apzL2

2ðzm þ zL2Þ

1
WL

dzLi

dt ¼ zIði#1Þ þ zIi # 2zLi

#
apzLi

ðam þ zLiÞ
# a2zLið1# zbiÞ þ a2b2zbi

1
WL

dzbi

dt ¼ a2zLið1# zbiÞ # a2b2zbi

1
WI

dzIi

dt ¼ #2zIi þ zLi þ zLðiþ1Þ

þ
apzLi

2ðam þ zLiÞ
þ

apzLðiþ1Þ

2ðam þ zLðiþ1ÞÞ

9
>>>>>>>>>>>>>>>>=

>>>>>>>>>>>>>>>>;

i ¼ 2; . . . ;n# 1

1
WL

dzLn

dt ¼ zIðn#1Þ þ zIn # 2zLn #
apzLn

ðam þ zLnÞ
# a2zLnð1# zbnÞ þ a2b2zbn

1
WL

dzbn

dt ¼ a2zLnð1# zbnÞ # a2b2zbn

1
WI

dzIn

dt ¼ #zIn # a0zIn þ zLn þ a0zM þ
apzLn

2ðam þ zLnÞ
1

WM

dzM

dt ¼ #2a0zM þ a0zIn þ a0zB # a3zMð1# zbMÞ þ a3b3zbM

1
WM

dzbM

dt ¼ a3zMð1# zbMÞ # a3b3zbM

1
WB

dzB

dt ¼ #a0zB þ a0zM

The approximate non-dimensional parameter values are given
below.

WL & 200; WI & 1000; WM & 60; WB & 0:2

a0 & 1:3; ap & 10#4; am & 50

T0 ¼ 100

a2;a3 & 105

b2;b3 & 10#3
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It can be seen from these values that, over this time scale, the
terms corresponding to the Pgp pump are small in comparison to
others since kp is small. Also, since 1/WL, 1/WI and 1/WC are all
small, the left hand sides of the ODEs involving these terms are
small.

2.5. Approximate solution

If we accept the approximations above (ap, 1/WL, 1/WI,
1/WCE0) thereby neglecting the Pgp pump, then we can reduce
the system to two differential equations and a system of linear
equations:

dzT

dt ¼ "zT þ zL1

0 ¼ zT þ zI1 " 2zL1

0 ¼ "2zI1 þ zL1 þ zL2

0 ¼ zIði"1Þ þ zIi " 2zLi

0 ¼ "2zIi þ zLi þ zLðiþ1Þ

)
i ¼ 2; . . . ;n" 1 ðnX3Þ

0 ¼ zIðn"1Þ þ zIn " 2zLn

0 ¼ "zIn " a0zIn þ zLn þ a0zM

0 ¼ "2a0zM þ a0zIn þ a0zB

1
WB

dzB

dt ¼ "a0zB þ a0zM

The set of 2n+1 linear equations can now be solved for zLi, zIi and zC

in terms of zT and zB. This solution is as follows:

zLj ¼
zT ð2na0 " 2ja0 þ 2þ a0Þ þ ð2ja0 " a0ÞzB

2ð1þ na0Þ

zIj ¼
zT ðna0 " ja0 þ 1Þ þ ja0zB

ð1þ na0Þ

zM ¼
zT þ ð1þ 2na0ÞzB

2ð1þ na0Þ

dzT

dt ¼
a0

2ð1þ na0Þ
ðzB " zT Þ ¼ "

1
WB

dzB

dt
which leads to the final solutions

zT ðtÞ ¼
1

1þWB
ðWB þ e"onð1þWBÞtÞ

zBðtÞ ¼
WB

1þWB
ð1" e"onð1þWBÞtÞ

on ¼
a0

2ð1þ na0Þ

In dimensional terms, this is

CT ðtÞ &
T0VB

VT þ VB

VT

VB
þ e"Ot

! "

CBðtÞ &
T0VT

VT þ VB
ð1" e"OtÞ

O ¼ r0r1ðVT þ VBÞ
2VT VBðr1 þ nr0Þ

If the quantity of drug bound in the cell and collagen layers is
significant, a better approximation to CB is given by:

CBðtÞ &
VT T0 " nVLC0 " VMM0

VT þ VB
ð1" e"OtÞ

Fig. 4 shows the full and approximate model solutions for one cell
layer with varying values of T0.

2.6. Pharmacokinetic drug input

Suppose that rather than having a top chamber that contains
an initial concentration of drug which then transfers through the

system, the concentration of drug at the input to the system is a
function of time, pk(t). This is closer to the situation in vivo in
which drug concentration in the vasculature follows a known
pharmacokinetic profile in time.

In this case, the ODE corresponding to the top chamber is
discarded and the equation for CL1 becomes:

VL
dCL1

dt
¼ r1pkðtÞ þ r1CI1 " 2r1CL1 "

rpCL1

ðkm þ CL1Þ
" r2CL1ðC0 " Cb1Þ þ r"2Cb1

If we suppose that pk(t) ¼ T0 p(t), with p(0) ¼ 1, then we can
non-dimensionalise as before. If the previous approximations
remain valid, the long time-scale approximate solution is:

zLj &
pðtÞð2na0 " 2ja0 þ 2þ a0Þ þ ð2ja0 " a0ÞzB

2ð1þ na0Þ

zIj &
pðtÞðna0 " ja0 þ 1Þ þ ja0zB

ð1þ na0Þ

zM &
pðtÞ þ ð1þ 2na0ÞzB

2ð1þ na0Þ

and

"
1

WB

dzB

dt ¼
a0

2ð1þ na0Þ
ðzB " pðtÞÞ

ApðtÞ ¼ dzB

dt þ AzB; A ¼
a0WB

2ð1þ na0Þ

The solution to this ODE is given by

zBðtÞ ¼ e"At constþ A
Z

eAtpðtÞdt
! "

If p(t) is a typical PK profile of the form pðtÞ ¼
Pm

i¼1!ie
"dit and

zB(0) ¼ 0, then

zBðtÞ & A
Xm

i¼1

!i

A" di
ðe"dit " e"AtÞ

 !

Note that _zBð0Þ40, and zBðtÞ ¼ 0 for some t40 only if di4A for
some i.

It follows from the expressions for the approximate cell
concentrations and from zB that the jth cell layer concentration

ARTICLE IN PRESS

Fig. 4. Comparison of full and approximate model solutions. One cell layer
present, with parameter values as given elsewhere for the DLD1 cell line.
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is of the form

zLjðtÞ ¼
Xm

i¼1

lije
$dit

 !

$ l0je
$At

for some constants l0j,y,lmj (see below)
The area under the concentration-time curve for the jth cell

layer is therefore given by

T0

Z 1

0
zLjðtÞdt ¼ T0

Xm

i¼1

lij

Z 1

0
e$dit dt

! "
$ l0

Z 1

0
e$At dt

 !

T0

Z 1

0
zLjðtÞdt ¼ T0

Xm

i¼1

lij

di
$
l0

A

 !

where the constants lij are given by

lij ¼ !i 1þ
ondið2j$ 1Þ
ðonWB $ diÞ

! "

l0j ¼ o2
nWBð2j$ 1Þ

Xm

i¼1

!i

onWB $ di

and

on ¼
a0

2ð1þ na0Þ

3. Results

Concentrations of doxorubicin over time were measured in the
bottom chamber of the transwell experiments in the absence of
cells following addition of 50 and 100mM doxorubicin (Fig. 5); for
each of the cell lines after addition of 50 (Fig. 6) and 100mM
doxorubicin (Fig. 7). The measured concentrations of doxorubicin
in the top and bottom chambers are shown in Fig. 8 after addition
of 50 and 100mM doxorubicin. Experiments were also performed
using 25mM doxorubicin (Fig. 8). In the presence of cells, however,
typical bottom chamber concentrations on day 5 were often
below 1–2 ng/ml (2mM) which is lower than the analytical limit of
quantitation. For this reason, these data were not considered in
the analysis below.

The 100mM control experiments (Fig. 5), along with weighted
least squares curve-fitting techniques, were used to determine the
value of the model parameters r0 as 0.13ml/s and M0 as 200mM.

Three cell lines were used, DLD1, MCF7 and the drug resistant
NCI/ADR-Res, in which substantially more active extrusion takes
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Fig. 5. Bottom chamber measurements. Control experiments (no cells present).
Each value represents the mean7standard deviation for three independent
experiments.

Fig. 6. Bottom chamber measurements of doxorubicin concentration for three cell lines with initial top chamber concentration of T0 ¼ 50mM.
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place. MCLs cultured for 1, 3 and 5 days were generated. The
approximate thicknesses of the resulting cell layers are shown in
Table 2.

The penetration curves for the MCF7 and NCI/ADR-Res cells
were very similar and generally within experimental error of each
other (Fig. 9). This is consistent with the prediction of the model
that realistic values of rp will mean that pump terms are small in
comparison with other transport mechanisms.

Values of r1 and C0 were determined for each cell line by fitting
model predictions to the 100mM measured data, since these data
were less subject to experimental error. The resulting values were
r1 ¼ 0.1ml/s for DLD1 and r1 ¼ 0.05ml/s for both MCF7 and NCI/
ADR-Res; C0 ¼ 200mM in all cases.

Using these parameter values, the model predictions of bottom
chamber doxorubicin concentrations, after addition of 100mM
doxorubicin to the top chamber, were determined for the differing
MCL thicknesses of MCF7 (Fig. 10) and DLD1 cells (Fig. 11). There
was a high level of concordance in all cases between the
concentrations measured in vitro and those calculated using the
model in silico. Note that the predictions shown in these graphs
are those of the full mathematical model, not the long time-scale
approximation (Figs. 12 and 13)

4. Discussion

Drawing on Eytan’s previous work (Eytan, 2005), we have
developed a novel model for the transport of doxorubicin through
MCLs performed initial validation using a transwell system
described above. This model has several important advantages
over existing models; first, it incorporates pharmacokinetic data
reflecting the changing concentration of drug in a blood vessel
supplying a tumour over time. Secondly, the model previously
developed by Eytan addressed doxorubicin transport into and out
of cells rather than across a MCL which is more representative of a
tumour. Finally, Hicks et al. (1997) have described a model for
extravascular transport of drugs through MCLs; this process is
diffusion-limited which is not the case for some drugs including
doxorubicin (see below).

The current model treats the system as a group of compart-
ments, including a series of cell layers, which are assumed to be
well mixed on the time scales at which drug moves between
them. The processes of drug transport through cell layers in
our model are based on the biological mechanisms associated
with movement of doxorubicin in drug-resistant cells as pre-
viously described. Pgp substrates such as doxorubicin cross cell
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Fig. 7. Bottom chamber measurements of doxorubicin concentration for three cell lines with initial top chamber concentration of T0 ¼ 100mM.

Fig. 8. Bottom chamber measurements of doxorubicin concentration in DLD1 cells
with initial top chamber concentration of T0 ¼ 25mM.

Table 2
Approximate thicknesses of multicellular layers for each cell line. Measurements
are in mM.

Day MCF7 NCI/ADR-Res DLD1

1 24.676.4 21.474.4 18.477.4
3 37.478.1 35.677.8 29.6710.1
5 46.274.3 45.179.2 37.475.6
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membranes by distinct flip–flop events rather than by diffusion
(Tunggal et al, 2000). Doxorubicin dwells in the outer membrane
leaflet for on average 0.7 minutes (Regev et al., 2005) and this is
likely to be a limiting factor where cells are tightly packed.
Because doxorubicin inhibits DNA and RNA synthesis by inter-
calating between base pairs, for the purpose of examining drug
distribution it effectively binds inside cell nuclei. The model
incorporates all of these characteristics.

The model parameters r0, r1, M0 and C0 were used to fit model
predictions to the experimental data, and it was possible to
achieve generally good agreement between the two, although the
measurements were subject to significant experimental uncer-
tainty. The effect of ATP dependent drug transporters, such as the

Pgp pump on drug penetration, has been debated and potentially
competing processes have been identified. Interestingly, in this
study we found no significant difference in the bottom chamber
concentrations of doxorubicin between the transwell experiments
with MCF7 and NCI/ADR-Res MCLs. Eytan makes a quantitative
estimate of the pumping activity of drug-resistant cells that
suggests the quantity of drug transported in this way would be
small by comparison with the other processes taking place. It is
possible, however, that with smaller quantities of drug in the
system, the pump may play a more significant role.

When the amount of drug in the system is large compared
to the quantity of binding sites, it is possible to solve the
mathematical system analytically to achieve an approximate
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Fig. 9. Comparison of bottom chamber measurements of doxorubicin concentration between MCF7 (solid lines) and NCI/ADR-Res (dotted lines), for initial top chamber
concentrations of 50 and 100mM.

Fig. 10. Comparison of modelled (dotted lines) and measured (solid lines) bottom
chamber doxorubicin concentrations. MCF7 cell line with initial top chamber
concentration of T0 ¼ 100mM.

Fig. 11. Comparison of modelled (dotted lines) and measured (solid lines) bottom
chamber doxorubicin concentrations. DLD1 cell line with initial top chamber
concentration of T0 ¼ 100mM.
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solution for the concentration in all compartments over a
prolonged time scale. In this situation, the concentration of drug
in a given compartment over time depends linearly on T0 and all
available binding sites will be occupied in a short period of time.
However, the more interesting and clinically relevant situation is
one in which the number of binding sites is comparable to the
amount of drug in the system. In this case, the approximate
solution is not valid, and the proportion of binding sites occupied
in a given layer over the course of a PK drug input depends

nonlinearly on T0 and the number of cell layers present. Given that
the anthracyclines and many other cytotoxics must intercalate
DNA or RNA to be effective, this information is potentially of great
clinical relevance to optimising chemotherapeutic regimes in
cases where penetration of drug into the tumour is an important
factor in cellular resistance.

The model has several potential uses. In early pre-clinical
development, it could be incorporated in the process of lead
optimisation so that tissue penetration becomes one of the
criteria for selecting which one out of a series of potential
therapeutics is taken into detailed in vivo evaluation. Potentially
more important, however, is the ability of such a model to predict
the extent of drug penetration clinically under conditions that
cannot be achieved in the transwell. For example, it is possible to
simulate in silico MCLs more than 3–4 cells thick, which are
difficult to achieve in vitro. Likewise, our in vitro experiments used
initial doxorubicin concentrations of 50 and 100mM to allow
easier detection of drug in the bottom chamber. Such concentra-
tions are not physiologically achievable, but the mathematical
model allows estimation of penetration at more clinically relevant
concentrations. In mice and humans, peak plasma concentrations
of doxorubicin following IV injection can be as high as 30mg/ml
though typical values are between 1 and 10mg/ml (Loadman et al.,
1999). These translate to peak values of around 60mM and typical
values of 2–20mM. As described in the results, experiments
performed with 25mM doxorubicin result in typical bottom
chamber concentrations of 1–2 ng/ml (2 nM) which, given a
sample of 10ml, are lower than the analytical limit of quantitation.
While the model has therefore not been verified at these lower
concentrations, it is assumed that it can be used to extrapolate to
these situations.

Finally, whereas the in vitro model has a fixed concentration of
drug initially in the top chamber, the in silico model can predict
doxorubicin distribution across MCLs over a period of time as the
pharmacokinetic profile of the drug under evaluation changes.
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A Hybrid Cellular Automaton Model of Solid
Tumor Growth and Bioreductive Drug Transport

Nabila Kazmi, M.A. Hossain, and Roger M. Phillips

Abstract—Bioreductive drugs are a class of hypoxia selective drugs that are designed to eradicate the hypoxic fraction of solid tumors.

Their activity depends upon a number of biological and pharmacological factors and we used a mathematical modeling approach to

explore the dynamics of tumor growth, infusion, and penetration of the bioreductive drug Tirapazamine (TPZ). An in-silico model is
implemented to calculate the tumor mass considering oxygen and glucose as key microenvironmental parameters. The next stage of

the model integrated extra cellular matrix (ECM), cell-cell adhesion, and cell movement parameters as growth constraints. The tumor
microenvironments strongly influenced tumor morphology and growth rates. Once the growth model was established, a hybrid model

was developed to study drug dynamics inside the hypoxic regions of tumors. The model used 10, 50 and 100 !M as TPZ initial
concentrations and determined TPZ pharmacokinetic (PK) (transport) and pharmacodynamics (cytotoxicity) properties inside hypoxic

regions of solid tumor. The model results showed that diminished drug transport is a reason for TPZ failure and recommend the
optimization of the drug transport properties in the emerging TPZ generations. The modeling approach used in this study is novel and

can be a step to explore the behavioral dynamics of TPZ.

Index Terms—Extra cellular matrix, Hypoxia, mathematical modeling, microenvironment and Tirapazamine

Ç

1 INTRODUCTION

CANCER is a common disease that is “poised to overtake
heart disease as the major cause of premature death in

the Western World” [1]. One of the hallmarks of cancer is
angiogenesis [2], but the vessels that develop within solid
tumors are poorly organized, structurally inadequate and
inefficient [3]. This abnormal vascular supply to solid
tumors contributes toward the development of a physio-
logical microenvironment within solid tumors. This is
characterized by gradients of oxygen tension, nutrient,
catabolites, and cell proliferation rates, all of which vary as
a function of distance from a supporting blood vessel [4].
However, hypoxia is defined as inadequate oxygen supply
to the cells and tissues of the body. In low-oxygen
environment, cancer cells send out growth signals that
result in increased angiogenesis. Hypoxia has been
extensively studied and is known to cause resistance to
both chemotherapy and radiotherapy but paradoxically, it
is regarded as a potential target for drug development.
Numerous approaches have been developed to eradicate
this resistant subpopulation of cells. Among these,
bioreductive prodrugs that are designed to be enzymati-
cally reduced to potent cell toxins under hypoxic condi-
tions and several classes of bioreductive drugs have been
developed [5]. Among the most widely studied of these is

tirapazamine (TPZ), a benzo-triazine-di-N-oxide that is
reduced by cellular reductase to DNA damaging species
under hypoxic conditions [6], [7]. It has undergone clinical
evaluation but despite evidence of anticancer activity, its
efficacy is restricted by dose limiting toxicity to tissues [3].
Second generation analogues of TPZ are currently under-
going preclinical evaluation.

The development of new anticancer drugs requires the
use of preclinical models to select novel compounds that
have desirable properties. This process involves rigorous
testing in a variety of experimental models that range
complexity from cell free assays to in vivo assays involving
human tumor xenografts. On the other hand, mathematical
modeling of tumor biology and cellular response to antic-
ancer drugs has the potential to enhance drug development
by facilitating the design of experiments in-silico platform
prior to actual testing. This would streamline drug
development programs reducing time and cost associated
with the more traditional empirical experimental ap-
proaches. As second generation analogues of TPZ are being
evaluated, TPZ is used as a model compound for develop-
ing the cancer in-silico model. The model is composed of
two main components; first relates to TPZ specific para-
meters such as its ability to penetrate through multicell
layers and its cell killing activity under different oxygen
tensions and second, to integrate these parameters with
more general aspects of modeling tumor growth. This
includes several key features of the tumor microenviron-
ment and biology such as tumor cell growth rates, the
interaction of cells with the extracellular matrix (ECM) and
components of the invasion and metastatic process. The
model is designed to capture the dynamics of a hetero-
geneous tumor mass during its growth process, transporta-
tion of bioreductive drug TPZ, and its interaction with the
complex tumor microenvironment. Several attempts have
been made to model the tumor growth process but most
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have considered all cancer cells having the same properties
and were unable to explore the evolutionary aspects of the
tumor [8], [9]. Our computerized model investigates the
early tumor growth where each cell is taken as an
individual and independent entity. The model determines
how different subclones behave in a heterogeneous micro-
environment. It simulates the TPZ infusion, drug penetra-
tion, and preferential cytotoxicity by calculating the partial
pressure of oxygen (pO2) and measuring the available drug
concentration inside solid tumor at cellular level. The
ultimate objective is to develop an in-silico model that can
facilitate the drug discovery process by streamlining
preclinical drug development.

This paper is sectionalized as follows: Section 2 defines
previous work related to our current study. Section 3
defines the proposed model for solid tumor growth and
bioreductive drug TPZ transport. A brief analysis of the
parameters of the model is presented in Section 4. Section 5
discusses the results of the proposed in-silico hybrid model.
The conclusion and future work is presented in Section 6.

2 RELATED WORK

Mathematical modeling of solid tumor growth provides an
opportunity for mathematicians, cancer specialists, and
biologists to interact and explore key features of tumor
biology and response to therapy [10]. The growth, invasion,
and metastasis of tumors have been extensively modeled by
numerous groups [11]. This study incorporates key features
of these models, particularly modeling avascular tumor
growth [12], the supply of nutrients, and other growth
factors via angiogenesis [13], the dynamics of vascular
tumor growth [14], malignant cell invasion [15], and the
impact of the ECM and its remodeling on tumor growth
and invasion [12], [16]. Enderling et al. measured the tumor
growth using ordinary differential equations [17] and a
study used partial differential equations (PDEs) to observe
the tumor development [18].

A cellular automaton (CA) is a decentralized computing
model providing a dynamic platform for performing
complex computation in different modalities. The reason
behind the popularity of cellular automata can be traced to
their simplicity, and to the enormous potential they hold
in modeling complex systems, in spite of their simplicity.
CA can be viewed as a simple model of a spatially
extended decentralized system made up of a number of
individual components (cells). CA models have been used
immensely in mathematical modeling of biological systems
[48]. The first work using cellular automata in cancer
modeling was done by Düchting and Vogelsaenger [49],
who used it to investigate the effects of radiotherapy.
Some attempts have been made to model the impact of
tumor microenvironment on tumor growth via CA
modeling approach. One significant piece of work in this
direction was presented in [19]. A hybrid CA model was
presented to mimic avascular tumor growth process. The
model considered the evolutionary aspects of glycolytice
phenotype and also discussed the development of invasive
glycolytic phenotype [20].

A mathematical model indicated that the extravascular
penetration of TPZ to cells having low oxygen tension may

be limited. This restriction was due to TPZ metabolism by
more proximal cells having moderate oxygen tension [21].
An innovative mathematical model to measure the phar-
macokinetic and pharmacodynamics properties of TPZ was
developed [22]. The authors tried to identify the improved
analogs of TPZ for enhanced tissue penetration and hypoxic
cells killing.

Artificial Neural network (ANN) is a type of artificial
intelligence equivalent to the biological neurons. It is also
called as a circuit of biological neurons. These neurons are
connected to each other through synapses (in biological
term) or weights. It is an adaptive system, which changes its
behavior depending upon its internal or external informa-
tion flow during its crucial phase: the learning phase [23]. A
review about neural network applications in medicine field
was conducted [24]. Neural networks are supporting four
basic medical fields, which are: modeling, bio electrical
signal processing, diagnostics, and prognosis.

Many attempts have been made to model different
dynamics of the tumor growth and its invasion but only a
few attempts have been made to model the bioreductive
drug dynamics in-vitro [25], [26] and [27]. Most models for
tumor dynamics are either uncomplicated empirical math-
ematical expressions [28], [29] or CA models of cells each
occupying a single grid element [30]. Majority of modeling
approaches have considered all cancer cells to share the
same properties. We presented a tumor growth model that
shows the evolution of tumor subclones due to the
heterogeneous tumor microenvironment. The model con-
sidered each cell an individual entity that evolves its own
independent decision mechanism based on complex and
heterogeneous tumor microenvironments. The model is an
extension of Gerlee and Anderson work [31]. Literature
shows that cell- cell adhesion and cell movement due to
cell’s attraction is an important factor during tumor growth
process. Gerlee and Anderson did not consider this factor at
all in their model. Our model included cell-cell adhesion
and cell movement due to the adhesion and the role of ECM
on tumor growth activity. The model also observes TPZ
transport characteristics inside the tumor tissue at cellular
level. To our best knowledge, we have not seen any
computerized model that discusses the behavior of bior-
eductive drug inside solid tumor.

3 THE PROPOSED IN-SILICO HYBRID MODEL

The proposed hybrid model consists of two levels. In the
first level, it captures the growth activity of a solid tumor
tissue and the second level measures the bioreductive drug
TPZ cytotoxicity inside the developed tumor model with a
drug transport model. The growth model consists of cell
proliferation, quiescence, death, cell-cell adhesion, cell
movement, and ECM degradation. The drug infusion part
calculates the available drug concentration, metabolism,
and drug cytotoxicity at cellular level. The model is
developed using a 2D plot and each plot element shows
the availability or absence of a tumor cell. Each grid point is
independent from the others and has local amount of
chemicals and independent behavioral characteristics. The
cell is individually differentiated by the position matrix
coordinates xðxx; yyÞ in a 2D plot. The model initializes the
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tumor growth process from few cells at the centre of the
grid. The blood vessel surrounds the tumor mass as a
source of nutrients and bioreductive drug supply and
hydrogen ions removal.

The developed model explores the behavior of every
single tumor cell by considering its interactions with its
neighbors (discrete units and represent von Neumann
neighborhood) and the underlying partial differential equa-
tion system. The PDE system defines the nutrients consump-
tion, hydrogen ions production, and the drug circulation.
Each cell experiences nutrient consumption or production,
the ECM thickness and degradation, the potential measures
of cell adhesion, bioreductive drug concentration, and
metabolism function at every new time instance.

3.1 The Tumor Mass Generation

In the first stage of modeling, the tumor tissue is grown on a
2D lattice considering each cell an individual entity. The
growth pattern of the tumor mass is strongly influenced by
the extracellular tumor microenvironment. These micro-
environmental factors include oxygen, glucose, and pro-
duction of hydrogen ions, ECM, cell-cell adhesion, and cell
movement. The surrounding blood vessels are responsible
for nutrients supply and removal of waste materials and it
is incorporated in the model by implementing fixed
boundary conditions. The varying distances of the cells
from the blood vessel cause heterogeneity in the tumor
microenvironment and the tumor mass. The progression of
oxygen, glucose, and hydrogen ions with respect to time is
maintained by the following equation [31]:

@O2ðx; tÞ=@t ¼ DO2 !O2ðx; tÞ $ fO2ðx; tÞ
@Gðx; tÞ=@t ¼ DG!Gðx; tÞ $ fGðx; tÞ
@Hðx; tÞ=@t ¼ DH!Hðx; tÞ þ fHðx; tÞ;

ð1Þ

where Do2, DG, and DH are the diffusion constants for
oxygen, glucose, and hydrogen ions, respectively. The term
fiðx; tÞ is the utilization or production function of oxygen,
glucose, and hydrogen ions ði ¼ O2; G;HÞ for each cell at a
specific position x and at time t and is described in

fiðx; tÞ ¼
0 no tumor cell is at that grid point
criF ðxÞ grid point is located by the tumor cell;

!

ð2Þ

where cri is the base consumption/production rates. F ðxÞ is
the modulated energy (3) consumed by the cell located at the
grid element x. It is used to report the differences for the
energy consumptions among different subclones

F ¼ maxðkðR$ TrÞ þ 1; 0:25Þ; ð3Þ

where k is the strength of modulation, R is the response of
the neural network, and Tr is the target response. The term
max (, 0.2) shows that the cell’s metabolism is at least a
quarter of the base line consumption rate [16]. This function
ensures that the cell with greatest network response will
consume more nutrients.

It is worth mentioning that the cell proliferation process
depends on some constraints. The model first checks the
behavior of the cell by evaluating the response of the
network. If the proliferation node has got the highest

response, the cell status is marked as a proliferating cell.
The proliferating cell proliferates and places the daughter
cell in one of its adjacent neighboring points after meeting
the required proliferation age/cell cycle time. The cell
cycle time has been experimentally measured and lies
between 8 and 24 hours [32]. The model considers 18 hours
as the required cell cycle time. The proliferating cell is
marked as a quiescent cell if no space is available in its
adjacent neighboring grid points or the cell cycle time
is less than the required time. The model marks the cell’s
status as quiescence if the quiescence output node gets the
highest response.

The model assumes that if the oxygen concentration goes
below 0.02 mM and glucose concentration goes below
0.06 mM the cell goes to apoptosis phase. These thresholds
are selected after fractioning the lowest oxygen and glucose
concentrations used in experiments [33] that showed
satisfactory tumor growth. The cell also undergoes apopto-
sis if its acidity level is equal to or lower than pH ¼ 7:1 [34].
The model will be valid for the domain where, it never
initiates a situation when the oxygen and glucose concen-
tration become zero (1). Because this arises a situation,
where the right hand side of the PDEs (1) become negative
that is not desirable.

The chemical intensity is rescaled using background
concentration Ho ¼ 1:0& 1013 mol cm$2 [9]. This rescaling
is performed to make the simulations easier. The tumor
cell density no ¼ 0:0025$2 ¼ 1:6& 105 cells cm$2 (because
the cell resides on a 2D grid). The parameter values
incorporated during the tumor development process are
given in Table 1.

3.1.1 The Neural Network

Artificial neural networks are commonly used for classifica-
tion, prediction, recognition, in modeling cell signaling
pathways and rule extraction [35], [36] and [37]. The neural
network is implemented in the model to explore the
response and behavior of each cell independently of others.
It enhances the impact of the tumor microenvironment on
the cell’s behavior. It presents the interaction between the
tumor microenvironment and the clonal development. The
introduction of the neural network brought evolutionary
aspects for each cell and made this model more versatile.
The structure of the neural network is almost same as
developed my Gerlee and Anderson [31] but we modified
the movement node of the network. In the modified
network the cell movement does not depend only on the
number of adjacent neighbors as was observed in Gerlee
and Anderson’s paper. The model introduces the impact of
oxygen on tumor cells’ movement. The cell tries to move to
one of its adjacent places when its oxygen supply decreases
and the response strength increases at the movement node.
The direction of cell’s migration is calculated by the cell’s
potential function.

The neural network’s structure is divided into three
layers: an input layer I, a hidden layer H, and an output
layer O. The number of specific cell’s neighbors nðx; tÞ, it’s
local chemical concentrations: oxygen O2ðx; tÞ, glucose
Gðx; tÞ, and hydrogen ions produced by the cell Hðx; tÞ
are fed as input to the network. The connections between
the input and the hidden layer w and then the hidden and
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the output layer W are established using some weight
matrices. The connection wij defines the link between node
j of the input layer and node i of the hidden layer and Wij is
a connection between node j of the hidden and node i of the
output layer while !i and !j are the thresholds for node I in
the hidden layer and node j in the output layer, respec-
tively. The input parameters are transferred to the hidden
layer and this layer does its processing using standard
transfer function T ðxÞ (4) (defined below), weight matrix w,
and threshold vector !. The hidden layer then passes the
calculated values to the output layer that performs its
calculation using T ðxÞ as a transfer function, W matrix, and
threshold !

T ðxÞ ¼ 1

1þ e%2x
ð4Þ

Hj ¼ T
X

k

wjkIk % !j

 !

ð5Þ

Oi ¼ T
X

j

WijHj % "i

 !

ð6Þ

w ¼

%2 0 0 0
0 %2 0 0
1 0 0 0

0:5 0 0 0
0 %2 0 0
0 0 %2 0:5

8
>>>>>><

>>>>>>:

9
>>>>>>=

>>>>>>;

w ¼

1 %0:5 0:5 1 %0:5 0
0 0 1 1 0 0
0 0 0:55 0 %0:5 0:2
%1 0:5 0 0 2 2

8
>><

>>:

9
>>=

>>;

! ¼ 0:5 %0:5 0:55 0 0:7 %0:25ð Þ

" ¼ 0 0:2 0 0 0ð Þ:

The network produces the phenotype of the cell at the
output layer. The nodes at the output layer are divided
into proliferation, quiescent, apoptosis, and movement

phenotypes. The model checks the values at first three
output nodes and selects the greatest one as the life cycle
phenotype for the cell. The cell activates its movement
when movement node gets value greater than 0.5. The
basic structure of the neural network is shown in Fig. 1.

3.1.2 ECM as a Growth Constraint

ECM plays an integral part in tumor growth and tumor
invasion to other normal tissues and organs. The abnormal
cells that have established a contact with the ECM proteins
release matrix metalloproteinases (MMPs) which degrade
the ECM. The exact composition of tumor ECM and its
interaction with cancer cells to promote the aggressive
phenotype of cancers is not fully known. So this model
established the ECM as a growth constraint surrounding
each cell individually. Before the introduction of ECM as a
growth constraint, duplication of the parent cell was
dependent upon available space, sufficient amount of
nutrients, proliferation age, and the neural network’s
response. But with the ECM involvement, the cell has to
degrade sufficient ECM before its duplication.
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Fig. 1. The basic structure of the neural network that models the response
of each tumor cells due to the impact of tumor microenvironment.

TABLE 1
Parameters Used during Tumor Growth



The equations that administer the ECM degradation are

@Mðx; tÞ=@t ¼ $!Mðx; tÞNðx; tÞ ð7Þ

@Aðx; tÞ=@t ¼ "Mðx; tÞNðx; tÞ þ #a!Aðx; tÞ $ $aAðx; tÞ ð8Þ

Nðx; tÞ ¼
Xi¼N

i¼1

IB"ðxÞðxiÞ;

where Mðx; tÞ represents the ECM density and Aðx; tÞ is the
density of degraded ECM [38]. ECM digestion rate ! has got
constant value equals to 1. Nðx; tÞ represents the number of
neighbors around the cell x at specific time t. B"ðxÞ is a ball of
radius " (approximately equals to the radius of a cancer cell)
that is centered at x. N is the total number of tumor cells in
the tumor tissue and xi is the position of the ith cell. A
constant " is introduced which is the production rate of
attractants, #a is the diffusion coefficient of the digested
ECM, and $a is the decay rate of the digested ECM. The
values of the parameters used in (7) and (8) are shown in
Table 2.

3.1.3 Cell-Cell Adhesion and Their Movement

One common feature of cell adhesion is the molecular
bridge between an external ligand and the cytoskeleton
within the cell. Cell-cell adhesive forces lead to the cell
movement called cadherin-induced motion. During the
growth of solid tumor, cells attract each other and this is
modeled as a pulling force or the Potential Function, P ðx; tÞ.
Cells use this force to attract nearby cells and initiate the
cell movement.

The model calculates the cell-cell adhesion and named it
the potential function of a cell for the others by (9) and
defines the cell movement direction by (10) [38]

P ðxi; tÞ ¼
1

dðxi; xjÞ þ e1
$ he$ðdðxi;xjÞ$"=2Þ2

! "
ð9Þ

D ¼ $rP ðxi; tÞ ð10Þ

where; IB"ðxÞ ¼
1; if xi 2 B"ðxÞ
0; Otherwise;

#

where dðxi; xjÞ is the distance between two cells, e1 is the
maximum energy, and h is the cells’ capacity to bond. The
cell’s migration is modeled as the cell’s response to
heterogeneous environmental factors. The initial neural
network response at the movement node for the initial four
cells was 0.2. The response increases with the decreasing
amount of oxygen. The model first analyzes the neural

network’s output at the movement node. If the value is
greater than 0.5 the cell is allowed to move. After acquiring
the required network response, the model calculates the
attraction forces of the other cells for the selected cell (9).
The potential function defines the cell movement direction
and the cell moves only in the direction that minimizes the
potential function between the cells. During the movement,
the cell is also allowed to proliferate only if it meets the
proliferation criteria. For the basic understanding of tumor
growth activity, a flow chart is presented in Fig. 2.

3.2 The Drug Transport Model

The main purpose to develop this model is to incorporate
TPZ pharmacokinetic and pharmacodynamic properties
that relate to its transport through multicellular layers of
tumor cells and its consumption and metabolism inside
each tumor cell. The cytotoxicity of the bioreductive drugs
depends upon the concentration of drug delivered to the
tumor and its bioreductive activation to a cytotoxic agent.
This process is dependent upon the expression of reductase
enzymes and oxygen tension. It is therefore important to
define the oxygen tension=pO2 levels as this determines the
concentration of active drug metabolites within the tumor.

Based upon published data in the literature, the follow-
ing values of the drug concentrations are required to kill the
cells at various oxygen tensions: above 500 $M TPZ killed
cells with oxygen tensions of 157 mmHg (20.9 percent O2)
and 76 mmHg (10 percent O2), 50 $M showed good
cytotoxicity toward the cells with 15 mmHg (2 percent O2)
while 10 $M was enough to kill the cells with 1.5 mmHg
(0.2 percent O2) and <0:15 mmHg (0.02 percent O2) [39].

The drug is delivered to the tumor through a blood
vessel which penetrates through a multicell mass. As the
drug moves through cells, it is sequestered and/or
metabolized such that the amount of drug available to
penetrate further into the tissue decreases with increasing
distance from the supporting blood vessel. Anti cancer
drugs have limited ability to reach tumor cells that are
distant from blood vessel [40].

The drug transport model infuses the bioreductive drug
TPZ to the developed tumor tissue. The model defines TPZ
action by the amount of available drug and its cytotoxicity
under different oxygen tensions. The model calculates the
drug concentration, metabolism, and toxicity at varying pO2

levels and observes the response of each tumor cell to TPZ.

3.2.1 Drug Infusion
Drugs are typically administered to body intravenously and
the drug has to then extravasate from blood vessel to
supply the drug into the tumor mass. With increasing

KAZMI ET AL.: A HYBRID CELLULAR AUTOMATON MODEL OF SOLID TUMOR GROWTH AND BIOREDUCTIVE DRUG TRANSPORT 1599

TABLE 2
A Summary of Parameters Used to Introduce the ECM in the Growth Model



distance from the blood vessel, the concentration of drug
that has penetrated decreases and consequently it becomes
less effective against cells that reside some distance away
from a supporting blood vessel. In this model, the drug is
supplied via a blood vessel that surrounds the tumor mass.
The infused drug penetrates downward passing through
multiple cellular layers of the tumor and reaches to the
inner most area, i.e., the most severe hypoxic region.

3.2.2 TPZ Concentration and Metabolism
During the TPZ transport through multicellular layers, it
is typically metabolized only inside the hypoxic cells [27].
During drug diffusion each cell gets a local value for the
drug concentration. The time evolution for TPZ concen-
tration is calculated by (11) and (12) [27]

@TPZðx; tÞ
@t

¼ DMCLr2TPZðx; tÞ $ ; @Metðx; tÞ
@t

ð11Þ

@Metðx; tÞ
@t

¼ kmetTPZ x; tð Þ þ VmaxTPZðx; tÞ
Km þ TPZðx; tÞ

; ð12Þ

where TPZðx; tÞ is tirapazamine concentration for the cell
located at position x and at time instance t. A metabolism

function Metðx; tÞ is incorporated in (11) to measure the
kinetics of drug loss due to the drug metabolism inside
every cell. TPZ and Met are presented as functions of time
t as well as distance x. DMCL is the diffusion coefficient of
TPZ and its value has been measured from in vitro
experiments against multicellular layer of HT29 cancer cell
line [27]. Here, ! is the experimentally measured
intracellular volume fraction determined by the cell
density (Coulter count) and the cell volume. kmet is the
first order metabolic rate constant, Vmax is the maximal
rate of Michaelis-Menten metabolism, and Km is the
Michaelis constant.

3.2.3 Differential TPZ Behavior

Bioreductive drugs like TPZ are developed to work against
hypoxic cells that are resistant to conventional cancer
treatment modalities. The model is based on TPZ differ-
ential behavior, i.e., different drug concentrations are
required for different oxygen tensions. The model uses
Henry’s law and calculates pO2 for each cell by first
computing the available amount of O2 (13) [41]. The model
differentiates the whole tumor mass into five hypoxic
regions based on the calculated pO2 values. These hypoxic
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Fig. 2. Flow chart to demonstrate the complete tumor growth activity including proliferation, quiescence, apoptosis, ECM degradation, cell-cell
adhesion, and cell movement.



regions are hypoxia I, II, III, IV, and V with oxygen tensions
of 157, 76, 15, 1.5, and 0.15 mmHg [39]

Po2ðx; tÞ ¼
O2ðx; tÞ
/

; ð13Þ

where O2ðx; tÞ is the oxygen concentration for the cell at
position x and at time t. a ¼ 1:39$ 10%3 is the solubility
coefficient of oxygen in plasma [41]. It is known that plasma is
almost water and tissues are also largely composed of water.
So, we considered the same value of solubility coefficient to
calculate pO2 in tissue. Following administration of the drug,
the infused drug first reaches to the cells residing at the
boundary of the tumor (the well-oxygenated cells).

The model first checks the amount of available drug
concentration and identifies the cell’s oxygenation state
before assessing drug cytotoxicity. The cells at the perimeter
are well oxygenated and their oxygen tension does not
activate tirapazamine to a cytotoxic agent. When the drug
diffuses to the hypoxic regions, low oxygen tension starts
converting it into toxic metabolites. If the cell falls in
hypoxia I and the drug concentration that has penetrated to
these cells is greater than 500 !M, then this amount kills the
cell. If the drug concentration is less than the required
amount, it still damages the cell’s DNA but this damage is
not enough to kill the cell. At each new time instance, the
new diffused amount of the drug concentration is measured
and damage to the cell is based upon this value. The model
assumes no toxicity for the cells having adequate amount of
oxygen concentration.

There are some potential barriers against effective drug
penetration like drug binding with surrounding proteins
and extracellular pH. At this stage, we are not considering
these constraints to avoid model complexity. The para-
meters of TPZ transport model are given values in Table 3.

4 SIMULATIONS

The in-silico experiment was first performed to examine
the effects of the tumor microenvironment on solid tumor
growth. The initial simulation started from four cells at the
centre of the grid having same network response. We
analyzed the impact of oxygen, glucose, production of
hydrogen ions, local ECM density, cell-cell adhesion and
cell movement on tumor growth dynamics. The model
was initially executed relying only on nutrient concentra-
tion and hydrogen ions production and then it was
modified to include the ECM, cell-cell adhesion, and the
cell movement constraints.

During the experiments on multicellular spheroids,
external concentrations of oxygen and glucose were sus-
tained over a range of 0.08 to 0.28 mM for oxygen and 1.6 to
16.5 mM for glucose [42]. The model is simulated using
ðO2ðx; 0Þ ¼ 0:8 mM, Gðx; 0Þ ¼ 5:5 mM, and Hðx; 0Þ ¼ 0Þ as
initial conditions and ðO2ðx; tÞ ¼ 0:8 mM, Gðx; tÞ ¼ 5:5 mM,
and Hðx; 0Þ ¼ 0ÞÞ as boundary conditions.

The model used the base oxygen consumption rate
crO2 ¼ 2:3$ 10%16mol cells%1s%1 because cancer cells in
multicell spheroids consume oxygen at the mentioned rate
[43]. We estimated glucose consumption rate crG ¼ 3:8$
10%17mol cells%1s%1 using a simplified reaction formula, i.e.,
crG ¼ crO2=6 ¼ 3:8$ 10%17mol cells%1s%1 for aerobic path-
way and assumed that amount of energy is independent
of the metabolic pathway.

The ECM densities and degradation rates have not been
measured experimentally. Initially the ECM density is
assumed to be 1 with no degraded ECM Aðx; 0Þ ¼ 0. Every
proliferating cell has to degrade 7-10 percent of the ECM
before the placement of daughter cell in the available
neighboring points. With the ECM involvement the cell
takes longer time to divide because it can place its daughter
cell in the available neighboring grid point only if the
surrounding ECM has been degraded sufficiently.

The growth model captures the impact of heterogeneous
microenvironment on tumor morphology. The tumor
morphology is composed of three evolutionary regions
proliferating, quiescent, and dead cells. The total number of
abnormal cells including the stationary and dead cells is
calculated and showed in a growth curve.

The initial conditions for TPZ concentration are set to
TPZðx; 0Þ ¼ TPZðx; tÞ ¼ 10; 50, and 100 !M in separate
simulations. The model discretized partial differential
equations using standard five-point finite central difference
formulas and used length scale !d ¼ 0:0025 (because the
size of a real cancer cell is approximately equal to 25 !M
[34]) and time scale !t ¼ 5$ 10%4. The effect of drug
cytotoxicity on tumor morphology and hypoxic cells
survival rates at different drug concentrations are also
calculated. Some results from tumor growth process are
already published in IEEE conference paper [44].

5 RESULTS AND DISCUSSION

5.1 Tumor Growth with Constraints

The tumor starts growing from few cells with the same
initial network response. At every new time step each cell
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performs one of its life cycle actions; proliferation,
quiescence or apoptosis by selecting the highest neural
network response and involves the production/consump-
tion of chemicals (oxygen, glucose, and hydrogen ions). The
cell consumes nutrients according to the selected pheno-
type; proliferating cells rapidly divide into daughter cell so
they consume more nutrients than the stationary ones. The
daughter cells inherit the same attributes from their parents
and generate their behavior by using them as an input
vector for the neural network. The model is simulated with
oxygen, glucose, and hydrogen ions concentrations as the
determiner factors of the cell behavior. Figs. 3a, 3b, 3c, and
3d show the benign tumor morphology after 20, 25, 55, and
100 days of continuous uncontrolled growth.

The tumor tissue shows only two compartments until the
20th day of growth. The outer area of proliferating cells and
the inner area are filled with the stationary cells. On the
25th day, necrotic cells start appearing in the innermost area
of the tumor. At the beginning of the growth, the tissue size
was small and each cell has sufficient amount of nutrients
for their survival. This adequate nutrient supply prevents
cells from entering into cell death. On the 55th and
100th day, a significant number of cells located at the
centre of the tumor underwent apoptosis. As time in culture
increased, the tumor expands and the nutrients diffusion
decreases for cells within the inner most area.

When the tumor acquires a specific size, the supply of
nutrients is insufficient to sustain the cells at the centre

resulting in cell death. Sufficient nutrient production
maintains a smooth structure of the tumor having dividing
and inactive cells. But, when the microenvironment
becomes stressful, cells start to undergo apoptosis and
die. The tumor morphology develops a layered structure
containing thin proliferating cells lining, inner area of
quiescent cell, and inner most area filled with the apoptotic
cells (in Fig. 3d, these are shown in green, red, and blue
color, respectively).

As cell-cell adhesion and cell movement creates a
significant impact on tumor growth and invasion, the
model investigated the impact of cell’s attraction and
movement on tumor growth. The model activates cell
movement after rendering the response at the movement
node of the neural network. The decreasing amount of
oxygen and reduced number of neighbors increase the
movement response and the model activates cell movement
when the movement response is above 0.5. In next step, the
cell differentiates its movement direction by calculating
the potential function or cell-cell adhesion. Fig. 4 shows the
cells movement pattern and gives a clear view of cells new
alignment after their movement.

Fig. 4 differentiates the moved cells in black color,
quiescent with red, and proliferating with green color. The
cell migration is mostly observed in the central part of the
tumor that is hypoxic. When the oxygen concentration
starts decreasing, the neural network response promotes the
movement node. As the movement node increases, the cell
is forced to migrate to the neighboring points that have got
relatively high amounts of oxygen. The growth rates of
tumor with active and inactive cell movement are compared
and show a relatively higher growth rate with active cell
movement (Fig. 5).

Cell-cell adhesion and cell movement phase moves cells
to their neighbors due to limited amount of chemical and
cells attraction. After their movement to new positions, their
adjacent stationary neighbors now have empty spaces for
their daughter cells to occupy. This factor changes
stationary cell’s behavior from inactive to dividing cells
and they split into two cells. So, active cell movement raises
the production of more cells and it results into higher
number of tumor cells.

1602 IEEE/ACM TRANSACTIONS ON COMPUTATIONAL BIOLOGY AND BIOINFORMATICS, VOL. 9, NO. 6, NOVEMBER/DECEMBER 2012

Fig. 3. Solid tumor morphology at different stages of growth (a) shows
tumor mass after 20 days, (b) after 25 days, (c) after 55 days, and
(d) after 100 days. The outer thin green region is comprised of
proliferating cells, the inner red region contains quiescent cells, and the
central area shows dead cells in blue color.

Fig. 4. The cell movement pattern due to cell-cell adhesion during
tumor growth process. Cell movement is observed at the central area
of the tumor where cells have reduced amount of oxygen and showed
in black color.



ECM is introduced as a growth constraint into the next
step of tumor growth modeling paradigm. Now, the growth
activity is dependent on more parameters than earlier (O2,
G, H, and M). As expected, the additional parameter of
ECM density (M) evidently affects tumor growth rate. The
abnormal cells grow at a slower rate because they are not
allowed to accommodate daughter cells unless their
surrounding ECM is sufficiently degraded. Overall inclu-
sion of the ECM causes a very low growth rate. This time
the tumor takes more time to reach the same size as
observed when no ECM was included in the model. With
the presence of ECM constraint, the growth rates of
abnormal cells for active cell movement and inactive cell
movement are compared (Fig. 6).

When the cell movement is applied, the cell growth rate
increases rapidly. The cell-cell adhesion and cell movement
condition moves the cell if the network shows the required
response at the movement node and the cell degrades
sufficient ECM. When the cell moves to a new place, the
model does not surround it with the ECM. The moved cell
takes less time to duplicate and its migration allocates
more free spaces to its stationary neighbors for the
duplication. The results depicts that the tumor microenvir-
onment directly influences the growth rate of tumors and
also its morphology.

5.2 TPZ Impact on Solid Tumor

The main goal of this work was to explore TPZ pharmacol-
ogy in terms of the relationship between drug cytotoxicity
(which is oxygen dependent) and drug penetration into
hypoxic regions. The model first calculates the oxygen
concentration inside each cell and then computes pO2. The
tumor tissue is subdivided into five different hypoxic
regions based on each cell’s pO2 value. Fig. 7a differentiates
these regions with five different colors: cells that fall in
hypoxic I region are shown in black, hypoxia II in green, III
in red, IV in blue, and hypoxia V in yellow color. The
outermost layer of cyan color contains abnormal cells but
they are nonhypoxic because their oxygen tension is above
the thresholds of hypoxic regions. Fig. 7a shows a gradient
in oxygen tension with hypoxia increasing as distance from

the source of blood supply increases. The tumor growth
model showed a large apoptotic region, but TPZ transport
model considers alive with less amount of oxygen. This
assumption is made to evaluate the impact of TPZ on
poorly oxygenated regions.

The model is simulated with three different initial TPZ
concentrations; 10, 50, and 100 !M. The drug is distributed
through the blood vessel using boundary conditions. TPZ
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Fig. 6. The growth rate comparison of abnormal cells before and after
cell movement while the ECM is present in both cases.

Fig. 7. (a) Tumor mass is divided into five hypoxic regions based on O2

tension the outer thin layer of cells with normal oxygen tension in cyan
color, hypoxia I in black, II in green, III in red, IV in blue, and the most
severe hypoxia V in yellow color. (b) The tumor morphology after
30 days of continuous infusion with 50 !M TPZ concentration. (c) The
tumor morphology after 65 days of continuous infusion. (d) The tumor
morphology after 85 days of continuous infusion with 50 !M TPZ conc.

Fig. 5. The growth of abnormal cells including proliferating, stationary,
and dead cells with and without cell movement while ECM is absent in
both cases.



first penetrates into the cell located at the outermost layer
and closest to the blood vessel then the model distributes it
to the entire layer and then to the subsequent layers; the
hypoxia I then II and so on until it reaches to the hypoxia V.
During the drug diffusion, TPZ is metabolized inside each
cell and every cell contains a local value of the drug
concentration.

TPZ is not cytotoxic for the cells located on the outer rim
of the tumor. These cells have high oxygen levels and TPZ is
not activated to a cytotoxic agent. When the drug reaches to
hypoxia I and II the reduced oxygen level starts activating
its cytotoxicity. A considerable amount of TPZ is required
for hypoxia I cells kill as these cells have good levels of
oxygen than subsequent hypoxic regions. The drug pene-
trates into subsequent layers and the fall in oxygen tension
converts the nontoxic TPZ into a highly cytotoxic agent.

The tissue is infused with 50 !M TPZ for 30 days. The
effect of the drug on tumor morphology is shown in Fig. 7b.
The hypoxia I layer is completely destroyed, whereas cells
from hypoxia II, III, IV, and V are present. The drug first
penetrates to the hypoxia I layer after leaving the outer rim.
On each day of treatment the penetrated drug dosage
damages the cell’s DNA and when the drug dosage/
cytotoxicity reaches 500 !M, it kills the cell. On 30th day
TPZ succeeded in achieving this level and completely
removes the hypoxia I region. The drug also kills a
significant number of hypoxic II cells but does not remove
the entire layer. TPZ threshold values to kill hypoxic I and II
cells are the same but drug concentration decreases with the
increasing transport distance. So the penetrated drug
amount at hypoxia II is not sufficient to remove all cells
whereas this layer’s mass is larger than the hypoxia I. The
drug mostly damages the cells residing at the perimeter of
the hypoxia II region. These hypoxic II cells get a higher
concentration of drug than the lower hypoxic II cells
because the drug diffuses to them immediately after leaving
the hypoxia I region. The death threshold to kill hypoxic III
cells is set at 50 !M and this is much lower that the upper
two regions. The reduced drug concentration at hypoxia III
region is due to increasing transport distance but is still
sufficient for considerable destruction of hypoxic III cells.

The cell killing thresholds for hypoxia IV and V are set to
10 !M. The results show a substantial cell kill in these
regions. However, the treatment could not kill all hypoxic
IV and V cells. Cell survival is due to the low levels of drug
that penetrate to this region.

The model keeps infusing the drug for 65 days and
shows cells from hypoxia II, III, IV, and V at the end of
treatment (Fig. 7c). These surviving cells are located a long
way from the drug supply and drug takes longer time to kill
cells from these regions. On 85th day of treatment, a very
few cells from hypoxia II survived. A good number of cells
from hypoxia III, IV, and V still survived (Fig. 7d). The
simulations show that the bioreductive drug TPZ failed to
kill all hypoxic cells especially located at most distal areas of
the tumor. As the amount of the drug concentration
decreases during transport from one cells layer to another
due to the drug metabolism and binding, the concentration
of drug delivered to hypoxic cells is insufficient to kill cells.

TPZ infusion was performed for 85 continuous days
while it is beyond the dosage that could be administered to
humans. We infused TPZ for this long period to show that at
these supra-pharmacological doses TPZ could not penetrate
deeply. In clinical trials, TPZ is not capable to kill well-
oxygenated cells and is combined to radiotherapy or
chemotherapy. We considered this issue in the model and
our results show that well-oxygenated cells are survived
even after the treatment and are represented in cyan color.

The activity of TPZ at 10, 50, and 100 !M concentrations
was assessed and the relationship between cell survival rates
at different distances from the surface of the tumor and drug
concentration is plotted in Fig. 8. The highest cell survival
rate was observed when drug concentration was 10 !M. The
results show that TPZ became less active as distance from
the drug supply increased and even when 100 !M of TPZ
was supplied, it could not kill all hypoxic cells.

The tissue is infused with 50 !M of drug and the model
calculates the penetrated TPZ amount with respect to
distance inside the tissue (Fig. 9). The distributed drug
range between 50 and 40 !M is represented in cyan color,
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Fig. 8. Hypoxic cells survival rate as a function of three different
TPZconcentrations: 10; 50; 100 !M. None of these concentrations was
able to kill all hypoxic cells.

Fig. 9. The distribution of infused TPZ at 50 !M concentration is shown
in five colors based on its penetrated amount. The outer region in cyan
color shows that the drug amount is from 50 to 40 !M, red shows from
less than 40 to 30 !M, blue shows from less than 30 to 20 !M, yellow
shows from less than 20 to 10 !M and black shows less than 10 !M.



less than 40 to 30 !M is in red, less than 30 to 20 !M in blue,
less than 20 to 10 !M in yellow, and less than 10 !M in
black color. The result shows a huge region of cyan color
because the outer layer of tissue is of well-oxygenated cells
that do not metabolize the bioreductive drug so its
concentration remains in the range of 50 to 40 !M. When
it comes down to hypoxic layers its available amount starts
decreasing due to the metabolism and become very much
reduced at distal areas.

6 CONCLUSION AND FUTURE WORK

This paper represents a hybrid CA model that combines in
silico models of solid tumor growth and the effect of the
bioreductive drug TPZ on cell survival at different oxygen
tensions. The growth model first investigated the effect of
some important constraints like oxygen, glucose consump-
tion, and hydrogen ion production on tumor growth. In
next stage, the model included the ECM, cell-cell adhesion,
and cell movement as additional environmental para-
meters. The model predicts the survival conditions for
abnormal cells and shows that diffusion limited supply of
nutrients is one of the major causes of cell death. The ECM
and cell-cell adhesion and cell movement show an extreme
influence on the tumor growth rates. The ECM slowed
down tumor growth but paradoxically, cell movement
speeded up the cells growth rate by allowing cells space to
accommodate daughter cells.

The second part of the model assessed the impact of
infusing TPZ at various concentrations on cell survival at
different oxygen tensions. The results suggest that treat-
ment with TPZ fails to kill all hypoxic cells, primarily
because drug delivery to cells that reside some distance
away from the blood supply is poor. Insufficient drug is
delivered to severely hypoxic regions to induce a cyotoxic
effect. In conclusion, our results suggest that impaired
bioreductive drug penetration is accountable for the drug
resistance and is one main reason of the treatment failure.
The model used simple pharmacological data like drug
penetration rates, half maximal inhibitory concentration
(IC50) values at different oxygen concentrations. The
specifications of these parameters and data to validate the
model generated results will be obtained from laboratory
experiments and will be used to simulate 3D models of
tumors (spheroids) and ultimately solid tumors in animals
or humans in our future work. It can be used as a tool to
streamline the development of second generation analogues
of TPZ by providing a model to select compounds that are
likely to have improved properties compared to TPZ in
silico prior to in vivo testing.
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a  b  s  t  r  a  c  t

This paper  presents  an  investigation  into  the  development  of  an optimal  chemotherapy  drug(s)  sched-
uling  scheme  to control  the  drug  doses  to be  infused  to the  patient’s  body.  The  current  standard  of  practice
of  treatment  is  based  on  empirical  evidence  gathered  from  preclinical  and  clinical  trials  carried  out  during
the  drug  development  process.  In general,  most  chemotherapy  drugs  used  in cancer  treatments  are  toxic
agents and  usually  have  narrow  therapeutic  indices;  dose  levels  at which  these  drugs  significantly  kill  the
cancerous  cells  are  close  to those  levels  at which  harmful  toxic  side effects  occur.  Therefore,  an  effective
chemotherapy  treatment  protocol  requires  advanced  automation  and  treatment  design  tools  for  use in
clinical  practice  and the challenges  inherent  to complex  biomedical  systems  and  clinical  deployment  of
technology  (Parker,  2009). An  optimum  but effective  drug  scheduling  requires  suitable  balancing  between
the  beneficial  and  toxic  side  effects.  Conventional  clinical  methods  very  often  fail to  find  right  drug  doses
that balance  between  these  two  constraints  due  to  their  inherent  conflicting  nature.  A  Multi-objective
Genetic  Algorithm  Optimization  (MOGA)  process  is employed  to find  the  desired  drug  concentration
at  tumour  sites  that  trade-off  between  the conflicting  objectives.  A close-loop  control  method,  namely
Integral-Proportional-Derivative  (I-PD)  is  designed  to control  the  drug  to be  infused  to  the  patient’s  body
and  MOGA  is  used  to  find  suitable/acceptable  drug  concentration  at tumour  site  and  parameters  of the
controller.  Cell  cycle  specific  cancer  tumour  models  have  been  used  in  this  work  to show  the  effects
of  drug(s)  on  different  cell  populations,  drug  concentrations  and  toxic  side  effects.  Results  show  that
the applied  multi-objective  optimization  approach  can  produce  a wide  range  of  solutions  that  trade-
off  between  cell  killing  and  toxic  side  effects  and  satisfy  associated  goals  of chemotherapy  treatment.
Depending  on  the  physiological  state  of  the  patient  and  state  of  the  cancer,  the  oncologist  can  pick  the
right  solution  suitable  for  the  patient.  The  chemotherapy  drug schedules  obtained  by  the  proposed  treat-
ment  protocols  appears  to be  continuous  on  the  time  (day)  scale,  i.e., specific  amount  of  drugs  to  be
administered  to the patient  on daily  basis  which  can  be termed  as  Metronomics  in  nature.  The  dose  dura-
tion and  the  interval  period  between  dose  applications  can  be adjusted  in the  proposed  scheme  either  by
setting  the  sampling  time  of closed-loop  I-PD  controller  to any value  depending  on  the  state  of  the  patient
and  disease  (model  parameters)  or by  using  genetic  optimization  process  aiming  to  minimize/maximize
treatment  objectives  and  satisfying  treatment  constraints.  Regarding  the  total  duration  of  the  treatment,
clinical  knowledge  can  be  utilized  giving  emphasis  on physiological  state  of  the  patient,  state  of the
tumour  and  disease.  Moreover,  the  total  duration  of the  treatment  can also  be  found/determined  for
specific  values  of model  parameters  describing  physiological  state  of  the  patient,  state  of  the tumour  and
disease  through  multi-objective  optimization  process.  It is noted  that  the  proposed  scheme  offered  the
best treatment  performance  as compared  to the  reported  work  available  so  far.  Moreover,  robustness
analysis  shows  that  the  control  scheme  is highly  stable  and  robust  despite  the  model  uncertainties;  from
small  to wide  range,  and  the  percentage  of  proliferating  cell  reduction  is  almost  same  as it  is  found  with
optimum  model  parameters  without  having  any  uncertainty.
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1. Introduction

Cancer informatics that include but not limited to mathematical
modelling of tumour growth, designing of optimum treatment pro-
tocols and treatment management and decision support systems
are a complex collection of case studies where the principles of
automation, optimization and control theory are seeing increased
application. This interdisciplinary growing interest has a twofold
motivation: the need for advanced automation and treatment
design tools for use in medical practice and the challenges inher-
ent to biomedical systems and clinical deployment of technology
(Parker, 2009). Cancer is a collective term that depicts a group of
diseases specified by uncontrolled growth of cells leading to inva-
sion of surrounding tissues and metastasis. The Office for National
Statistics (ONS) reveals that during 2008–2010 nearly 320,000 peo-
ple were diagnosed each year and out of that about 156,000 people
died each year (www.nhs.uk, accessed 12 December). Moreover
research indicates that 42% of people who die in the UK will have
had a cancer diagnosis at some point in their lives. At the same time,
the number of people in the UK living with cancer has increased by
approximately one third in the last decade (Mistry, Parkin, Ahmad,
Sasieni, 2011). Cancer cells typically proliferate in an exponential
fashion; the size of the cancerous mass is measured experimen-
tally as a volume, though this mass is often referred in terms of the
number of cells (Martin & Teo, 1994). There are three main phases
of tumour expansion in a patient’s body, namely avascular, vas-
culature and metastasis (Folkman, 1974, 1990). Avascular phase is
that stage, where the cells must acquire nutrients through diffusion
from outside the tumour. In other words, a normal cell undergoes
mutation process and transformed into a cancer cell, it starts pro-
liferating in an uncontrolled manner. As a result, the uncontrolled
growth continues and it quickly reaches up to a maximum value
of 106 cells. The tumour, in general, does not grow beyond this
size due to inadequate supply of nutrients required for growth and
reaches a stage classified as avascular tumour. There are a number
of models that have been proposed to model the tumour growth
and in particular exponential, Gompertz and logistic equations are
most commonly used (Kozusko, Chen, Grant, Day, & Panetta, 2001;
Martin & Teo, 1994; Norton, 1988). An extensive literature review
on tumour growth model can be found in (Araujo & Mcelwain,
2004; Byrne, Alarcon, Owen, Webb, & Maini, 2006; Materi and
David, 2007). The tumour grows exponentially at the beginning
and then gradually slows down as it reaches to limiting value. For
growing beyond the diffusion-limited state, tumours require blood
supply. This is accomplished by secreting tumour angiogenesis fac-
tors (TAF) like vascular endothelial growth factor (VEGF), etc. The
TAF diffuses across the tissue between the tumour and blood vessel
and activates angiogenesis, new blood vessel formation. This phase
is called vasculature stage. The third stage is the metastasis phase,
in which cells breaks off and is transported to other parts of the
body. The tumour must undergo metastasis in order to be clinically
recognized as cancer. In this phase it is the very difficult to treat
because cancer cells are now circulating inside the body and can
lodge anywhere, set up a new cancer colony and start the whole
process over and over (Folkman, 1974, 2002; Weinberg & Allan,
2007).

There are four major cancer treatment approaches: surgery and
radiotherapy as local treatments, chemotherapy and the use of bio-
logical agents (such as hormones, antibodies and growth factors)
(Miller, Hogestraeten, Staquet, & Winkler, 1981; WHO  handbook,
1979). The aim of surgery is to eliminate as much of the cancer
as is possible; in some cases the oncologist suggests further treat-
ment. This could be radiotherapy, chemotherapy or a combination
of the two. In radiotherapy, radiation is used to destroy cells in
the region of treatment. Traditional chemotherapeutic agents act
by killing cells that divide rapidly, one of the main properties of

cancer cells. Being unable to distinguish normal cells from cancer-
ous cells, chemotherapy also harms other cells that divide rapidly
under normal circumstances: cells in the bone marrow, digestive
tract, hair follicles, etc. As a result, this causes common side-effects:
myelosuppression (decreased production of blood cells, hence also
immunosuppression), mucostisitis (inflammation of the lining of
the digestive tract), and alopecia (hair loss). It allows oncologists to
administer the patients through vein, injected into a body cavity,
or delivered orally in the form of a pill. As a result, chemother-
apy is considered a systemic treatment (www.cancer.gov, accessed
September 17, 2012; Holleb et al., 1991; Ignoffo & Rosenbaum,
2008). Finding an optimal chemotherapy treatment is a very com-
plex, multiparametric issue, due to the different types of cancer,
patient variability and specific state of the disease. Traditionally one
or more drugs are infused to the body. The efficiency of the dosages
during the treatment is often measured as the interval of time from
the start of therapy, until the end of treatment. Drug transport and
metabolism enzymes also influence the toxic effects of both anti-
neoplastic agents in target tumour cells and normal host tissues
(Mistry et al., 2011). The most important challenge of cancer treat-
ment is to retain/maintain the normal physiological states of the
patient’s body during the course of different treatment schedules.
This can be achieved by optimizing the scheduling of chemotherapy
drug(s) in such a way as to reduce tumour burden to a minimum
level with acceptable toxic side effects. Currently this is determined
empirically in the clinic by clinical trials which are an expensive
and time consuming process (Citron et al., 2003; Hryniuk & Bush.,
1984; Miller, 1981; WHO  handbook, 1979; www.nhs.uk, accessed
on March 15, 2013).

Chemotherapy is commonly employed as a treatment by cli-
nicians, who  must deliver the agent on a schedule that balances
treatment efficacy with the toxic side effects. The current standard
of practice of treatment is based on empirical evidence gathered
from preclinical and clinical trials carried out during the drug devel-
opment process. Research is underway to improve/optimize the
treatment objectives with new drugs, doses and their schedules
(Jinghua, Oguzhan, Fatih, & Qiang, 2011). Engineers have con-
sidered the development of drug administration schedules for
simulated cancer patients constrained by pharmacokinetic (PK) and
pharmacodynamic (PD) models (Harrold & Parker, 2009; Harrold,
2005). The actions of the chemotherapy treatment agents are
based upon an understanding of the cell cycling mechanisms.
To model untreated tumour growth, exponential, Gompertz and
logistic growth models (Martin & Teo, 1994) are commonly used
whereas cell-cycle models provide more insight into cell behaviour
(Florian et al., 2004; Panetta & Adam, 1995). The Gompertz model is
capable of capturing clinically observed tumour dynamics (Norton,
1988), but it does not capture information regarding the progres-
sion of cells through the individual phases of the cell-cycle. Cell
cycle information is vital from a treatment perspective because
cycle-specific anti-cancer compounds such as curacin A, Taxol, and
tamoxifen can be modelled in a biologically meaningful manner
(Florian et al., 2004). The cell cycle is a chain of phases that both nor-
mal  and cancer cells undergo from their birth to death. The cell cycle
is modelled in the form of multiple compartments which describe
different cell phases or combine phases of the cell cycle into clus-
ters. In general, the cycle comprises of five stages as show in Fig. 1.
A brief description of different stages is given below (Dua, Dua, &
Pistikopoulos, 2008; Holleb et al., 1991; Martin & Teo, 1994).

Go: Resting phase, cell is quiescent, viable but unable to divide.
The cell has not yet started to divide. Cells spend much of their lives
in this phase. Depending on the type of cell, G0 can last from a few
hours to a few years. When the cell gets a signal to reproduce, it
moves into the G1 phase.

G1: Post mitotic gap, the cell prepares for DNA synthesis. Dur-
ing this phase, the cell starts making more proteins and growing

http://www.nhs.uk/
http://www.cancer.gov/
http://www.nhs.uk/
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Prolife ra!on cell s compartment

Quiescent cell s compartment

Fig. 1. Schematic diagram of different phases of cell cycle.

larger, so the new cells will be of normal size. This phase lasts about
18–30 h.

S: DNA synthesis takes place in preparation for cell division
(many anticancer drugs act by interfering with DNA at this stage,
causing cell death). In the S phase, the chromosomes containing the
genetic code (DNA) are copied so that both of the new cells formed
will have matching strands of DNA. The S phase lasts about 18–20 h.

G2: Pre-mitotic gap, specialized proteins and RNA are synthe-
sized in preparation for cell division. In the G2 phase, the cell checks
the DNA and gets ready to start splitting into 2 cells. This phase lasts
from 2 to 10 h.

M:  Mitotic phase, cell division takes place to produce two iden-
tical daughter cells. In this phase, which lasts only 30–60 min, the
cell actually splits into 2 new cells.

The ability of chemotherapy to kill cancer cells depends on its
ability to halt cell division. Usually, cancer drugs work by damaging
the RNA or DNA that tells the cell how to copy itself in division. If
the cancer cells are unable to divide, they die. The faster that cancer
cells divide, the more likely it is that chemotherapy will kill the
cells, causing the tumour to shrink. They also induce cell suicide
(self-death or apoptosis) (Holleb et al., 1991). Chemotherapy drugs
that kill cancer cells when they are at rest are called cell-cycle non-
specific. On the other hand, chemotherapy drugs that kill cancer
cells only when they are dividing are called cell-cycle specific. Some
drugs specifically attack cells in a particular phase of the cell cycle
(the M or S phases, for example). Understanding how these drugs
work helps oncologists predict which drugs are likely to work well
together. Doctors can also plan how often doses of each drug should
be given based on the timing of the cell phases (Florian et al., 2004).

Anti-metabolites masquerade as purines (azathioprine, mer-
captopurine) or pyrimidines, which become the building-blocks
of DNA. They prevent these substances from becoming incorpo-
rated in to DNA during the “S” phase of the cell cycle, stopping
normal development and division. They also affect RNA synthe-
sis. Due to their efficiency, these drugs are the most widely used
cytostatics (WHO  handbook, 1979; Miller, 1981). Vinca alkaloids

Proliferation 

cells

Quiescent cells

Dead cells

a

n
b

m

Fig. 2. Two compartments functional within tumour tissue.

bind to specific sites on tubulin, inhibiting the assembly of tubulin
into microtubules (M phase of the cell cycle). The vinca alkaloids
include: Vincristine, Vinblastine, Vinorelbine and Vindesine (WHO
handbook, 1979; Miller, 1981). Podophyllotoxin is a plant-derived
compound that is said to help with digestion as well as used to pro-
duce two  other cytostatic drugs, etoposide and teniposide. They
prevent the cell from entering the G1 phase (the start of DNA repli-
cation) and the replication of DNA (the S phase) (Miller, 1981; WHO
handbook, 1979).

A number of attempts have been taken by many researchers
to characterize the evolution and effects of treatment on can-
cer by dividing the cell cycle into a number of compartments
(phase-specific) as considered in (Liang, Leung, & Mok, 2008; Ochoa
& Burke, 2007). Evolutionary algorithms have been extensively
applied to design the chemotherapy drug scheduling for can-
cer treatment. In McCall, Petrovski, and Shakya (2008) designed
chemotherapy drug scheduling using genetic algorithm (GA) where
tumour eradication was  used as the objective function, to be mini-
mized. In their work, other important treatment parameters, such
as, maximum drug doses, maximum cumulative drug doses, maxi-
mum allowable size of the tumour and toxic side effects were used
as constraints in the GA optimization process that resulted an effec-
tive drug scheduling at the end. In Petrovski, Sudha, and McCall
(2004), the researchers used a relatively new bio-inspired algo-
rithm, called particle swarm optimization to design chemotherapy
drug scheduling using the aforementioned design objective and
constraints. An optimal control model of drug scheduling in can-
cer chemotherapy was introduced and optimized by using GA in
(Tes, Leung, Lee, & Mok, 2007). In Liang et al. (2008) used a vari-
ant of GA, called adaptive elitist population based GA to design
the chemotherapy drug scheduling for non-specific cancer treat-
ment. In the aforementioned works, single objective evolutionary
optimization approaches were used, mainly to minimize the can-
cerous cells during the whole period of chemotherapy treatment.
In conventional single objective optimization approaches, the indi-
viduals/solutions converge to a single point as the algorithms
proceed and the solution obtained at the end of the optimization
process may  yield high toxic side effects or may  not be relevant
to clinical doses. In such case, the whole optimization needs to
run time and again until a near-clinical-relevant dose is obtained.
As mentioned earlier, in chemotherapy drug scheduling problem,
tumour eradication/reduction and toxic side effects are always
found in conflict to one another and it is never possible to mini-
mize both the objectives simultaneously with conventional single
objective optimization techniques. Optimal performance accord-
ing to one objective often yields unacceptably low performance
in other objective domain, creating the need for compromise. To
deal with multiple conflicting objectives and constraints, a set
of algorithms, commonly known as multi-objective evolutionary
algorithms (MOEAs) was  used in Deb (2001). McCall and co-
workers also utilized multi-objective evolutionary algorithms to
design chemotherapy drug scheduling where drug doses and toxic
side effect were set as constraints. A set of solutions were designed
trading-off two design objectives; tumour eradication and patient
survival time (PST) (McCall et al., 2008).

Motivated by the success and effectiveness of multi-objective
optimization in biomedical engineering and systems biology, the
current study utilize its potential in designing chemotherapy drug
scheduling for cell cycle specific cancer treatment. This paper
presents an investigation into the development of an optimal
chemotherapy drug(s) scheduling scheme using a close-loop con-
trol method and multi-objective genetic algorithm (MOGA) that
can provide solutions trading-off between the cell killing and toxic
side effects during the whole period of treatment. Earlier the
current researchers reported the Multi Objective Particle Swarm
Optimization (MOPSO) based drug scheduling scheme for two
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compartments (Proliferation and Quiescent) based model in (Alam
et al., 2010). This paper particularly focuses on MOGA based sin-
gle and multi-drug scheduling schemes for two, four and eight
compartments based optimal control models to demonstrate the
merits and effectiveness through a set of experiments. A control
strategy, namely Integral-Derivative-Proportional (I-PD) is used to
control the drug doses to be infused to the patient’s body. MOGA
optimization process is employed to find desired drug concentra-
tion at tumour site and acceptable parameters of the controller that
trade-off between two conflicting objectives; reducing cancerous
cells and toxic side effects simultaneously.

2. Proposed methods

2.1. Mathematical model

The tissue, in general, contains three different types of cells:
the proliferating cells, the quiescent cells and the dead cells as
shown in Fig. 2. So a two-compartment model containing the afore-
mentioned types of cells is often considered to explain cancer
tumour growth. The proliferating part contains actively dividing
cells whereas quiescent part contains temporary inactive cells, but
capable of dividing if a certain stimulus is given. The dead cells
are unable to divide because they have completed their life cycle.
In Fig. 2, proliferating cells show the combination of the first four
stages of the cell cycle as mentioned earlier (G1, S, G2 and M)  and
Q (Quiescent cells) indicates stage G0. The parameters m and b
express the immigrants between the proliferating cells and quies-
cent cells respectively. Here a indicates the growth rate of cycling
cells and n is the natural decay of the cycling cells. Based on clin-
ical evidences, the population of proliferation and quiescent cells
at the tumour site are assumed to be 1012 and 109 at the time of
diagnoses. For two compartment model, it is assumed that 80% of
the cell population is quiescent while the remaining 20% is active
proliferating cells (Dua et al., 2008).

A number of differential equations used to build a two  com-
partment model of cancer chemotherapy treatment are explained
briefly. The first equation, predicts the rate of change of prolifer-
ation cells population at the tumour site during the treatment, as
follows (Dua et al., 2008).

dP
dt

= (a − m − n)P(t) + bQ (t) − g(t)P(t),

where P and Q represent the proliferating and quiescent cells pop-
ulation. Here parameters a, m,  b and n indicate the rate of growth
of proliferation cells, immigrant from cycling to quiescent cells,
immigrant from quiescent cells to cycling cells and natural death
of cycling cells respectively. Parameter g(t) represents the rate of
cell killing per unit drug. Eq. (2) describes the rate of change of
cell population in the quiescent compartment of the tumour site
during the period of treatment and Eq. (3) indicates the effect of
chemotherapy.

dQ
dt

= mP(t) − bQ (t), Q (0) = Q0 (2)

The anticancer drugs affect tumour cells and normal cells as
well. A logistic equation is used to describe the effect of chemother-
apy drug on normal cells, as expressed by Eq. (3) below:

dY
dt

= ıY(t)
!

1 − Y(t)
K

"
− g(t)Y(t), v

Y(0) = Y0

(3)

Here Y(t) indicates the normal cells population whereas ı and K
present the growth rate of the normal cells and the carrying capac-
ity of normal cells respectively. Y(0) is the initial value of normal

Table 1
Parameters of patient model (Martin & Teo, 1994).

Parameters Values

a The rate of growth proliferating
cells

0.5 day−1

m The mutation rate of proliferating
cells to quiescent cells

0.218 day−1

n The natural end of the cycling cells 0.477 day−1

b The mutation rate of quiescent
cells to proliferating cells

0.05 day−1

ı The rate of normal cell growth 0.1 day−1

K The carrying capacity of normal cell 109 cells
P  The proliferating cells population 2 × 1011

Q The quiescent cells population 8 × 1011

Y The normal cells population 109

Ymin The limitation of normal cells 108

cell population at the beginning of the treatment. Eq. (4) shows the
rate of change of drug concentration at the tumour site during the
treatment cycle.

dD
dt

= u(t) − !D(t), D(t) = D0 (4)

where u(t) is the amount of drug doses to be infused to patient’s
body and ! is drug decay which is related to the metabolism of drug
inside the patient’s body. It is noted that the drug concentration D(t)
at the tumour site should remain within the limit as suggested by
the condition below in order to make the chemotherapy treatment
effective (Martin & Teo, 1994).

10 < D(t) ≤ 50

Eq. (5) shows the relationship between drug concentration at
the tumour site and cell killing rate.

g(t) = k1D(t) (5)

where k1 is a constant related to the effect of drug concentration on
cell killing Eq. (6) shows the relationship between level of toxicity
and drug concentration at the tumour site during the treatment
period.

dT
dt

= D(t) − "T(t)

T(t) ≤ 100
(6)

where T(t) is the level of toxicity developed inside the patient’s
body due to chemotherapy drug and parameter " indicates the rate
of elimination of toxicity. The level of toxicity should be controlled
and kept below the maximum allowable range of T(t) ≤ 100 as sug-
gested by many researchers working on optimum dose scheduling
with similar models based on empirical data (Dua  et al., 2006, 2008;
Liang, Leung, & M,  2006; Liang et al., 2008; Martin & Teo, 1994; Tan,
Khor, Cai, Heng, & L, 2002; Tes et al., 2007). The normal cells are
adversely affected by the drug. To limit the toxic effect the num-
ber of normal cells should be maintained up to a certain value. The
condition below expresses the limiting values of normal cell which
should be maintained throughout the period of treatment.

Ymin ≤ Y(t) ≤ K, for all t ∈ [0,  T] (7)

The parameter Ymin indicates the minimum number of the nor-
mal  cells at tumour site. Using the above equations, a Simulink
(MATLAB, 2010) model was  developed with parameters and values
as illustrated in Table 1. It is to be noted that the models and their
parameters used in this work are initially derived empirically by
Martin and co-workers in (Dua et al., 2008; Martin, 1992) for lung
cancer & breast cancer and are widely used by other researchers in
similar investigations as listed in the reference.
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Fig. 3. Schematic diagram of the proposed drug scheduling scheme.

2.2. Proposed control schema

A schematic diagram of chemotherapy drug scheduling scheme
for cancer treatment is shown in Fig. 3. A control method is devel-
oped in order to maintain a predefined level of drug concentration
at tumour sites. A variant of Proportional-Integral-Derivative (PID)
control, namely I-PD is used to control the drug to be infused to the
patient’s body. The proposed I-PD controller involves three param-
eters, the proportional gain kp, integral gain ki, and derivative gain
kd. Drug concentration at the tumour is used as the feedback signal
to the controller which is compared with a predefined reference
level. The difference between reference input and drug concentra-
tion at tumour site, output-D(t), of the model is called the error
which is used as input to the controller.

The output of the controller u(t) as:

u(t) = Ki

t∫

0

e(t)dt −
[

Kd
d
dt

D(t) + KpD(t)
]

(8)

where e(t) is the error which is the difference between reference
XD and drug concentration D(t) as:

e(t) = (XD − D(t)) (9)

It is noted that XD indicates reference signal to the controller
which can be depicted as the desired drug concentration to be
maintained at the tumour site during the whole period of treat-
ment. The reference input, both magnitude and pattern, is very
crucial in the proposed drug scheduling scheme since reduction of
cancerous cells largely depends on drug concentration developed
in plasma and at the tumour site. Using Eqs. (4), (5) and (8) in Eq.
(1), P(t) gives:

P(t) = (a − m − n)P(t) + bQ (t)

− k1

⎛

⎝(Ki

t∫

0

e(t)dt −
[

Kd
d
dt

D(t) + KpD(t)
]

− !D(t)

⎞

⎠P(t) (10)

Eq. (10) shows the interaction between the parameters of I-PD con-
troller and the cells reduction. The third term of (10) expresses how
the parameters of the controller affect the rate of cells reduction.

It is noted that when e(t) is zero; the drug concentration at
tumour site will be equal to the desired drug concentration. In such
case, the cell killing will be maximum. If the difference between
XD and D(t) is non-zero, the cell killing will be relatively lower.
The output of the I-PD control, which is chemotherapy drug dose,
is applied to the model to observe its effects. The efficacy of the
drug doses depends on three parameters Ki, Kp and Kd of I-PD con-
troller. In this work, step input signal is chosen as the reference

input to the close-loop control system. The step input with a specific
value will ensure approximately a constant level of drug concentra-
tion for most of the time of the treatment cycle. A multi-objective
evolutionary algorithm, called MOGA is used to find suitable ref-
erence level (value of the step input to the controller) and three
parameters of the I-PD and thereby design a wide range of the drug
doses that trade-off cell killing and toxic side effects. It is impor-
tant to note that the chemotherapy drug scheduling is design for
a period of 84 days as recommended by many researchers (Dua
et al., 2006, 2008; Liang et al., 2006, 2008; Martin & Teo, 1994; Tan
et al., 2002; Tes et al., 2007). The duration of the proposed drug
scheduling/treatment scheme may  appear to be a bit long as far as
the practical treatment/survival period is concerned but research is
underway to improve/optimize the treatment objectives with new
drugs, doses and their schedules. Following this tread, researchers
have also attempted to explore the potential of ‘relatively lower
doses with longer period’, called Metronomics (Gasparini, 2001)
as alternatives to conventional ‘relatively higher doses for shorter
period’ in cancer treatment. At the same time, research is underway
to find/design optimal chemotherapy schedules based on tumour
growth models for phase-specific and non-phase-specific cancer
treatment schemes where treatment period has been assigned as 12
weeks (84 days) or more as reported in (Dua et al., 2006, 2008; Liang
et al., 2006, 2008; Martin & Teo, 1994; Tan et al., 2002; Tes et al.,
2007). To conduct comparative assessments and to show the effec-
tiveness of the proposed drug scheduling technique, the treatment
period is also assigned as 84 days in present work.

2.3. Design objectives and goal values

The design objectives and goal values of different performance
measures of chemotherapy drug scheduling are as follows:

(a) Number of proliferating cells: This is required to be minimum
or as small as possible at the end of the treatment. The num-
ber of proliferating cells, without chemotherapy treatment, is
assumed 2 × 1011, as used by other researcher and reduction,
so far achieved with chemotherapy treatment is approximately
70% (Dua et al., 2008). While designing the drug scheduling in
this work, the acceptable goal value for reduction of prolifer-
ating cell is approximately set at 65% in the multi-objective
optimization process.

(b) Number of quiescent cells: This is also required to be minimum
at the end of the treatment. At the beginning of the treatment,
the number is assumed 8 × 1011 as used in (Dua et al., 2008).
With Chemotherapy treatment, the number will reduce and
the reduction is set at 55% as minimum acceptable value in this
work. It is to be noted that this goal value is chosen based on
existing literature that reported a reduction of nearly 50% or
more of quiescent cell using similar model but different opti-
mum  scheduling technique in (Dua et al., 2008; Tes et al., 2007).

(c) Number of normal cells: The number of normal cells is required
to be as high as possible throughout the whole treatment
period. In this work, the minimum acceptable value of normal
cells is set as 1 × 108 as suggested by other researchers (Dua
et al., 2008).

(d) Level of toxicity: The level of toxicity should be as low as pos-
sible during the whole period of treatment. The maximum
toxicity should not exceed 100 as indicated in Eq. (6). It is to be
noted that the highest permissible value of 100 is suggested by
many researchers working with similar models based on empir-
ical data (Dua et al., 2006, 2008; Liang et al., 2006, 2008; Martin
& Teo, 1994; Ochoa & Burke, 2007; Tan et al., 2002; Tes et al.,
2007).

(e) Drug doses: Due to risk of toxic side effects, the drug doses
infused to the patient’s body should be optimum. Based on
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Table 2
Design objectives and goal values.

Notations Design objectives Accepted goal values

RCP % of reduction of proliferating cells RCP > 65%
RCQ % of reduction of quiescent cells RCQ > 55%
Y(t) Number of normal cells Y(t) > 1 × 108

T(t) Toxicity T(t) ≤ 100
D(t) Drug concentration 10 < D(t) ≤ 50

clinical trials, there are two limiting factors for each chemother-
apy drugs set by the drug designer. These are called (i)
maximum dose and (ii) maximum cumulative dose. The drug
dose infused at any particular time must not exceed the max-
imum dose and cumulative sum of all doses of a drug used
administered at different cycles of whole treatment period
should remain within the maximum cumulative dose (Dua
et al., 2008; Liang et al., 2008; McCall et al., 2008; Ochoa & Burke,
2007; Petrovski et al., 2004; Tes et al., 2007).

(f) Drug concentration: It depends on the amount of the drug doses
infused and status of the metabolic functions of the patient. The
drug concentration should be low but meet the threshold value,
as the condition mentioned early.

(g) Stability of the drug delivery scheme: Since a close-loop control
strategy has been used to control the drug scheduling, stability
of the whole drug delivery system is very crucial. As mentioned
earlier, drug concentration is used as the feedback in the control
scheme, settling of this parameter within a range of ±2% of the
reference signal (desired drug concentration) has been used as
a constraint, to be met, in the optimization process to ensure
the overall stability of the system. Design objectives and goal
values of chemotherapy drug scheduling for cancer treatment
are listed in Table 2.

2.4. Genetic algorithms

Over the last two decades, GAs has been extensively used as
search and optimization tools in various control system optimiza-
tion problems (Madkour, Hossain, Dahal, & Yu, 2007) The GA as a
stochastic optimization algorithm is motivated by the mechanism
of natural selection and evolutionary genetics (Holland, 1975). The
basic element processed by a GA is a string formed by concatenating
sub-strings, each of which is a numeric coding of a parameter. Each
string represents a point in the search space. Selection, crossover
and mutation are the main operations of a GA. Selection directs the
search of GA towards the best individual. In the process, strings
with high fitness receive multiple copies in the next generation
while strings with low fitness receive fewer copies or even none
at all. Crossover can cause to exchange the properties of any two
chromosomes via random decision in the mating pool and provides
a mechanism to produce and match the desirable qualities through
crossover. Although selection and crossover provide most of the
power skills, the solution space will be limited. Mutation is a ran-
dom alternation of a bit in the string and assists in keeping diversity
in the population (Holland, 1975; Goldberg, 1989).

2.5. Multi-objective optimization

Multi-objective optimization is a search technique for feasible
solutions to that problems comprising of multiple objectives which
are often in conflict with one other. It can be defined as the problem
of finding a vector of decision variables which satisfies constraints
and optimizes a vector function whose elements represent the
objective functions. A multi-objective optimization problem can
be expressed as: Find the vector x = [x1, x2, . . .,  xp] which satisfies
the m inequality constraints: gi(x) ≥ 0, i = 1, 2, . . .,  m,  the k equality

Fig. 4. Dominated and non-dominated solutions with rank values.

constraints hi(x) = 0 i = 1, 2, . . .,  k, and optimizes the vector function,
f(x) = [f1(x), f2(x), . . .,  fn(x)], where n is the number of objectives to
be considered, x = [x1, x2, . . .,  xp] is the vector of decision variables,
p is the number of decision variables that comprise the complete
solution. The problem usually has no unique, perfect solution, but
a set of non-dominated solutions, known as the Pareto-optimal set
(Chipperfield, Purshouse, Fleming, Thompson, & Griffin, 2002; Deb,
2001).

2.6. Algorithm description

The MOGA optimization process consists of a standard GA
with multi-objective ranking, and with fitness sharing and mat-
ing restriction (Fonseca & Fleming, 1993). A randomly selected
population is generated within a specific range. Each individual
of the population is evaluated with the objective functions. The
MOGA differs from the standard GA in the way fitness is assigned to
each solution in the population. For a two-objective minimization
problem, individuals that fall close to either axes or origin of 2-
dimensional objective space are better than those away from axes
or origin. In the objective space, some individuals may  be found,
such as, A, F, G and E in Fig. 4, falling on outer edge and close to
axes or origin and having one objective better than another, and
form a set called non-dominated solution set or Pareto optimal
set.

Individuals A, E, F and G are called non-dominated because
no other individuals provide better performance in the objective
space. On the other hand, individuals, falling away from edges, such
as, B, C and D, are called dominated solutions since many indi-
viduals provide better performance than these in terms of both
objectives. For example, individual A dominates individual B, sim-
ilarly B dominates C and C dominates D in the objective space in
terms of both objectives. After evaluating different objective func-
tions, multi-objective ranks are computed according to the current
preferences and the population sorted. Each individual is ranked
according to their degree of dominance. Details of this method can
be found in (Deb, 2001; Fonseca & Fleming, 1993).

Selection uses Baker’s stochastic universal sampling algorithm
(Baker, 1987), which is optimal in terms of bias and spread. GA  oper-
ators, namely crossover and mutation are employed on the selected
individuals to form the next generation (Goldberg, 1989). Selected
parents are paired up and recombined with high probability (0.8).
Mating restriction is implemented by forming pairs of individuals
within a distance of each other in the objective space, where possi-
ble. Reduced-surrogate shuffle crossover is used for recombination
(Booker, 1987). The mutation rate for this optimization process was
set at 0.01%.
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3. Results and discussion

The simulation work has been carried out in the simulink envi-
ronment with some .m-files of Matlab® (MATLAB, 2010). The GA
optimization process begins with a randomly generated population
called chromosome. An initial population of dimension 50 × 4 × 12
is created where number of individuals and parameters in each
individual are 50 and 4 respectively. Each parameter is encoded
as 12 bit Grey code which is logarithmically mapped (Chipperfield
et al., 1994) into real number within a range of [0,2] for first three
parameters and a range of (10, 50) for the fourth parameter. Each
individual represents a solution where the first three elements are
assigned to controller parameters; proportional gain kp, integral
gain ki and derivative gain kd respectively as indicated in Eq. (8).
The fourth element of each individual is assigned to the reference
input to the control system.

3.1. Two-objective optimization solutions

At first, MOGA has been used to design chemotherapy drug
scheduling which find trade-off between two competing objec-
tives; (i) number of proliferating cells at the end of the treatment
and (ii) average level of toxicity over the whole period of treatment.
The objectives are formulated as follows

f1(x) = P(tf ) (11)

f2(x) = 1
tf

tf!

0

T(t)dt (12)

where P(tf) number of is proliferating cells at the end of the treat-
ment, T(t) is the toxicity and tf is the total period of chemotherapy
treatment, which is 84 days (12 weeks). Stability of the close-loop
system and design objectives, as listed in Table 2 are used as con-
straints in the optimization process in order to obtain solutions
satisfying all design objectives.

The MOGA optimization process was designed and run for large
number of generations in order to generate a wide range of solu-
tions aiming to minimize both objectives simultaneously. Solutions
not satisfying aforementioned design constraints are penalized
with very large numbers, called penalty function. This penalty
function will reduce the probability of solutions yielding unaccept-
able values along any design objectives dominate the optimization
process, and on the contrary, favour acceptable solutions to be
selected for reproduction that in turn may  generate better solutions
in subsequent generations. In MOGA optimization process, non-
dominated solutions called Pareto optimal set and corresponding
decision variables are updated and preserved at the end of each
generation.

At generation 1, each solution of the initial population is eval-
uated in the problem domain and depending on the values of
two objective functions, as indicated by Eqs. (11) and (12), non-
dominated solutions are and corresponding decision variables are
preserved. For following generations, non-dominated solutions of
current generation are compared with preserved non-dominated
solutions, found so far and preserved non-dominated solutions and
corresponding decision variables are updated. As the algorithm
proceeds, number of preserved non-dominated solutions increases
and more importantly, the solutions gradually get better and tend
to move towards X and Y axes in the objective domain. Non-
dominated solutions are recorded at the end of generations 10, 20,
30, 50 and 100 and are shown in Fig. 5. It is worth mentioning that, a
wide range of non-dominated solutions satisfying all design objec-
tives and constraints as set initially was generated and the solution
set converged to the lowest level in the objective domain after 100

Fig. 5. Non-dominated solutions of MOGA optimization at different generatins.

generations. In Fig. 5, objective-1 is represented on the X-axis and
objective-2 on the Y-axis. It is observed that, number of solutions
increases with increasing generation and the non-dominated solu-
tion set gradually appears to take a concave shape towards both
axes indicating lower values along both objectives.

3.2. Decision making

A wide range of non-dominated solution satisfying all design
constraints, objectives and associated goal values as are obtained at
the end of 100 generations. For decision making, i.e., which solution
is to select or use from this wide range of acceptable solutions, the
approximate near-Pareto optimal set is redrawn, as shown in Fig. 6,
in a space of two  objectives, namely number of proliferating cells
and average toxicity, which are conflicting each other. The objective
space is divided into three regions depending on the values of two
objectives; number of proliferating cells and average toxicity.

The three regions are termed as, region-1: high cells killing
but high toxicity, region-2: moderate cell killing and toxicity, and
region-3: low toxicity but low cell killing. The locations of solutions
in the objectives space clearly indicate performances in terms of
average toxicity and reduction of proliferating cells at the end of
treatment.

It is evident from Fig. 6, solutions reside in region-1, correspond
to higher cell (proliferating) killing at the cost of higher toxicity.
The solutions in region-2 result moderate cell killing with moderate
toxic side effects. It is noted that, solutions, fall in region-3, cause
minimum toxic side effects but the cell reduction is also lowest for
these.

Fig. 6. Non-dominated solution set at generation 100. Region-1: High cells killing
but high toxicity. Region-2: Moderate cell killing and toxicity. Region-3: Low toxicity
but low cell killing.
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Remarks. It is worth noting that chemotherapy drug scheduling
resulting from solutions within region-2 may  be preferred unless there
are some specific reasons. However an oncologist can choose a suitable
solution from the objective space suitable for the patient based on the
physiological state of the patient and state of the cancer. For patients,
having better physiological conditions and requiring faster response,
chemotherapy drug scheduling resulting from region-1 can be chosen.
In contrast, patients having relatively poor physiological conditions
and vulnerable to toxic side effects may  be given chemotherapy doses
based on solutions residing in region-3.

In order to evaluate the effectiveness of MOGA in chemother-
apy drug scheduling, several representative solutions are further
assessed. To validate the solution set, three solutions are selected
on the Pareto front, one from each region. Solutions are selected
in such a way that two solutions fall on either extreme point of
the two objectives and the other is at approximately in the mid-
dle of the objective domain. Three selected solutions, as shown
in Fig. 6 will be denoted as Case-1, Case-2 and Case-3 for further
discussion. As mentioned earlier, an I-PD controller is developed
to design the chemotherapy drug doses for cell cycle specific can-
cer treatment. The controller is designed in such a way that drug
concentration, one of the outputs of the patient model can be
maintained to a predefined level set by the reference input to the
controller.

At the beginning, when no drug is infused, the output is also zero
and the difference between the reference input and model output,
D(t) is maximum. The difference gradually decreases with increas-
ing time (days) and after few weeks the difference becomes very
small and then reduces to nearly zero. To make the chemotherapy
drugs effective, the drug concentration at the tumour site should
be maintained at a desired level for the whole period of treatment
and this is implemented by using a fixed level of signal, called step
input. In this work, the reference to the controller (desired drug
concentration) is selected by the MOGA optimization process and
for different solutions the reference levels are different. For exam-
ple, the reference levels for Case-1, Case-2 and Case-3 are 12.08,
12.17 and 11.66, respectively.

To obtain different performance measures in relation to
chemotherapy treatment, three decision variables, kp, ki and kd
and desired drug concentration, which is corresponded to solu-
tion Case-1, are fed to the I-PD controller. The control system and
the whole system along with the patient model are simulated for
84 days. Then the output of the I-PD controller, u(t), which is the
desired chemotherapy drug scheduling for Case-1, is recorded. Sev-
eral outputs of the patient model, such as, drug concentration at
tumour site, toxicity, reduction of proliferating and quiescent cells
and changes in normal cells are recorded due to the infusion of
the designed chemotherapy doses. Similar procedure is repeated
for Case-2 and Case-3 and similar parameters are recorded for
the whole period of chemotherapy treatment. Fig. 7(a) shows the
chemotherapy drug scheduling for Case-1, Case-2 and Case-3. The
response of the patient model due to the infusion of these drug
scheduling are shown in Fig. 7(b)–(f). It is noted that, the response
of the patient model are expressed in terms of several parameters
such as, drug concentration, toxic side effects, reduction of pro-
liferating and quiescent cells and changes in normal cells during
the whole period of treatment. Moreover, maximum and average
levels of drug doses, toxicity and drug concentrations for all three
cases are calculated and presented in Table 3. Furthermore, per-
centage of reductions in proliferating and quiescent cells at the end
of chemotherapy treatment are calculated and showed in Table 3.
As mentioned earlier, in chemotherapy drug scheduling problem,
number of normal cell population is often considered as an indica-
tion of toxic side effects developed in the patient’s body. Since the
normal cells are adversely affected by the chemotherapy drugs, the

level of toxicity is assumed to be inversely proportional to the num-
ber of normal cells. Moreover, the number of normal cells remaining
at the end of treatment is giving an indication about the physio-
logical state of the patient. So this number is also calculated and
displayed in Table 3.

3.3. Drug scheduling

The chemotherapy doses for Case-1, Case-2 and Case-3 (Fig. 7),
increase from zero and finally become stable at a certain value and
the rate of increase is different for different cases. For Case-1, the
doses reach maximum value of 4.5 within the first week of treat-
ment and for the remaining periods it becomes stable at that value.
For Case-2, it takes more than 2 weeks to reach 4, 5 and 7 weeks
for Case-3, to reach the fixed and stable level of 4.3. Although in
all three cases the maximum chemotherapy drug doses are nearly
same but the average levels of drug doses over the whole period of
treatment are different. For Case-1, the average drug dose is maxi-
mum  (3.4) and it is minimum (2.8) for Case-3. In contrast, for Case-2,
the dose is moderate (3).

3.3.1. Drug concentration
Fig. 7(b) shows the drug concentration against reference input

for Case-1, Case-2 and Case-3 at the tumour site due to chemother-
apy drug scheduling. It is interesting to note that, the drug
concentrations, for all three cases, increase gradually in similar
manner as observed in case of corresponding drug scheduling and
follow the reference levels. The drug concentrations at tumour site
reach to a maximum value as set by the corresponding reference
values. It is also noted that, like average drug doses, the average
drug concentrations also vary from case to case; Case-1 having
maximum average value of 9.2 followed by Case-2 and Case-3, as
listed in Table 3. More importantly, the average and maximum drug
concentrations are always much lower than the allowable max-
imum value indicated in design objective and constraint for this
particular parameter.

3.3.2. Toxicity
The toxicities, for Case-1, Case-2 and Case-3, developed due to

the corresponding chemotherapy drug scheduling are shown in
Fig. 7(c). For all three cases, the toxicities gradually increase from
the first day of treatment and finally settle to a steady value after
few weeks in a similar manner as observed in case of drug sched-
uling and drug concentration. The maximum level of toxicity is
observed with the drug scheduling obtained with Case-1 and the
value is 34.5 whereas the minimum toxicity is caused by Case-
3. The average toxicities for Case-1, Case-2 and Case-3 are 27.7,
23.4 and 21.2, respectively. It is important to note that, toxicities
in all cases remain under control and much lower than the max-
imum limiting value set in design objective and constraint of the
optimization process.

3.3.3. Reduction of proliferating cells
Reduction of proliferating cells is taken as the main aim of

chemotherapy treatment as because of these cells, cancer can
spreads to the other parts of the body. Before the treatment starts,
the number of proliferation cells is set at 2 × 1011, as used by many
researchers in cell cycle specific cancer treatment (Dua et al., 2008).
Fig. 7(d) shows the reduction of proliferating cells during the whole
period of treatment. For Case-1, Case-2 and Case-3, the percentage
of reductions obtained using the drug scheduling shown in Fig. 7(a)
are 72.2%, 71.2% and 68.1%, respectively.

Many Attempts have been taken to design similar drug opti-
mization techniques reported earlier. Alam et al. (2010) used
Practical Swarm Algorithm (PSO) to achieve optimal drug sched-
uling. The authors reported that Solution-1, Solution-2 and
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Fig. 7. (a) Chemotherapy drug doses, (b) drug concentration, (c) toxicity, (d) reduction of proliferation cell, (e) reduction of quiescent cell, and (f) reduction of normal cells
due  to chemotherapy treatment Case-1, Case-2 and Case-3.

Solution-3 reduced the proliferating cells by 72%, 71% and 68%,
respectively at the end of treatment. In present work, Case-1 and
Case-2 result a reduction of 72.2% and 71.2% for proliferating cells
which are slightly better than the reported results of Alam et al.
(2010). It is also worth noting that the average drug concentration

and toxicity using MOGA are 8.3 and 24.1 respectively, which are
lower than the MPSO performance 9.7 and 27.4. However reduction
of proliferating cells in Case-3 is same as the Solution-3. Consider-
ing the physiological and clinical state of the patient and the cancer
status, the oncologist can choose a suitable solution for a patient.

Table 3
Performance measures of drug scheduling techniques.

Example solutions Value of
Ref. input

For the whole period of treatment At the end of 84 days treatment

Drug doses Drug concentration Toxicity Reduction of
proliferating cells

Reduction of
quiescent cells

No. of
normal
cells

Max  Avg Max Avg Max  Avg

Case-1 12.08 4.5 3.4 12 9.2 34.5 27.7 72.2% 60.4% 1.0002 × 108

Case-2 12.17 4.5 3 12 8.3 33.4 23.4 71.2% 58.9% 1.0024 × 108

Case-3 11.66 4.5 2.8 11.7 7.5 31.9 21.2 68.1% 55.1% 1.2815 × 108
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Fig. 8. Reductions of cells for Case-1, Case-2, Case-3 and reported work (Dua et al.,
2008).

3.3.4. Reduction of quiescent cells
Quiescent cells are also to be reduced in cancer treatment as

indicated in design objectives. At the beginning the chemother-
apy treatment, the total number of quiescent cell is assumed as
8 × 1011 (see Table 1). During the treatment period, the number
gradually decreases depending on chemotherapy drug doses and
this is shown for all three cases in Fig. 7(e). It is important to note
60.4%, 58.9% and 55.1%, respectively.

Remarks. It is worth noting that Dua and co-workers designed
chemotherapy drug scheduling for cell cycle specific model, as used
in the present work, and reported reductions of 70% and 50% for pro-
liferating and quiescent cells at the end of treatment (Martin & Teo,
1994). In this investigation, Case-1 and Case-2 result a reduction of
72.2% and 71.2% for proliferating cells which are slightly better than
the reported one. More importantly to note that, example solutions;
Case-1, Case-2 and Case-3 of present work can reduce the quiescent
cells up to 60.4%, 58.9% and 55.1%, respectively which are significantly
higher than the reported result. Fig. 8 shows the reductions of prolifer-
ating and quiescent cells for Case-1, Case-2, Case-3 and reported work
(Martin & Teo, 1994). It is noted that cell reductions for both prolifer-
ating (except Case-3) and quiescent cells are better in case of proposed
optimal scheme.

3.3.5. Changes in normal cells
The chemotherapy drugs adversely affect the normal cells dur-

ing the treatment. In the patient model used in this work, the
number of normal cells is assumed 10x108 before the treatment.
Fig. 7(f) shows the changes of normal cells during the whole period
of treatment for all cases. For Case-1, Case-2 and Case-3, the num-
ber of normal cells remaining at the end of 84 days treatment are
1.03 × 108, 1.0024 × 108 and 1.2815 × 108 respectively. It is impor-
tant to note that, in all cases the number of remaining normal cells
are more than the threshold value, 1 × 108, as indicated in the con-
dition and in design constraint earlier. It is mentioned that these
higher values of remaining normal cells are attributed to lower
toxic side effects and better physiological conditions of patients.
The input parameters used in this work were also used by Dua et al.
(2008) to compare the performance of the proposed and reported
models. It is noted that the reduction of the proliferating cells in
case of proposed model is 72.2% compared to 70% in reported one.
It is also noted that the reduction of quiescent cells is 60.4% whereas
the reported model yields only 50%. It is clearly evident that the pro-
posed optimal model offers better outcomes for both proliferating
and quiescent cell reductions.

As the cancer chemotherapy treatment models have classified
depending on the functional state of the cancer cells, the pur-
pose of using mathematical models of cancer chemotherapy is to
predict and control the course of the disease during treatment
cycle. Occasionally, after few cycles of treatment, single drug treat-
ment does not work due to resistance developed by cancer cells.
Moreover, cancer tumour, in general, contains different types of

cells and single drug treatment becomes ineffective against those
cells. To counteract the drug resistance developed by cell, multi-
drug chemotherapy has emerged and is being recommended as
an alternative but very effective treatment plan. Depending on
state/intensity of the tumour, especially types/volumes of cells
and physiological state of the patient, several multi-drug treat-
ments, such as, two-drugs, three-drugs etc. are recommended
and administered to patients. In order to design chemotherapy
drug scheduling for multi-drug treatments and to observe/assess
their effectiveness on tumour cells, several multi-compartments
models are suggested and extensively used by researchers as
reported in literatures (Panetta, 1999; Westman, Fabijonas, Kern,
& Hanson, 2001). To be specific, four compartment tumour models
are used to design chemotherapy scheduling for two-drugs and its
response on different cell population whereas eight compartment
tumour models are used for three-drugs treatment plan. Consider-
ing the limited success of single drug chemotherapy treatment, we
extended our new drug scheduling schemes for two and three dif-
ferent drugs during the whole course of chemotherapy treatment.
To assess/analyze the effectiveness of the proposed multi-drug
scheduling schemes, four compartments and eight compartments
models are implemented and utilized in following sections of this
work. It is to be noted that, treatment objectives and constraints
to be met  are also more in case of multi-drug treatment com-
pared to that of single drug chemotherapy. Considering this fact,
design objectives and constraints are also increased in control
design & multi-objective optimization process in following sec-
tions. In general, four design objectives were considered for the
schemes; reducing cancer cells, reducing toxic side effects for two
and three drugs (Four and eight compartments) and maintain the
concentration of all drugs at tolerable level.

3.4. Four compartments based multi-drug model

To explore further, the investigation was extended further for
multi-drug (here assuming two  drugs) where a four compartmen-
tal model is used which is based on the theoretical basis provided
by (Martin & Teo, 1994). For simplicity and to avoid repetition, this
paper only shows the MOGA based optimal control scheme and the
performance of the scheme in cell reduction for four compartmen-
tal models. This focuses on multi-drug chemotherapy scheduling
where two  drugs were used and, for ease of discussion, those drugs
are indicated by A and B respectively. A schematic diagram of multi-
drug scheduling scheme for chemotherapy treatment is shown in
Fig. 9. Similar control method was  developed to control the drugs
to be infused to the patient’s body. The overall control structure
contains two I-PDs controllers; one for drug A and another for
drug B. Each I-PD controller involves three parameters, the pro-
portional gains kp integral gain ki and derivative gains kd. Drug
concentration at the tumour was used as the feedback signal to the
controller to compare with a predefined references level. The dif-
ference between each of the two  schemes is called the error which
was used as input to the controller. The output of the controller for
drug A, uA(t) is formed as:

uA(t) = KAi

t!

0

e(t)dt −
"

KAd
d
dt

DA(t) + KApDA(t)
#

(13)

While the output of the controller for drug B, uB(t) is:

uB(t) = KBi

t!

0

e(t)dt −
"

KBd
d
dt

DB(t) + KBpDB(t)
#

(14)

where eA(t) and eB(t) are the errors which are the differ-
ences between references XDA and XDB and drugs concentrations
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Fig. 9. Schematic diagram of the proposed multi-drug (two-drugs) control scheme.

DA(t) and DB(t). These can be expressed as: Use eA(t) and eB(t) in Eqs.
(13) and (14)

eA(t) = (XDA − DA(t)) (15)

eB(t) = (XDB − DB(t)) (16)

It is noted that XDA and XDB indicate references signals to the con-
trollers which can be depicted as the desired drugs concentrations
to be maintained at the tumour site during the whole period of
treatment. It is noted that when eA(t) and eB(t) are zero, the drugs
concentrations at tumour site will be equal to the desired drug
concentrations. In such case, the cell killing will be maximum. If
the differences between XDA and DA(t) and XDB and DB are posi-
tive large or not stabile that means the drugs concentrations will
be lower than the desired level and in such case, the cell killing
will be much lower than expected. It is required to find six param-
eters kAi, kAp, kAd, kBi, kBp, and kAD of I-PDs controllers to achieve
desired performance. In this investigation, MOGA was used to find
a wide range of parameters of the I-PDs controllers by minimizing
three objectives simultaneously to design two-drugs chemother-
apy scheduling. The objectives are formulated as follows (Algoul,
Alam, Hossain, Majumder, 2010).

(i) Average level of toxicity for drug

f1(x) = 1
tf

! tf

0
TA(t)dt (17)

(ii) Number of cancer cells at the end of the treatment

f2(x) = N(t)(tf ) (18)

(iii) Average level of toxicity for drug B

f2(x) = 1
tf

! tf

0
TB(t)dt (19)

Like two compartments model, the whole simulation was
carried out in the Simulink environment with some .m-files of
Matlab®. The MOGA optimization process was allowed to run for
larger number of generations in order to minimize all objectives

simultaneously. Solutions not satisfying aforementioned design
constraints are penalized with very high values, called penalty
function. The MOGA optimization process started with a randomly
generated population called chromosome. A population size of 50
was chosen in this investigation as it was found as minimum num-
ber of population for best convergence. An initial population of
dimension 50 × 8 × 12 was  created where number of individuals
and parameters in each individual were 50 and 8 respectively. Each
parameter was  encoded as 12 bit Grey code which is logarithmi-
cally mapped into real number within a range of [0,2] for first six
parameters and a range of [10,50] for the remaining parameters.
Each individual represents a solution where the first six elements
were assigned to controller’s parameters; kAp, kBp, kAd, kBd, kAi and
KBi, respectively as indicated in the conditions. The seventh and
eighth elements of each individual were assigned to the reference
inputs, XDA and XDB to the close-loop control system.

It is worth mentioning that through trial and error, 200 gener-
ation was found as the minimum number of generation to obtain
highest level of convergence. A wide range of non-dominated solu-
tion satisfying all design constraints, objectives and associated goal
values as were obtained at the end of maximum generation (see
Fig. 10). For clarity and ease of discussion, only few non-dominated
solutions yielding lower values for objective-2, i.e., the number
of cells less than 150, are shown in Fig. 10. Figs. 11–13 show
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Fig. 10. Non-dominated solutions of MOGA optimization at generation-200.
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the performance of the proposed multi-drugs control model for
four compartments. It is noted that the proposed model offered
100% cell reduction of proliferating cells as compared to 99% of the
reported best work (Tes et al., 2007). Overall toxicity and drug con-
centration of two drugs are within the tolerable limit but combined
effect could be higher as compared to single drug.

3.5. Eight compartments based multi-drug control model

The investigation has been extended further to explore the
issues of drug concentration and toxicity as compared to reported
eight compartmental models. A schematic diagram of multi-drug
scheduling scheme for chemotherapy treatment is shown in Fig. 14.
For simplicity and to avoid repetition, this paper only shows the
MOGA based optimal control scheme and the performance of the
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Fig. 13. The cell reduction for throughout the treatment period.

scheme in cell reduction. This focuses on multi-drug chemotherapy
scheduling where three drugs were used and, for ease of discussion,
those drugs are indicated by A–C, respectively.

A similar control method I-PD was developed to control the drug
to be infused to the patient’s body. The overall control structure
contains three I-PD controllers – one for each drug. Each I-PD con-
troller involves three parameters, the proportional gains kp integral
gain ki and derivative gains kd Drug concentration at the tumour
is used as the feedback signal to the controller which is compared
with a predefined reference level. The difference between each two
is called the error which is used as input to the controller. It is
noteworthy that XDA, XDB and XDC indicate reference signals to the
controllers which can be depicted as the desired drug concentra-
tions to be maintained at the tumour site during the whole period of
treatment. To achieve the desired performance, nine parameters of
I-PDs such as kAi, kAp, kAd, kBi, kBp, kBd, kCi, kCp, kCd need to be tuned.
In this research, MOGA is used to find suitable optimal parame-
ters for I-PD controllers. The mathematical model containing eight
compartments stating the effects of three drugs as explained in
Tes et al. (2007) is implemented in Matlab/Simulink environment.
Moreover, the I-PD feedback control scheme was  also developed in
Matlab/Simulink environment.

At first, MOGA has been used to design chemotherapy drug
scheduling for three-drugs which finds the trade-off between com-
peting objectives, (i) number of cancer cells at the end of the
treatment and (ii) average level of toxicity for three drugs (A–C)
over the whole period of treatment. The four objective functions
are formulated as follows:

f1(x) = 1
tf

! tf

0
TA(t)dt, (20)

f2(x) = N(t)(tf ) (21)

f3(x) = 1
tf

! tf

0
TB(t)dt, (22)

f4(x) = 1
tf

! tf

0
TC (t)dt, (23)

TA(t), TB(t) and TC(t) are the toxicity for three drugs and tf is the total
period of chemotherapy treatment, i.e., 84 days (12 weeks). The
stability of the close-loop system and design objectives are used as
constraints in the optimization process in order to obtain solutions
satisfying all objectives. The constraints are (Algoul et al., 2011).

1. Stability of drug delivery control system.
2. Minimum reduction of cancer cells at the end of treatment:

N(t) < S0.
3. Maximum level of toxicity during the treatment: TY(t) < 100,

where Y = A, B or C
4. Drug concentration at the tumour site during the treatment:

10 < DY(t) ≤ 50, where Y = A, B, or C

The MOGA optimization process begins with a randomly gen-
erated population called chromosome. An initial population of
dimension 50 × 12 × 12 was created where number of individuals
and parameters in each individual are 50 and 12 respectively. Each
parameter was  encoded as a 12 bit Grey code which is logarithmi-
cally mapped into real number within the range of [0,2] for first nine
parameters and a range of (10,50) for the last three parameter. Each
individual represents a solution where the first nine elements were
assigned to controller parameters. The last three elements of each
individual were assigned to the reference inputs to the close-loop
control system. The whole control scheme and drug scheduling
were designed for a period of 84 days as recommended by many
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Fig. 14. Schematic diagram of the proposed multi-drug (three-drugs) scheduling scheme.

researchers (Martin & Teo, 1994; Ochoa & Burke, 2007; Tes et al.,
2007).

As the algorithm proceeds, number of preserved non-dominated
solutions increases and more importantly, the solutions gradually
get better and tend to move towards x-axis and origin of y-axis
in the objective domain. A wide range of non-dominated solution
satisfying all design constraints, objectives and associated goal val-
ues as were obtained at the end of maximum generation. A similar
method has been followed for solutions not satisfying as mentioned
above for three objectives. For a four-objective minimization prob-
lem, a parallel line representation is shown in Fig. 15 where X-axis is
marked by four equidistant points representing design objectives to
be minimized and Y-axes at those points represent the values of cor-
responding objective functions. Moreover, four objective functions
for each solution are connected by a line of specific style and colour.
For clarity, only few non-dominated solutions, yielding lower num-
ber of cells at the end of treatment, are shown in Fig. 15. In such case,
individuals (solutions) that fall close to X-axis are better than those
away from X-axis. Moreover, crossing-lines for two  consecutive
objectives indicate conflict between them whereas non-crossing
lines indicate that objectives are not in conflict. It is observed that
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Fig. 15. Non-dominated solutions (normalized) of MOGA optimization at
generation-200.

a solution giving lower value along one objective yields relatively
higher values along other three objective domains. Similar nature is
observed with other solutions. Although no solution can minimize
all four design objective simultaneously to lowest possible values
because of inherent conflict, each solution has equal potential as
per as trade-off among different objectives are concerned.

Fig. 16 shows the drug concentration at the tumour site due
to chemotherapy drug scheduling obtained for the whole period.
It is interesting to note that the drug concentrations for all cases
increase gradually in similar manner as observed in case of cor-
responding drug dose scheduling and desired levels. The drug
concentrations at tumour site reach to a maximum value as set by
the desired values. More importantly, it is noted that, the maximum
drug concentrations are always much lower than the allowable
maximum value indicated in design objective and constraint for
this particular parameter.

The toxicities, for drugs A–C, developed due to the correspond-
ing chemotherapy drug scheduling are shown in Fig. 17. For three
cases, the toxicities gradually increase from the first day of treat-
ment and finally settle to a steady value after few days in a similar
manner as observed in case of drug scheduling and drug concen-
tration. The maximum level of toxicity is observed with the drug
scheduling obtained with drug A and the value is 92.3 whereas the
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Fig. 17. Level of toxicity for drugs A–C for whole period of treatment.

minimum toxicity is caused by drug B is 71.7. Toxicities in all cases
remain under control and much lower than the maximum limiting
value set in design objective and constraint of the optimization pro-
cess. Fig. 18 shows the reduction of cancer cells during the whole
period of treatment. The percentage of reductions obtained using
the drug scheduling shown in Fig. 17 is nearly 100% corresponds to
the solution has been chosen.

3.6. Robustness analysis of the proposed closed-loop drug
scheduling scheme

To be applicable/effective in real-world applications, any closed-
loop control system must be robust, i.e., the control system is
required to exhibit the desired performance despite the presence of
significant model/plant uncertainty. So a closed-loop control sys-
tem is said to be robust when it is stable over the range of parameter
variations and the performance continues to meet the specifica-
tions in the presence of a set of changes in the system parameters.
To test the robustness of the proposed closed-loop drug sched-
uling scheme, MOGA-based IPD controller using two-compartment
tumour growth model is investigated/assessed. For ease of discus-
sion, simple schematic diagram of drug scheduling scheme used to
test the robustness is given below (Fig. 19) where important param-
eters of tumour growth and response model are assumed to have
uncertainties of different ranges around their optimum values. The
model parameters those are assumed to have uncertainty are listed
in Table 4 along with their optimum values as used in (Dua et al.,
2008; Liang et al., 2008).

As discussed earlier, MOGA has been used to find parameters
of I-PD controller by trading-off several conflicting objectives and
satisfying several design constraints. It is to be mentioned that,
as many as 136 solutions; both non-dominated and satisfying all
design constraints and objectives were found in two-objective
optimization drug scheduling scheme covering a wide range of
objective domain (see Fig. 5). Controller parameters correspond to
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Fig. 18. The cell reductions throughout the treatment period.
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Fig. 19. Schematic diagram of drug scheduling scheme used to test the robustness.

solution Case 2, as marked in Fig. 5, are used for robustness analysis
in the following discussions.

The drug scheduling system was  run several times each with
different level (percentage) of model uncertainty around optimum
values. At first, the model parameters, as listed in Table 4 are
assigned to have an uncertainty of 5% and the whole close-loop
scheduling scheme is run with controller parameters, as indicated
above. The treatment outcomes/model outputs; changes in differ-
ent cell population and toxicity are observed and recorded along
with the infused drug doses. Similar procedure was repeated for
model parameters given an uncertainty of 10%, followed by 15%
and finally an uncertainty of 20%. The output response is compared
against the same drug scheduling scheme having optimum values
of model parameters. Some important quantitative performance
measures in relation to chemotherapy during and end of 12 weeks
treatment scheduling schemes; with and without model uncer-
tainty, are presented in Table 5. The prime treatment objective is
to reduce the number of proliferating cells during and at the end
of treatment. Table 5 shows that despite the model uncertainties;
from small to wide range, the percentage of reduction is almost
same as it was found with optimum model parameters without
having any uncertainty.

Fig. 20 shows the changes of proliferating cells during the treat-
ment period for all closed-loop drug scheduling schemes; models
with optimum parameters and models having parameter uncer-
tainty of four different percentages. It is observed that proliferating
cell profiles for models having uncertainties almost fully coincide
with that of model with optimum parameters. This figure clearly
exhibits that the closed-loop control scheme is highly robust as far
as the proliferating cell response is concerned.

The number of quiescent cell is also required to reduce during
the chemotherapy treatment. Table 5 shows that the reduction in
quiescent cell is almost same despite the uncertainties in model
parameters. Fig. 21 shows the response of quiescent cells for all

Table 4
Parameters of cancer tumour model (two-compartment) assumed to have uncer-
tainties and used in robustness analysis.

Model parameters Optimum values

a The rate of growth
proliferating cells

0.5 day−1

m The mutation rate of
proliferating cells to
quiescent cells

0.218 day−1

! Drug decay 0.27 day−1

" Rate of toxicity elimination 0.4 day−1

k Cell killed per unit time per
unit drug concentration

8.4 × 10−3 day−1 [D]−1



28 M.S. Alam et al. / Computers and Chemical Engineering 58 (2013) 14– 32

Table  5
Robustness analysis of the closed-loop chemotherapy drug scheduling scheme in time domain.

Model parameters Treatment outcomes during and end of 12 weeks

Average
drug dose

Maximum
drug dose

Average
toxicity

Maximum
toxicity

Reduction of
proliferating
cells in %

Reduction of
quiescent cells
in %

Number of
remaining
normal cells

Optimum values* 3.05 4.50 23.43 33.36 71.24% 58.95% 1.002 × 108

Parameters vary by ±5% 4.27 4.73 31.86 37.86 71.24% 58.97% 1.006 × 108

Parameters vary by ±10% 4.27 4.97 31.97 42.91 71.23% 58.98% 1.012 × 108

Parameters vary by ±15% 4.27 5.22 32.18 48.51 71.20% 58.97% 1.019 × 108

Parameters vary by ±20% 4.28 5.45 32.39 54.41 71.16% 58.94% 1.029 × 108
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Fig. 20. Change of proliferating cell population during the treatment period.

models; having optimum model parameters and having parameter
with different percentages of uncertainties. It is clearly evident that
quiescent cell profile changes in the same manner despite model
uncertainties which also exhibits a higher degree of robustness of
the proposed control scheme.

The number of normal cells shows the physiological state of
the patient which is required to remain as close as it was at the
beginning of the chemotherapy treatment. It is evident from

Table 5 and Fig. 22 that the control scheme is highly stable and
robust despite the changes in model parameters due to its closed-
loop/feedback mechanism.

Toxicity is always regarded as second most important perfor-
mance measures after the reduction of proliferating cancerous
cells. Table 5 shows that average and maximum toxicity gradually
increase with increasing level of uncertainty in model parameters
but in all cases those values are within the acceptable/tolerable
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range as far as the physiological condition of the patient and treat-
ment constraint are concerned. Fig. 23 shows the toxicity profile
developed for all cases under investigation here. For clarity, changes
in toxicity profile (for two days) with different percentage of model
uncertainty are shown in enlarged form within a window in the
same figure. Although the toxicity varies with degree of model
uncertainty, it is always less than nearly half of the highest per-
missible value of 100 as used by other researcher in (Dua et al.,
2008; Liang et al., 2008; Martin & Teo, 1994) for similar tumour
growth model.

Fig. 24 shows the drug doses for 12 weeks obtained with the pro-
posed closed-loop schemes for the models; both having optimum
parameters and model uncertainties of different degrees. For clar-
ity, changes in drug doses (for five days) with different percentage
of model uncertainty are shown in enlarged form within a window
in the same figure. Table 5 shows the average and maximum drug
doses infused to the patient during the 12 weeks treatment period.
Like the toxicity, the average and maximum drug doses increases
with the percentage of model uncertainty. In fact, relatively higher
level of drug doses causes higher toxicity during the treatment. The

drug doses, as shown in Fig. 24, are still low but effective for all runs.
It is to be noted that the uncertainty/variation in model parameter
during the treatment period is compensated by different dose levels
due to the feedback/closed-loop nature of the scheduling scheme.
It can also be said that drug doses are adapted/adjusted looking at
the variations of the model parameters. Although the input (drug
dose) of the control scheme fluctuates around average value, the
outputs of the model; i.e., responses of different cell populations
are highly stable and almost coincides with the response of model
using optimum value and having no uncertainty at all.

All the preceding facts, figures and discussion clearly assure that
the proposed control scheme for chemotherapy is highly robust
and stable. Moreover, it is noted that the application of MOGA in
finding parameters of I-PD controller also add more robustness in
overall design scheme since huge number of acceptable solutions
are generated out of a single run of the optimization process.

This section presents the comparative investigations for the
chemotherapy cancer drug scheduling between two  algorithms,
proposed multi-objective genetic algorithm (MOGA) and reported
method. The reported method introduced by Liang et al. (2008),
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called a new memetic algorithm (MA) to solve the Multi-drug
chemotherapy optimization problem. The authors formulate the
optimization problem as an optimal control problem (OCP) with
a set of dynamic equations. The objective was to design efficient
schedules which minimize the tumour size under a set of con-
straints.

Many solutions of the proposed drug scheduling pattern have
reduced the number of tumour cells more than 99% (eliminate the
resistance cells) with the tolerable drug concentration and lower
toxic side-effects. The proposed model offered better performance
as compared to existing models with regard to drug resistance and
toxicity level.

Drug concentration: Table 6 shows the comparative perfor-
mance of the drug concentration between proposed and reported
methods. It is interesting to note that, the drug concentrations at
tumour site reach to maximum values which are 29, 36 and 39 for
drugs A–C respectively. More importantly, the maximum drug con-
centrations are always much lower than the allowable maximum
value indicated in design objective and constraint for this partic-
ular parameter. In contrast, the MA  algorithm (Tes et al., 2007)
offered higher drug concentration level as compared to the pro-
posed model. These are 40, 50 and 50 respectively.

Toxicity: Fig. 25 shows a comparison of the toxicity for
chemotherapy drug scheduling of the two algorithms mentioned
early (MOGA and MA). It is noted that the obtained drug sched-
ule is continuous in nature having lower and nearly stable value
throughout the whole period of treatment. The maximum level
of toxicity was observed with the drug scheduling obtained with
drug A and the value is 92.3, whereas the minimum toxicity was
caused by drug B is 71.7. Toxicities in all cases remain under con-
trol and much lower than the maximum limiting value set in design
objective and constraint of the optimization process. It is also noted
that the levels of toxicity produced by the reported model memetic

Table 6
Comparative level of final drug concentration for the reported and proposed model.

Drug A B C

Reported model 40 50 50
Proposed model 29 36 39

Fig. 25. Comparative level of final toxicity for the reported and proposed model.

algorithm (MA) are higher as compared to the proposed algorithm
(Tes et al., 2007). In all cases, the toxicity level of the MA  reach to
the maximum tolerable level 100.

Cell reduction: Before the treatment starts, the numbers of can-
cer cells are 4.60517 × 1011, as used by many researchers in cell
cycle specific cancer treatment (Tes et al., 2007). The percentage
of the cancer cells reduction for the proposed algorithm obtained
using the drug scheduling is nearly 100%. Moreover, this higher
percentage of the cancer cells reduction is achieved with signifi-
cantly lower toxic side effects and better physiological conditions
of patients. The rate of the cells reduction of the memetic algo-
rithm (MA) is lower than the proposed algorithm which is about
99% with higher level of toxicity as shown in the section above.
Overall, the proposed algorithm MOGA offered better performance
as compared to the MA Algorithm. In both cases the rate of reduc-
tion is steady and reduces to a significantly lower value throughout
the period of the treatment.

4. Conclusions

This paper has presented a novel method of chemotherapy
drug(s) scheduling for cell cycle specific cancer treatment by using
a control method. Based on the cells functions, the proposed mod-
els predicted and controlled the tumour growth to demonstrate the
merits and capabilities for cancer treatment. An I-PD controller has
been developed to design drug doses and MOGA has been employed
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to find a wide range of acceptable solutions for controller param-
eters by trading-off conflicting treatment objectives and satisfying
important treatment constraints. To the best of our knowledge, this
is the first multi-objective based chemotherapy I-PD control model
used to investigate the cell cycle specific treatment.

In the proposed method, several design objectives, constraints
and associated goal values are defined prior to the optimization
process and a wide range of non-dominated solutions, known as
near Pareto-optimal set, have been obtained. It is interesting to note
that the design approach can offer flexibility in decision making and
suitable solution can be picked under different trade-off interven-
tions for cancer treatment. To assess the effectiveness of the design
procedures, several solutions on the non-dominated solution set
have been evaluated on the problem domain and corresponding
responses have been presented. Significant reduction in cancer-
ous cells has been achieved with a very low level of toxicity and
other performance measures such as, lower drug doses, lower drug
concentration and higher number of normal cells at the end of treat-
ment. The unique feature of the proposed models is that the design
approach can offer flexibility in decision making and suitable solu-
tion can be picked under different trade-off conditions. Considering
the state of the physiological condition of the patient and state of
the tumour, clinicians can choose a particular solution from this set
as required by treatment.

It is mentioned that the obtained drug schedule is continuous in
nature having lower and nearly stable value throughout the whole
period of treatment. The proposed controlled drug(s) scheduling
pattern has reduced the number of tumour cells significantly with
low drug doses. More importantly, the maximum toxicity levels
during the whole period of treatment remain much lower than the
maximum allowable value as indicated earlier and suggested by
other researchers (Liang et al., 2008; Martin & Teo, 1994).

It is worth mentioning that this paper also demonstrates
the robustness of the proposed drug scheduling scheme which
has not been reported earlier. Majority of the model parame-
ters are related to physiological conditions of patients, internal
drug absorption/clearance/metabolic actions, drugs to be used in
treatments, state of the disease/tumour population when it was
detected etc. So model parameters, in principle and realistically
vary from patient to patient and also dependent on drugs to be used,
state of the disease etc. Moreover, values of majority of the parame-
ters may  also vary in-vivo or in-silico experiments conducted under
same environment but at different instances. So to develop more
accurate/realistic models for specific cancer, existing/commonly
used parameters are modified/adjusted with empirical data or new
parameters are added to existing model with proper justification
and this has been an active research area all the time. The authors
would like to clarify that modelling/parameter tuning for a spe-
cific type of cancer is not the scope of the present work rather an
optimum drug scheduling method is presented, emphasized and
discussed in detail with different compartmental models for phase
specific treatment of cancer. It is also to be noted that, the values
of the parameters of the models used in this research are optimum
and were obtained through statistical analysis on in-vivo/in-silico
experiments as reported in (Dua et al., 2008; Liang et al. 2006; Liang
et al., 2008; Martin & Teo, 1994; Martin, 1992; Tan et al., 2002).
To test the robustness of the proposed drug scheduling scheme,
two-compartment tumour growth model has been investigated
further with important parameters are assumed to have uncer-
tainties of different ranges around their optimum values. Then the
drug scheduling system was run several times each with different
level (percentage) of model uncertainty around optimum values.
Results showed that despite the model uncertainties; from small
to wide range, the percentage of cell reduction was  almost same
as it was found with optimum model parameters without having
any uncertainty. Moreover, it is important to note that the control

scheme is highly stable and effective despite the model uncertain-
ties up to a large range. The same control strategy and optimization
technique have been extended to develop multi-drug or combina-
tion chemotherapy regimen for two  and three drugs where four
compartments and eight compartments models have been used to
observe the response. Many design objectives and constraints were
also handled to design drug doses for the four and eight compart-
ments based models. The proposed scheme offered a solution for
100% reduction of proliferating cell. Finally, it is worth noting that
the drug scheduling pattern of the proposed models (two, four and
eight compartments) offered better performance as compared to
the reported models available till date.

The proposed closed-loop fashion drug scheduling control relies
on frequent measurements of tumour response due to drugs
administered at earlier instant. Although chemotherapy is given in
cycles with periodic updates (every two  weeks to two months) with
treatment alterations based on evaluations of toxicity and patient
response, researchers have also attempted to explore the poten-
tial of ‘relatively lower doses with longer period’, as alternatives
to conventional ‘relatively higher doses for shorter period’ in
cancer treatment. Moreover, the dose duration and the interval
period between dose applications have also been investigated
and adjusted to obtain better treatment schedules as reported in
(Alam, Sultana, Alam, Al-Mamun, & Hossain, 2013). The chemother-
apy drug schedules obtained by the proposed treatment protocols
appears to be continuous on the time (day) scale, i.e., specific
amount of drugs to be administered to the patient on daily basis
which can be termed as Metronomics in nature. It is important to
note that the dose duration and the interval period between dose
applications can be adjusted in the proposed scheme by setting
the sampling time of closed-loop I-PD controller to an agreed pre-
defined value. Moreover these two  important parameters can also
be adjusted/optimized through multi-objective genetic optimiza-
tion process aiming to trading-off conflicting treatment objectives
and satisfying associated treatment constraints. Clinical knowledge
can be utilized to define the total duration of the treatment, giv-
ing emphasis on physiological state of the patient, state of the
tumour and disease. Moreover, the total duration of the treatment
can also be determined for specific values of model parameters
describing physiological state of the patient, state of the tumour
and disease through multi-objective optimization process. In such
case, the total duration of simulation/run-time should be consid-
ered as a variable in the genetic optimization process. So the scheme
may  result various drug schedules spanning a range of days and
oncologists can choose suitable one for a particular patient.

In conclusion, it may  be mentioned that multi-objective algo-
rithm can be a very useful computing tool to solve complex drug
scheduling problems in other deadly and infectious diseases. How-
ever, validation of the proposed optimal drug(s) administration
model is required in in vivo before this approach can be applied
in the clinic. So in order to achieve that, as future work, we con-
sider to extend this research by incorporating cellular automaton
model reported earlier (Nabila, Hossain, Phillips, Al-Mamun, & Bass,
2012) with further in-vitro experiments in tissue culture lab.
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The ability to predict how far a drug will penetrate into the tumour micro-
environment within its pharmacokinetic (PK) lifespan would provide
valuable information about therapeutic response. As the PK profile is direc-
tly related to the route and schedule of drug administration, an in silico tool
that can predict the drug administration schedule that results in optimal
drug delivery to tumours would streamline clinical trial design. This paper
investigates the application of mathematical and computational modelling
techniques to help improve our understanding of the fundamental mechan-
isms underlying drug delivery, and compares the performance of a simple
model with more complex approaches. Three models of drug transport are
developed, all based on the same drug binding model and parametrized by
bespoke in vitro experiments. Their predictions, compared for a ‘tumour
cord’ geometry, are qualitatively and quantitatively similar. We assess the
effect of varying the PK profile of the supplied drug, and the binding affinity
of the drug to tumour cells, on the concentration of drug reaching cells and the
accumulated exposure of cells to drug at arbitrary distances from a supplying
blood vessel. This is a contribution towards developing a useful drug trans-
port modelling tool for informing strategies for the treatment of tumour
cells which are ‘pharmacokinetically resistant’ to chemotherapeutic strategies.

1. Introduction
A characteristic feature of solid tumours is the presence of a poorly organized and
dysfunctional vasculature. The blood vessels that develop in response to angio-
genic stimuli are structurally and functionally different from those of normal
tissues, leading to poorly perfused areas of the tumour [1]. This results in the
establishment of a microenvironment that can have profound effects on tumour
biology and response to chemotherapy. The tumour microenvironment is charac-
terized by gradients of oxygen tension, nutrient status, catabolite concentrations,
extracellular pH, cell proliferation rates and a multitude of biochemical changes
that enable cells to adapt to these hostile conditions [2], unless conditions
become so extreme that tumour cells cannot survive and regions of necrosis
occur. Where delivery of cancer drugs to cells within the tumour microenviron-
ment is impaired, these cells are ‘pharmacokinetically resistant’; this form of
resistance, distinct from cellular resistance, is increasingly recognized as a barrier
to effective treatment [3]. In this paper, we use the generic term ‘chemotherapy’ to
cover both conventional cytotoxic drugs and novel ‘targeted’ therapies, because
the challenges of drug delivery apply to both.

The variations in microenvironment in vivo are extremely complex, and
depend on distance from a supporting blood vessel. Important insights can,

& 2014 The Author(s) Published by the Royal Society. All rights reserved.
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however, be gained from a much simpler representation,
that of a ‘tumour cord’, where a ‘collar’ of cells surrounds a
supporting blood vessel, with cells at a distance from the
vessel comprising regions of necrosis (figure 1). This model
forms the biological platform for the studies described
within this paper, which focuses on predicting the ability of
drugs to penetrate through several layers of cells from a cen-
tral blood vessel, and reach more distant cells. This ability of
drug to reach cells some distance from the vessel is key to the
effectiveness of chemotherapy, for both cytotoxics and tar-
geted drugs, because these cells are typically resistant to
current cytotoxic treatment, mainly owing to inadequate
drug penetration.

The interplay between cellular factors and drug transport is
complex, but drug delivery can be broken down into three
stages: drug delivery to a tumour is determined by the
supply of drug via the blood vessels in tumours; the flux or
movement of drug through the tumour mass; and sequestra-
tion, which includes binding to cellular or extracellular
components and metabolism of the drug [3]. The impact of
each stage on drug delivery will vary depending upon the
pharmacology of individual drugs and the biological properties
of individual cancers (e.g. differential expression of targets or
drug-metabolizing enzymes).

It is recognized from the outset that the models describ-
ing these processes represent considerable simplifications
of complex biology and geometry [4], which may be better
described by a more sophisticated computational framework
[5]. However, we believe simpler mathematical models play
an important role in developing more complex schemes by

providing what might be described as ‘semi-quantitative’
understanding of the biological transport mechanisms, and
offering a simple approach to assessing the relative merits
of different protocols. Changing drug administration proto-
cols varies the concentration and exposure time of drugs
within the central blood vessel (both in practice and in our
tumour cord models), and these models allow us to investi-
gate how these factors influence drug delivery. To test a
range of scheduling options in purely experimental animal
tumour models is expensive and conflicts with the aim of
reducing, refining and replacing (the 3Rs) animal exper-
iments that is currently promoted by institutions such as
the Medical Research Council. In silico modelling offers the
promise of being able to test multiple experimental scenarios
and streamline the search for drug treatment regimens that
optimize drug delivery to tumour cells throughout the
tumour microenvironment.

There exists a plethora of models describing the transport of
drugs in tissue, ranging from compartmental models that
account for exchange of drug within spatially distinct intra-
cellular compartments [6–9] to continuum models describing
the transport over macroscopic tissue scales [10–14]. If model-
ling is to have greater predictive impact on the development
of new therapeutic agents, then it is important that the rela-
tive merits and limitations of these different descriptions are
clearly understood.

The key questions this paper seeks to address are ‘Does
each of these models give similar results for the variation in
drug concentration in the tumour cord?’ and ‘How do the
administration schedule and cell response affect drug

BV

BV

BV
B
 V

Glut-1

N
N

(a) (b)

(c) (d) necrosis

Figure 1. HCT116 human colorectal tumour xenografts. (a) Histological sections at low magnification showing blood vessels (BV) surrounded by cords of viable cells
and necrotic areas (N) further distanced from the vessels. (b) Higher magnification of a blood vessel and surrounding viable area. (c) Section through a clinical
sample of a transitional cell carcinoma of the bladder immunostained for Glut-1, a glucose transporter which is upregulated under hypoxic conditions. Glut-1-
positive staining, visible as darker, denser regions (brown membrane staining), can be seen distal from the supporting blood vessel (BV). (d ) Schematic of the
tumour cord where the central blood vessel (BV) is surrounded by viable cells, but as distance from the BV increases (as indicated by the arrow) the microenviron-
ment becomes more extreme, leading to regions of necrosis. Cells that reside some distance away from the BV are ‘pharmacokinetically resistant’ to chemotherapy as
drugs cannot effectively penetrate through multi-cellular layers. The solid scale bars represent 500 mm (a,c) and 100 mm (b). (Online version in colour.)
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delivery?’ Where differences do appear, we will seek to explain
the reasons for them and the consequences for the choice of
modelling approach. Three approaches to modelling the
spatio-temporal evolution of drug concentrations in a tumour
cord are compared, each of which is representative of a class
of models: (i) a multi-dimensional cell-centre model that
defines a network of nodes (each node corresponding to a com-
putational cell which is identifiable with a biological cell), in
which drug transport is defined locally between nodes and
their nearest neighbours; (ii) a compartmental model, which
makes use of the concentric-layer structure of tumour cords;
and (iii) a continuum model that assumes Fickian diffusion
in the cylindrical geometry of the cord. The first of these
approaches is amenable to multi-scale modelling [5,15],
because each node may be characterized by a bespoke microen-
vironment consisting of, for example, a cell cycle and molecular
pathways. The remaining models are tailored to the tumour
cord geometry, so are less flexible but much simpler (and
faster) computationally.

In §2, after outlining the underlying binding model,
which is parametrized by experimental data for the cytotoxic
drug doxorubicin, a description of each spatio-temporal
model is given, emphasizing the relationship between the
three discrete transport models. In §3, the model predictions
are compared for two scenarios: in the first, each model is
tested using a single set of model parameters (and hence a
single homogeneous biological environment) estimated
from bespoke in vitro experimental data, allowing us to inves-
tigate the influence that the choice of mathematical approach
to drug transport has on the predictions (with the same bind-
ing model). The second scenario explores the effect on the
model predictions of varying the pharmacokinetic (PK) pro-
file and model parameters representing the drug’s binding
affinity, a biological characteristic which can, to some
degree, be controlled by the administration of other drugs.
The results are then discussed in §4 in relation to the choice
of modelling approach.

2. Models
Three distinct modelling approaches are considered, each of
which represents drug delivery from a central blood vessel to
a surrounding tumour cord. Each model assumes axial
uniformity—the dependence of the drug concentration on
the distance from the central vessel does not vary along the
vessel, to reduce the complexity (as in reference [16]). A genu-
inely multi-dimensional model is developed in §2.2, followed
by two simplified, one-dimensional models (§§2.3 and 2.4) in
which radial symmetry is assumed.

The interaction of the chemotherapeutic agent with the
microenvironment is restricted to drug binding only. This
binding model, which is common to all three approaches, is
discussed in §1. The in vitro experiments used to parametrize
the model were conducted over relatively short time-scales
and contained no elimination mechanism for the drug: expli-
cit modelling of decay or elimination (other than clearance
via the supplying vessel) is left to future work.

2.1. Binding model
The interaction of the chemotherapeutic agent with the micro-
environment of cells is described by a three-compartment
model, composed of extracellular space (volume V1) with

a concentration C1 of free drug and intracellular space
(volume V2) with concentrations C2 and C3 corresponding to
free and bound drug, respectively (where, in this model, the
term bound includes both DNA-intercalated drug and drug
bound to the cell in other ways). The binding is described by
a simple kinetic model: drug binds reversibly to sites within
the cell.

Applying the principle of mass action leads to three coupled
ordinary differential equations which describe the system,

V1
dC1

dt
¼ ak1(C2 " C1), (2:1)

V2
dC2

dt
¼ ak1(C1 " C2)" V2k2C2(C0 " C3)þ V2k"2C3 (2:2)

and V2
dC3

dt
¼ V2k2C2(C0 " C3)" V2k"2C3, (2:3)

in which k1 is the rate constant for the transmembrane transport
of drug, a is the area of the interface between the extracellular
and intracellular spaces (the surface area of the cell), k2 and
k22 are the drug association and dissociation rates, respectively,
and C0 is the concentration of binding sites within the cell. It is
assumed that mixing in each compartment is instantaneous—
that is, intracellular and extracellular diffusion are assumed to
be fast on the scale of an individual cell. This model is illustrated
by the two-dimensional schematic in figure 2. Note that the
model presented in (2.1)–(2.3) is an extension of those in [12]
and [17], in which drug binding is non-saturable and non-
reversible. It would be straightforward to modify the binding
model in this way, or to account for Michaelis–Menten-type
transport should this be required, as in [8,18,19], for example.

Values for the kinetic rate constants for the binding process
are derived from a bespoke experimental binding assay. Dox-
orubicin binding to DLD-1, a colorectal adenocarcinoma cell
line, was studied by incubating 106 tumour cells suspended
in tissue culture medium (378C) with a range of doxorubicin
concentrations (0–100 mM). At evenly distributed times
between 0 and 2 h, a fixed volume of the culture was removed,
and cells pelleted by centrifugation. Free doxorubicin in the
supernatant was extracted and measured by a sensitive and
specific high-performance liquid chromatography technique
[20]. Binding was calculated by comparison with cell-free dox-
orubicin solutions incubated in parallel. The data from these
experiments are included in the electronic supplementary
material. DLD-1 was also the cell line used to estimate the
transport rate, k0, taken from [6].

Two sets of experiments were performed, providing both
steady-state and time-dependent data. A chi-squared minimiz-
ation, described in the electronic supplementary material, was
then performed to provide estimates for the parameters k1, k2,
k22 and C0, given in table 1.

C1 C2 C3 with C3 £ C0

V1

V2

extracellular space
intracellular space

k1
k2

k–2

Figure 2. A three-compartment model of drug distribution in tissue. C1 represents
the extracellular drug concentration, C2 the free intracellular drug concentration
and C3 the bound intracellular drug concentration. (Online version in colour.)
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2.2. Multi-dimensional cell-centre model
The most general approach considered here is a multi-
dimensional model in which each biological cell in the cord
is represented as a computational node (cell centre) character-
ized by geometrical and biological information: position, cell
radius, binding rates and concentration of binding sites. Each
of these nodes in isolation acts in accordance with the three-
compartment binding model illustrated in figure 2, providing
the potential to insert a bespoke model of the microenviron-
ment for each node/cell. The binding model is augmented by
a description of the spatial transport of the drug, described
locally by defining transport terms between nodes and their
nearest neighbours.

A representative geometry of a slice through the tumour
cord is illustrated in figure 3 (cf. figure 1b). We assume
uniformity in the axial direction—variations along the
vessel are assumed negligible—so only two-dimensional
cord cross sections are considered in this paper. The terms
volume and area are used as though the model were fully
three dimensional but, for the sake of simplicity, the factor
of the cord length is omitted from all of the analysis, because
it cancels.

Each computational node (see figure 3) is assigned
associated interstitial and intracellular volumes, d1Vi and
d2Vi, respectively, where d1 and d2 are volume fractions,
parametrized by d in table 1 (see the electronic supplemen-
tary material for full details) and three concentrations:
interstitial, intracellular free and intracellular bound drug
denoted by C(i)

1 , C(i)
2 and C(i)

3 , respectively. The transport
between nodes is assumed to be proportional to the con-
centration difference and the interface area, Aij, between
connected nodes.

Under these assumptions, the spatial variation rep-
resented by introducing distinct computational nodes can

be included in the model by adapting equations (2.1)–(2.3)
to include terms for transport between nodes and having a
separate set of equations for each node, i.e.

d1Vi
dC(i)

1
dt
¼
X

j[N i

Aijk0(C(j)
1 " C(i)

1 )þ
X

j[Vi

Aijkv(C(j)
v " C(i)

1 )

þ a(i)k1(C(i)
2 " C(i)

1 ), (2:4)

d2Vi
dC(i)

2
dt
¼ a(i)k1(C(i)

1 " C(i)
2 )

" d2Vi{k2C(i)
2 (C0 " C(i)

3 )" k"2C(i)
3 } (2:5)

and d2Vi
dC(i)

3
dt
¼ d2Vi{k2C(i)

2 (C0 " C(i)
3 )" k"2C(i)

3 }: (2:6)

Here, Aij is the area of the interface between nodes i and j
(see the electronic supplementary material) and a(i) is the
area of the interface between the intra- and extracellular
space surrounding node i. N i and Vi are sets of indices of,
respectively, the nodes and blood vessels neighbouring
node i: all simulations presented in this paper have been
carried out with a single central vessel. Cv(t) is a predefined
PK profile in the blood vessel and determines the flux of
drug through the vessel wall. At the outer boundary, this
model automatically implies zero flux of drug, because
there are no connections to nodes outside the cord geo-
metry. This models a situation in which the tumour cord
is surrounded by similar cords, providing a symmetry
boundary condition.

It is assumed, in this model, that the transport of drug is
limited to the interstitium—drug is only exchanged between
neighbouring nodes via the compartments representing
extracellular space. Internalization and binding terms in
equations (2.4)–(2.6) are analogous to those for the binding
model. The additional rate parameter in this model is the

Table 1. Summary of model parameter values for baseline studies. In the final column, ‘experiment’ refers to the fitting to experimental data described in §2.1
and the electronic supplementary material, and ‘histology’ indicates estimation from histological tissue images, such as those illustrated in figure 1 or at www.
virtualpathology.leeds.ac.uk, or from the cited references. The parameter k0 has been estimated based on the value of r1 (transport rate between cell layers) in
the multi-layer model of [6]. The parameter kv has been chosen to give slower transport across the vessel wall than across the cell membrane, though in the
disordered, leaky tumour vasculature this is likely to be highly variable. Note that the volume fractions used in §2 are defined by d1 ¼ d/1þ d and
d2 ¼ 1/1þ d, where they are combined with the relevant compartmental volumes, Vi. We chose these to match the volumes of biological cells, though this
is not necessary.

variable value description source of estimate

l 1.6 $ 1025 m vessel radius histology [21]

L 2.0 $ 1024 m cord radius (vessel þ approx. nine cells) histology [22,23]

r !1.0 $ 1025 m cell radius histology [24]

d 0.0625 extracellular – intracellular volume ratio parameter histology [6,25]

a !1.94028 $ 105 m21 membrane surface – tissue volume ratio a ¼ 2=(r
ffiffiffiffiffiffiffiffiffiffiffi
1þ d
p

)

k0 2.5 $ 1026 m s21 permeability between cells [6]

k1 1.0 $ 1026 m s21 permeability across cell membrane experiment

k2 0.90 $ 1026 mM21 s21 drug association rate experiment

k22 14.0 $ 1025 s21 drug dissociation rate experiment

kv 1.25 $ 1027 m s21 permeability across vessel wall estimated

D 5.0 $ 10211 m2 s21 interstitial diffusion rate D ¼ 2k0r

C0 2.6 $ 103 mM binding site concentration experiment
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spatial transport coefficient k0, which has the units of per-
meability and is estimated in table 1 according to data
provided in [6].

2.3. Radially symmetric compartment model
A simpler way to augment the binding model with a spatial
component is to exploit the shell-like nature of tumour cords,
the geometrical property that cells are broadly arranged in
concentric circles around a central blood vessel (see figures
1 and 4a). It is again assumed that variations along the
vessel are negligible.

We now assume that the rate of transport of drug between
neighbouring shells is proportional to the shared interface
area (denoted by Ai for the interface between shells i and
i þ 1) and the difference in concentration across the interface.
Under these assumptions, the spatial variation in the radial
direction can be included by adapting equations (2.1)–(2.3)
to give

d1Vi
dC(i)

1
dt
¼ Ai#1k0(C(i#1)

1 # C(i)
1 )þ Aik0(C(iþ1)

1 # C(i)
1 )

þ aik1(C(i)
2 # C(i)

1 ), (2:7)

d2Vi
dC(i)

2
dt
¼ aik1(C(i)

1 # C(i)
2 )

# d2Vik2C(i)
2 (C0 # C(i)

3 )þ d2Vik#2C(i)
3 (2:8)

and d2Vi
dC(i)

3
dt
¼ d2Vik2C(i)

2 (C0 # C(i)
3 )# d2Vik#2C(i)

3 , (2:9)

for i¼ 1, . . . , n, where n is the number of shells, and ai is the cel-
lular surface area within the ith shell. In this work, n ¼ 9 is
chosen so that each shell can be identified with a layer of biologi-
cal cells. The superscript corresponds to the shell number, and
this index increases with distance from the blood supply
(see figure 4a). The boundary conditions are imposed at the
vessel wall by setting C(0)

1 ¼ Cv(t) to be a predefined PK profile

in the blood vessel and replacing k0 by kv at this interface.
A no-flux boundary condition is imposed at the outer boundary
of the cord by setting An ¼ 0 (equivalent to replacing k0 by zero at
this interface).

The volumes Vi of the shells are readily determined from
the geometry: assuming a shell thickness d and a vessel
radius l, the volume (again omitting the factor of the vessel
length owing to the assumed uniformity along the vessel)
of the ith shell is

Vi ¼ p((2i# 1)dþ 2l)d : (2:10)

The factors d1 and d2 are defined as in the cell-centre model,
so that d1Vi and d2Vi are, respectively, the extracellular and
intracellular volumes in the ith layer. The interface area
between shells i and i þ 1 is

Ai ¼ 2p(lþ id): (2:11)

Note the similarity between compartmental and cell-
centre equations. In fact, equations (2.7)–(2.9) can be
viewed as a special case of equations (2.4)–(2.6), in which
nodes are replaced by shells, and the concentrations within
each shell represent the averages over the conglomerate of
biological cells it contains.

2.4. Radially symmetric continuum model
The final model, the geometry of which is illustrated in
figure 4b, is derived by disregarding the cellular structure
of the tumour cord and assuming that transport of molecu-
les occurs by isotropic Fickian diffusion in a continuum.
A model for the tumour cord is then readily obtained as
the system of partial differential equations (PDEs) [10,12]

d1
@C1

@t
¼ Dr2C1 þ ak1(C2 # C1), (2:12)

d2
@C2

@t
¼ ak1(C1 # C2)# d2k2C2(C0 # C3)þ d2k#2C3 (2:13)

and d2
@C3

@t
¼ d2k2C2(C0 # C3)# d2k#2C3, (2:14)

where the factors d1 and d2 are defined as before, and D
is a diffusion coefficient related to the permeability k0.
The precise nature of this relationship can be derived by
noting that

ð

Vi

Dr2CdV ¼
þ

@Vi

n $DrCdS (2:15)

¼
X

j[N i

ð

@Vij

n $DrCdS (2:16)

%
X

j[N i

Aij

dij
D(C(j)

1 # C(i)
1 ), (2:17)

in which n represents the unit normal pointing outwards
from volume Vi. Note that the direction of n varies over
the surface of Vi. Hence, the relationship between transport
coefficients of discrete and continuum models is

D ¼ dk0, (2:18)

where d is a length parameter, taken here to be the average
cell diameter, 20 mm. The parameter a in equations (2.12)
and (2.13) is easily derived from equations (2.7) or (2.8)
and represents the ratio of the cellular surface area within
a region to that region’s volume, a ¼ a/V (table 1).

Given these definitions, integrating equations (2.12)–
(2.14) over a cell or shell returns the equations of the multi-

Figure 3. A representative tumour cord geometry for the two-dimensional
cell-centre model in which the computational nodes (cell centres) surround
a central vessel. The radius associated with each node is illustrated by the
surrounding circle and the connectivity is designated by the connecting
lines. (Online version in colour.)
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dimensional cell-centre and radially symmetric compartmental
models, respectively. The boundary conditions imposed are
the same as for the other two models. The flux of free drug
across the vessel wall is assumed to be proportional to the
difference in concentration between vessel and interstitium,
so [15]

DrC1 ! n1 ¼ kv(Cv # C1jr¼l ), (2:19)

that is, the normal flux at the vessel wall is proportional to kv,
the vessel permeability and the difference in free drug concen-
tration across the vessel wall (Cv being the drug concentration in
the blood, determined by the prescribed PK profile). A no-flux
condition is imposed at the outer boundary

DrC1 ! n2 ¼ 0 at r ¼ L: (2:20)

The respective unit normal vectors, at the vessel and the outer
boundary, pointing out of the intervening tissue, are denoted
by n1 and n2.

A spectral method [26,27] is used in this work for the
spatial discretization of equations (2.12)–(2.14). Note that,
because radial symmetry is assumed, the Laplacian term in
equation (2.12) is actually of the form

Dr2C1 ¼ D
@2C1

@r2 þ
1
r
@C1

@r

! "
: (2:21)

2.5. Pharmacokinetic profiles
The clinical pharmacokinetics of doxorubicin are well charac-
terized in the literature [28]. Doxorubicin concentrations are
known to decay in a tri-exponential manner following intra-
venous (IV) bolus or infusion and typical parameters are
available in the literature (e.g. [29], in which doxorubicin is
administered as an IV bolus, not infusion).

The first PK profile considered here is based on the data
provided by Robert et al. [29], in which Cv(t) is assumed to
decay as a tri-exponential (see also [8]), i.e.

Cv(t) ¼ D0

t

A
a

(eat # 1)e#at þ B
b

(ebt # 1)e#bt þC
g

(egt # 1)e#gt
# $

,

(2:22)

for t % t, where t is the infusion time, D0 is the dose and par-
ameters A, B, C, a, b and g are estimated by taking averages

of the values given in table 2 of reference [29]. This gives (to
three significant figures)

A ¼ 7:46& 10#2 l#1 a ¼ 2:69& 10#3 s#1

B ¼ 2:49& 10#3 l#1 b ¼ 2:83& 10#4 s#1

C ¼ 5:52& 10#4 l#1 g ¼ 1:18& 10#5 s#1:

The rapid initial infusion of the drug is modelled by taking

Cv(t)¼D0

t

A
a

(1#e#at)þB
b

(1#e#bt)þC
g

(1#e#gt)
# $

, (2:23)

for t , t, which lifts the concentration to the appropriate value
at t ¼ t. The duration of the perfusion for the total dose
injected, t ¼ 180 s, was also taken from [29], and the total
dose D0 ¼ 1.19827&102 mmol was calculated to give an ‘area
under the curve’ of

AUC ;
ð1

0
Cv(t)dt ¼ 104 mM s ' 2:78mM h , (2:24)

which is typical of what one might find in a patient [30,31]. The
AUC is an important parameter, because the area under the
plasma drug concentration–time curve (AUC) is considered
to reflect the actual tumour (cellular) exposure to drug after
administration of a drug dose, and to correlate with tox-
icity—though it is more difficult to correlate with clinical
efficacy [32].

Two further PK profiles, both constructed to give the
same AUC, are also simulated, to investigate their influence
on the drug distribution.

— A mono-exponential profile, Cv(t) ¼ A0e#a 0t with A0 ¼
50 mM and a0 ¼ 0.005 s21.

— A uniform (steady-state) profile, Cv(t) ¼ A00 ¼ 3:85802&
10#2 mM up to t ¼ 72 h (and zero afterwards), represent-
ing prolonged infusion. This takes the form of a
rectangular pulse.

3. Results
3.1. Model comparison
The first set of numerical results are generated to address the
key question ‘Does each of these models give similar results

l

L

d

d

V1V2······Vn

A0

A
1

A2

An

(a) (b)

l

L

V

Figure 4. Schematics of the two radially symmetric models: (a) the shell-like arrangement for the compartmental model and (b) the continuum model, for the
tumour cord. (Online version in colour.)
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for the variation in drug concentration in the tumour cord for
similar parameters?’ In order to assess this, we compare the pre-
dictions for a set of parameter values, shown in table 1, common
to all three models. These simulations are carried out for the
tri-exponential (IV bolus) PK profile described in §2.5.

All numerical experiments were carried out on the same
computational domain, comprising a single circular blood
vessel of radius 16 mm at the centre of a circular cord of
tumour cells of radius 200 mm. The vessel radius approximates
the average radius of arterioles and venules rather than larger
vessels. For the radially symmetric compartmental model, the
region between the vessel and outer boundary was divided
into nine shells of equal width (approximately the diameter
of a biological cell). The two-dimensional cell-centre results
were generated using 60 separate configurations, to assess
the effect that small random variations in the distribution of
the node positions and radii have on the drug distribution.
Each configuration is derived from a different randomly gener-
ated set of node positions and radii (see §2.2) and contains
approximately 400 nodes, the number required to fill the
domain with cells of the given radius.

The nature of the binding model means that the node spa-
cing does not have to match the biological cell size, because
each compartment contains both intracellular and extracellular
concentrations. However, future developments may treat the
cells as separate entities, immersed in interstitial fluid, so
this is a useful length scale at which to investigate the model.
The impact on the results of changing the spacing is similar
to that of changing the resolution in an approximation to a con-
tinuum model. Increasing the spacing will effectively increase
the rate of diffusion, because the model assumes that, at each
time step, any drug that passes into a compartment instan-
taneously equidistributes its concentration throughout that
compartment. We have conducted numerical experiments
with different cell sizes and, although there are small quantitat-
ive differences, we have found no evidence that the qualitative
behaviour might be changed.

In order to visualize the two-dimensional simulation
results, both mean values and standard deviations are
plotted, after clustering the nodes from all 60 configurations
into 20 bins, according to their distance from the blood
vessel. The mean distance is plotted against the mean concen-
tration for each of these bins, and the standard deviations
of both variables are illustrated by horizontal (distance) and
vertical (concentration) bars. The compartmental model is
illustrated using solid dots plotted at the centres of the cylind-
rical shells, and the continuum model is represented by a
solid line.

Figure 5 shows snapshots of the concentration profiles, as a
function of distance from the source of the drug, for C3 after 1,
6, 24 and 72 h, generated using the tri-exponential PK profile
from §2.5 and the parameter values shown in table 1. Note
that the results for C1 and C2 (in the electronic supplementary
material) are almost indistinguishable. This similarity is
common to all the tests we have run and consistent with very
rapid transport of drug across the cell membrane.

3.2. Comparing pharmacokinetic profiles
Section 2.5 described three distinct PK profiles, one representing
administration by an IV bolus with a tri-exponential decay
(characteristic of doxorubicin), a simplified, mono-exponential,
approximation to this decay profile and a uniform profile

representing infusion of the drug. All profiles had the same
AUC, because this is a standard measure of cellular toxicity.

Because the numerical results presented in §3.1 showed
similar results for all three models of the tumour cord, the sim-
plest—the compartmental model described in §2.3—was
chosen to illustrate how the distribution of the drug is influ-
enced by the PK profile of the supplied drug, Cv(t). The
model parameters used are those given in table 1. The other
models have been run with the same parameters, but the data
are not shown because they contain no significant differences.

Figure 6 shows the evolution of the extracellular and
bound drug distributions, C1 and C3, as a function of distance
from the drug source for each of the three PK profiles
described in §2.5. The time variation of the concentrations
of both free and bound drug in a given cell layer generally
follows that of the PK profile in the vessel, though there is
a time-lag which increases the further away from the vessel
a cell layer is. For both exponential profiles, the concentration
increases initially to a peak value (particularly rapidly for the
mono-exponential profile), then decreases monotonically, but
for the uniform profile, it increases monotonically for the
duration of the experiment.

This is confirmed by examining the temporal variation of
the concentrations at specific points in the domain. Figure 7
shows this at the centres of the first (innermost), fifth
(middle) and ninth (outermost) shells of the compartmental
model. Note that the extracellular drug concentrations at very
early times (less than 1 h) extend far beyond the maximum
value on the vertical axis of the graph for the IV bolus profiles:
the true maximum values are given in table 2. These peaks
become less extreme further away from the vessel.

Figure 8 shows the variation of the exposure of the cells to
the bound drug (AUC, given by

Ð T
0 C3dt) as a function of

distance from the blood vessel, after T ¼ 24 h and T ¼ 72 h.
Early in the simulations, the exponential profiles give a far
higher exposure than the uniform profile, but as time progres-
ses, the differences between the profiles reduce. However,
results at later times should be interpreted carefully, because
elimination of drug is not included in the model, and the only
drug clearance is due to the drug returning to the vessel. This
effect will be addressed in future models, through the inclusion
of elimination mechanisms such as cellular metabolism, seques-
tration/binding to the extracellular matrix and drug efflux.
Drug clearance owing to lymphatics may be considered for
larger tumour volumes, though functional lymphatic vessels
are not thought to be prevalent in tumours [3].

3.3. Comparing binding affinities
The final set of numerical experiments investigates the effect
that changing the binding affinity of the intracellular drug, par-
ameters k2 and k22 in our model, has on the exposure of the cells
to bound drug. This attempts to address one aspect of the ques-
tion ‘How does the administration schedule and cell response
affect drug delivery?’ As in §3.2, the compartmental model
(§2.3) was used to produce the numerical results presented
here. No significant differences were seen when the same
tests were carried out with the other models (data not shown).

The qualitative changes caused by adjusting k2 and k22

depended most significantly on the ratio k22/k2, so only
results for different values of k2 (the association rate) are
shown in figure 9. All other parameters take the values
shown in table 1.
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4. Discussion
In §2, three different approaches to modelling the delivery of
drug from a blood vessel to a surrounding tumour cord
were presented. One of these, a discrete cell-centre model
which identifies computational nodes with individual bio-
logical cells, is genuinely multi-dimensional and could be
applied to more complex geometries than the one investi-
gated here, such as those modelled using a finite-element
discretization of a reaction–diffusion system in [33]. The
remaining two (a discrete, compartment-based, model and
a continuum, PDE-based, model) are tailored to the specific
problem of drug delivery from a single vessel to a homo-
geneous tumour cord, assuming radial symmetry. All were
built on a binding model involving extracellular drug and
free and bound intracellular drug, which extends those of

[12] and [17] by allowing drug binding to be saturable and
reversible.

The two radially symmetric models are much simpler and
therefore computationally much faster than the multi-
dimensional model, but this leads to the question ‘Does each
of these models give similar results for the variation in drug
concentration in the tumour cord?’ Figure 5 shows a representa-
tive comparison of the bound drug variations of the three
models for a PK profile derived from in vivo data for an IV
bolus. The concentrations predicted by the three models differ
by less than 15% throughout the simulation. In fact, the plotted
standard deviations for the multi-dimensional cell-centre
model show that the variation between the randomly generated
two-dimensional configurations (particularly when there is a
steep gradient in the drug concentration close to the central
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vessel) is typically larger than the difference between the aver-
age multi-dimensional results and the radially symmetric
results. This observation is supported by further simulations,

some of which are shown in the electronic supplementary
material. In all cases, the qualitative features of the concentration
profiles are similar, whichever model is used.
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In figure 5, the two radially symmetric models agree more
closely with each other than with the multi-dimensional
model. This is not generally the case for all parameter sets.
We note that the discrete models would be expected to con-
verge to the continuum model asymptotically if the sizes of
the ‘cells’ were allowed to tend to zero, though this is not bio-
logically realistic, because continuum models of this type are
designed for use at much larger length scales. By contrast,
although the discrete models operate on realistic cell sizes,
in doing so, they implicitly assume that diffusion/mixing
within a cell happens instantaneously.

We have conducted a range of numerical simulations for the
tumour cord geometry, with different parameters, without find-
ing any systematic differences between the results which might
suggest that one model is consistently more accurate than the
others. All three models give qualitatively and quantitatively
similar results, and we do not yet have experimental data to
enable us to assess whether one model is better or worse than
another. The multi-dimensional model is, computationally,
more expensive and therefore inefficient for the radially sym-
metric tests considered here, but we include it because it would
be used for more complex geometries and heterogeneous
tissue. Continuum models are very commonly used, but are
based on the assumption that the differential equation is valid
at every point in space. The radially symmetric, compartment-
based, model only assumes that the differential equation is
valid in an integral-averaged sense (and is, in effect, a finite
volume discretization of the continuum model [34], an inte-
gration of the continuum model over volumes chosen to be on
the scale of the biological cells), leading to a very natural frame-
work for simulating mass balance processes. The compartmental
model is limited to radially symmetric problems (cords, multi-
cell spheroids), but this is a common constraint imposed in
computational modelling for (i) efficiency of computation and
(ii) direct comparison with mathematical analysis, which is
often limited to such quasi-one-dimensional geometries.

We therefore choose to use the radially symmetric, compart-
ment-based model to investigate further the effect of varying
the supplied PK profile and the behaviour of the underlying
binding model, and note that the similarity of the results pro-
vides some validation of the more complex approaches. This
gives us confidence that they could be used reliably in the
more complex scenarios for which they are designed. A more
comprehensive validation would involve comparison with
measurements of drug distribution from an in vitro tumour
cord model system. Simple modifications to the model geometry
would also allow validation against experimental data for multi-
cell spheroids. In both cases, knowledge of heterogeneity in the
system could be readily incorporated in the multi-dimensional
approach described in §2.2.

Drug delivery to tumours is dependent upon a number of
factors, the principal ones being the dose and schedule of
administration, delivery of the drug via the blood vessels,
the flux or distribution of drug through avascular tissue
and consumption of drug by the cells or the extracellular
matrix [3]. For example, increasing the diffusion rate, k0,
tends to make the distribution of the drug more homo-
geneous ([35] and the electronic supplementary material),
because the drug can be transported further before it is
bound. However, in this paper, we focus on other factors.

In §3.2, three different delivery profiles were compared, all
of which provide the same overall dose. Figures 6 and 7 show
significant differences between the distribution of drug in the
tissue at any given point in time. When the PK profile in the
blood vessel represents an IV bolus, a sharp peak in free
drug concentration occurs in the first hour as the drug diffuses
rapidly into the surrounding tissue and is transported into the
cells. The profiles at t ¼ 1 h in figure 6 are similar in shape to the
experimentally measured gradients in [23]. The concentration
of free drug then drops steeply as it is bound until an approxi-
mate equilibrium is reached. This is followed by a slower
decrease once the concentration of drug in the vessel drops

Table 2. Maximum concentrations of free extracellular and bound intracellular drug, to 3 significant figures, and the experiment times at which they occur, to
the nearest second (for three distances from the centre of the blood vessel and all three PK profiles).

layer index 1 5 9

distance from vessel centre (mm) 26 108 190

tri-exponential/IV bolus

maximum C1 (mM) 0.382 0.140 0.112

time of maximum C1 (h:m:s) 00:03:56 00:08:21 00:10:01

maximum C3 (mM) 1.06 0.838 0.822

time of maximum C3 (h:m:s) 21:18:33 59:48:33 70:23:33

mono-exponential/IV bolus

maximum C1 (mM) 1.80 0.523 0.406

time of maximum C1 (h:m:s) 00:01:15 00:04:25 00:06:14

maximum C3 (mM) 1.93 0.983 0.872

time of maximum C3 (h:m:s) 00:41:02 01:02:28 31:45:39

uniform/infusion

maximum C1 (mM) 0.00830 0.00681 0.00650

time of maximum C1 (h:m:s) 72:00:00 72:00:00 72:00:00

maximum C3 (mM) 1.16 0.904 0.853

time of maximum C3 (h:m:s) 72:00:00 72:00:00 72:00:00
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below that of the free drug in the tissue, and the net flux is of
drug returning to the vessel. Because the binding process acts
more slowly than the initial influx of drug, the concentration
of bound drug changes less rapidly and only cells close to
the vessel experience an initial peak in concentration (most
extreme for the mono-exponential PK profile). As a conse-
quence, early in the simulation, when the concentration in
the vessel is high and changing rapidly, the drug concentration
close to the vessel is much higher than in cells further away,
because drug has not had sufficient time to reach and bind to

cells at a relatively large distance from the vessel. Later, the
drug concentration in the vessel is still decreasing, but slowly
enough, relative to the rates at which it is transported through
the tissue and binds to the cells, for the drug distribution in the
tissue to remain uniform throughout.

When the PK profile represents infusion over a longer
period, the concentrations in the tissue steadily increase
during the period of infusion, after an initial rapid increase
in free drug concentrations. The spatial distribution of the
concentration is quite even, though slightly higher close to
the vessel, because the concentration of supplied drug is
not varying in time.

Given the large differences in concentration profiles, it
might be expected that the exposure to bound drug also
depends critically on the supplied PK profile. The results
shown in figure 8 suggest that, for the model of binding pro-
posed in §2.1, all of the PK profiles give a similar spatial
distribution of exposure to bound drug. After 72 h, infusion
gives a significantly lower exposure than IV bolus (40–50%
lower than the mono-exponential profile), but this difference
is less significant than after 24 h and continues to reduce over
longer time scales. However, our binding model contains no
explicit elimination or decay term: drug can only leave the
system through free drug returning to the vessel when the con-
centration in the vessel is below that in the adjacent tissue.
A more sophisticated binding model could account for this
and include a representation of the cell cycle, which will have
an influence over longer time scales. These would need to be
included before investigating the dependence of exposure on
PK profiles over longer time scales.

In order to assess how the binding affects the delivery of
the drug, a final set of numerical simulations investigated the
influence of binding affinity. Figure 9 shows that the
exposure of the cells to bound drug depends strongly on
the ratio of the intracellular drug association and dissociation
rates (b ¼ k22/k2). For the original parameter set (table 1) b !
16 mM, for which the exposure of the cells to bound drug was
fairly uniformly distributed between the blood vessel and the
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outer boundary of the domain (200 mm from the centre of the
vessel), decreasing only slightly with distance from the
vessel. When b is increased—the net affinity for the drug is
reduced—the spatial distribution remains uniform, but the
exposure of each layer of cells is reduced. When b is
decreased, the exposure of the cells close to the vessel
increases, but the exposure further away from the vessel actu-
ally starts to decrease. If k2 is increased further than shown in
figure 9, then this behaviour becomes more pronounced, to
the point where almost no drug gets beyond 100 mm from
the supply, because it is all consumed by the cells close to
the vessel. This ‘binding site barrier’ [35,36] is reduced in
tissue which allows more rapid interstitial drug diffusion
(see numerical results in the electronic supplementary
material).

This suggests that, for this model of binding, there is an
optimal binding affinity which allows optimal exposure
to doxorubicin: if the binding is too weak, then none of
the cells gains enough exposure; if it is too strong, then the
cells distant from the vessel are pharmacokinetically resistant,
because the closer cells consume the drug. If true, then this
might have implications for the use of additional agents
which can alter the binding behaviour of doxorubicin, e.g. by
occupying binding sites, to adjust drug penetration. It also
suggests that variations in the tumour microenvironment
could influence the effectiveness of the drug.

The model presented in this paper has been tailored
to simulate a tumour cord geometry, and the parameters
have been estimated based on the binding of doxorubicin
to colorectal adenocarcinoma cells (DLD-1). However, it is

sufficiently general to be applied to other drugs and other
cell lines if the appropriate data are available. This may
require the design of new binding models.

There is no sufficient evidence to suggest that any of the
three models of drug transport proposed in this paper is
better than the others, so the simplest was chosen to investi-
gate the influence of the delivery profile and the cell biology.
However, the comparison has validated the more flexible multi-
dimensional model, which therefore provides a framework that
can be used to gain insights into progressively more complex
situations in which the influence of the characteristics of the
tumour microenvironment on the PK delivery of the drug
and the effects of spatial heterogeneity can be investigated.

It is important to emphasize that all models are approxi-
mations to reality and the models described here are clearly
significant simplifications of complex biology and geometry.
The value of models in biology and medicine lies in their
role in the iterative development of a quantitative, logical,
predictive framework, placing them at the heart of ‘model-
building’; the need to write down equations describing the
biological mechanisms demands assumptions and yields pre-
dictions which can be tested and measurements which have
to be made. This, in turn, leads to improved models and
initiates a further cycle of experimentation and model building.
We also believe that these models have the ability to demon-
strate, at least semi-quantitatively, the relative efficacy of
some aspects of therapeutic protocols.
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The tumour vasculature and microenvironment is complex
and heterogeneous, contributing to reduced delivery of cancer
drugs to the tumour. We have developed an in silico model
of drug transport in a tumour cord to explore the effect of
different drug regimes over a 72 h period and how changes
in pharmacokinetic parameters affect tumour exposure to the
cytotoxic drug doxorubicin. We used the model to describe
the radial and axial distribution of drug in the tumour cord
as a function of changes in the transport rate across the cell
membrane, blood vessel and intercellular permeability, flow
rate, and the binding and unbinding ratio of drug within the
cancer cells. We explored how changes in these parameters may
affect cellular exposure to drug. The model demonstrates the
extent to which distance from the supplying vessel influences
drug levels and the effect of dosing schedule in relation to
saturation of drug-binding sites. It also shows the likely impact
on drug distribution of the aberrant vasculature seen within
tumours. The model can be adapted for other drugs and
extended to include other parameters. The analysis confirms
that computational models can play a role in understanding
novel cancer therapies to optimize drug administration and
delivery.

1. Introduction
Resistance to systemic cancer drug treatment is recognized as
a major limitation, not only of cytotoxic chemotherapy but
also of targeted therapies, including tyrosine kinase inhibitors

2017 The Authors. Published by the Royal Society under the terms of the Creative Commons
Attribution License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted
use, provided the original author and source are credited.
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and monoclonal antibodies. The resistance of cells to particular drugs can be the result of intrinsic cell
properties (primary resistance) or an adaptive response of the cells to exposure to the drug (secondary
resistance). Different molecular mechanisms are involved in primary and secondary resistance, but a
third class of resistance, pharmacokinetic (PK) resistance, has also been recognized and is relevant to
both cytotoxic and targeted therapies [1,2]. This can be thought of as failure to deliver sufficient drug for
long enough to induce a therapeutic response.

Pharmacokinetic drug resistance can be caused by the failure of a drug to penetrate throughout
the tumour owing to physiological barriers imposed by the biology of the tumour [1]. The tumour
vasculature and microenvironment is complex and heterogeneous, and contributes significantly to the
PK resistance of the cancer cell [3]. Drug delivery is impaired principally because tumour vessels
are distinct from normal tissue capillary networks in that they are poorly organized, inefficient and
structurally different. These combine to generate regions of tumours that are poorly perfused with blood,
leading to the generation of a hypoxic microenvironment and impaired drug delivery [1]. Furthermore,
the presence of ‘leaky’ vessels, in conjunction with a more rigid extracellular matrix and dysfunctional
fibroblasts, leads to elevated interstitial fluid pressure, impaired convective fluid flow and reduced drug
penetration into the tumour [4]. Finally, it has also been argued that PK resistance can exercise a selection
pressure on the tumour, accelerating the emergence of cellular clones resistant to the chemotherapeutic
agent [5].

It is not only the characteristics of the tumour that limit drug penetration and distribution. The
physicochemical characteristics of a drug and its circulating concentration, the plasma PKs, also play
a key role in determining whether the drug reaches therapeutic concentrations throughout the cancer.
Drug absorption (if given orally) and distribution within the patient depend on the drug’s chemical
characteristics. Drug transport through membranes is affected by molecular size, polarity, pH, protein
binding and the potential saturation of specific transporters. Patient characteristics, such as hepatic
and renal function, will also influence drug metabolism and excretion. Drug dose, formulation, route
and schedule of delivery will also impact upon plasma PKs, intra-tumoural drug concentrations and,
ultimately, efficacy and toxicity.

Despite the potential importance of PK drug resistance, this is not a major focus of preclinical
development or clinical trials. Indeed, remarkably little is known about intra-tumoural concentrations or
distribution of most anticancer drugs and their impact, or otherwise, on efficacy and treatment outcome.
There are a number of reasons for this paucity of data, including technical and logistical challenges, and
pressure to reduce animal experimentation in drug development.

Computational models can play a key role in integrating and interpreting experimental and clinical
PK and pharmacodynamic data, including determining the optimal schedule and dose, and response to
therapy [6,7]. These computational models have the potential to reduce development time and cost, and
to accelerate the drug development process. Optimal models need to be clinically relevant, encompass
drug influx and efflux from the cell, include binding to intracellular structures, adapt to the PK profile as
drug is delivered to the tumour and reflect the aberrant tumour vasculature.

We have focused on modelling intra-tumoural drug penetration to develop in silico models based on
existing plasma PK data and experimental in vitro tissue penetration data. For the latter, we employed
a transwell system and developed a model for the cytotoxic drug doxorubicin. We selected doxorubicin
as it remains highly relevant clinically, its PKs have been well characterized and assays are amenable to
this sort of work; there was good agreement between predicted and actual drug concentrations in this
model [8]. Subsequently, we evaluated three computational models of doxorubicin transport through
tumour cord geometry using parameters again based on parameterized in vitro experiments, varying the
PK profile and binding affinity of drug to tumour cells [9]. One genuinely multidimensional model and
two simplified, one-dimensional models, with radial symmetry assumed, gave similar results, and we
were able to demonstrate the impact of altering the PK profile or binding on cell exposure to doxorubicin
at arbitrary distances from a supplying blood vessel.

The aim of this paper is to modify the radially symmetric compartment model to allow for variations
along the vessel supplying the drug (doxorubicin) to the tumour cord, to investigate the effect of altering:
(i) the radius of the vessel, (ii) the permeability of the vessel wall, (iii) the flow velocity of the drug, and
to (iv) explore the balance between drug binding and drug penetration, which is promoted by weaker
drug binding. We explore a number of strategies with the potential to improve drug delivery throughout
the tumour, including one suggested by Hauert et al. [10], in which we model the impact on tumour
exposure to drug of repeat drug administration. The rationale for this approach is that binding sites in
cells close to the vessel delivering drug will become saturated during the initial administration, enabling
more drug to reach the more distant regions of the tumour during subsequent administrations.
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In §2, we first outline the underlying binding model, which is parameterized by experimental data

for doxorubicin, and then describe the full multidimensional tumour cord model and its discretization.
Section 3 contains a summary of the three PK profiles we compare. In §4, a thorough comparison of the
predicted effects owing to each of the PK profiles is presented, and the consequences of varying model
parameters are investigated. These results are then summarized and discussed in §§5 and 6.

2. Models
The work in this paper builds on the one-dimensional, radially symmetric, compartment model we
previously proposed [9]. Three distinct approximations of the radial variation in a longitudinally
uniform tumour cord geometry were compared and we concluded that the quantitative and qualitative
differences between the simulated results were small enough, relative to the uncertainty in the modelling
process and in the experimental data that were used to parameterize the underlying binding processes,
to select the simplest and fastest (referred to in [9] as the radially symmetric compartment model) as the
most appropriate for predictive simulations.

In this paper, we retain the same binding model, which is recapitulated in §2.1 for completeness, and
recall that no explicit elimination or decay of drug is included beyond clearance via the central blood
vessel which supplies the drug initially. This was assumed owing to the lack of functional lymphatics
within tumour tissue, and the lack of data with which we might parameterize any additional generic
clearance within living tissue. Because this omission is likely to render the model invalid for longer time
periods, we limit our simulations to a maximum of 72 h.

In §2.2, we generalize the radially symmetric compartment model of spatial variation of the drug
concentration in a cylindrical tumour cord, centred on a single vessel supplying the drug [9], to allow
for variation along the direction of the supplying vessel. The radial symmetry is retained, but the drug
transport through the tissue is modelled in a two-dimensional plane, in the radial and axial coordinates.
The advective transport of drug within this vessel is also modelled.

2.1. Binding model
The interaction of the chemotherapeutic agent with the microenvironment of cells is restricted to drug
binding only, and described by a three-compartment model, composed of extracellular space (volume V1)
with a concentration C1 of free drug and intracellular space (volume V2) with concentrations C2 and C3
corresponding to free and bound drug (where we understand the term bound to include both DNA-
intercalated drug and drug bound to the cell in other ways). Binding is described by a simple kinetic
model with drug binding reversibly to sites within the cell, which represents the principal form of
binding for doxorubicin in living cells [11].

Applying the principle of mass action leads to three coupled ordinary differential equations which
describe the system [9]:

V1
dC1

dt
= ak1(C2 − C1), (2.1)

V2
dC2

dt
= ak1(C1 − C2) − V2k2C2(C0 − C3) + V2k−2C3 (2.2)

and V2
dC3

dt
= V2k2C2(C0 − C3) − V2k−2C3, (2.3)

in which k1 is the rate constant for the transmembrane transport of drug, a is the area of the interface
between the extracellular and intracellular spaces (the surface area of the cells), k2 and k−2 are the drug
binding and unbinding rates, respectively, and C0 is the concentration of binding sites within the cell.
This model is illustrated by the schematic in figure 1. Values for the kinetic rate constants for the binding
process, given in table 1, have been derived from a bespoke experimental binding assay, outlined in [9].

Remark. The kinetic rate parameters were derived under the assumption that the binding was
reversible. In the limit of irreversible binding, i.e. the limit as β = k−2/k2 → 0 in equations (2.1)–(2.3),
the mass-conserving steady-state solution is given by

Cs
1 = Cs

2 → δC1(0) − C0

δ + 1
and Cs

3 → C0 when δC1(0) ≥ C0,

and Cs
1 = Cs

2 → 0 and Cs
3 → δC1(0) when δC1(0) < C0.

⎫
⎪⎬

⎪⎭
(2.4)
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C1 C2 C3
with C3 £ C0

V1

V2

k1
k2

k–2

extracellular space
intracellular space

Figure 1. A three-compartmentmodel of drug distribution in tissue. C1 represents extracellular drug concentration, C2 is free intracellular
drug concentration and C3 is bound intracellular drug concentration.

Table 1. Summary of model parameter values for baseline studies. (In the final column, ‘experiment’ refers to the fitting to
experimental data described in [8,9], and ‘histology’ indicates estimation from histological tissue images, such as those illustrated at
www.virtualpathology.leeds.ac.uk. The parameter k0 has been estimated based on the value of r1 (transport rate between cell layers) in
the multilayer model of [8].)

variable value description source of estimate
l 1.6 × 10−5 m vessel radius histology [12]

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Lr 1.96 × 10−4 m cord radius (vessel+ 9 cells) histology [13,14]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Lz 5.0 × 10−4 m cord length (25 cells) histology [15]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

r 1.0 × 10−5 m cell radius histology [16]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

δ 0.0625 extracellular : intracellular volume ratio parameter histology [8,17]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

α 1.94028 × 105 m−1 membrane surface : tissue volume ratio α = 2/
!
r
√
1 + δ

"
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

k0 2.5 × 10−6 m s−1 permeability between cells experiment [8]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

k1 1.0 × 10−6 m s−1 permeability across cell membrane experiment [9]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

k2 0.90 × 10−6 µM−1 s−1 drug binding rate experiment [9]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

k−2 14.0 × 10−6 s−1 drug unbinding rate experiment [9]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

β 140/9µM unbinding/binding ratio β = k−2/k2
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

kv 2.8 × 10−6 m s−1 permeability across vessel wall estimate [18]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

D 5.0 × 10−11 m2 s−1 interstitial diffusion rate D= 2k0r
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

C0 2.6 × 103 µM binding site concentration experiment [9]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

λ 1.0 × 10−3 m s−1 flow velocity in vessel estimate [19]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

in which δ = V1/V2 and C1(0) is the initial concentration of extracellular drug. In other words, the drug
continues to bind until either all of the free drug is used up or the binding sites become saturated. These
equations predict a piecewise linear dependence of the steady-state concentrations on C1(0), which is
clearly not mirrored by the experimental data used to fit the model parameters in [9]. Hence, the data
support the assumption that the binding is reversible when using this model to represent the dynamics.

2.2. Spatial model
Previously [9], the binding model was augmented with a spatial component by exploiting the shell-like
nature of tumour cords, the geometric property that cells are broadly arranged in concentric cylindrical
shells around a central blood vessel. In this work, a generalization of that one-dimensional model will be
considered, which retains the cylindrical symmetry but allows variation in the axial direction as well
as the radial direction. This enables the transport of drug along the vessel to be modelled as well as
transport through the tissue.

In our two-dimensional model, we distinguish between the coordinate directions in the definition
of the geometry by using subscripts r and z to represent, respectively, the radial and axial coordinates.
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Figure 2. Geometry for a two-dimensional cylindrically symmetric compartmentmodel. The rectangle with the thick outline represents
the computational domain.

In tissue, the spatial variation of the discrete drug concentrations are now given by

δ1Vi dCi,j
1

dt
= Ai−1/2

r k0(Ci−1,j
1 − Ci,j

1 ) + Ai+1/2
r k0(Ci+1,j

1 − Ci,j
1 )

+ Ai
zk0(Ci,j−1

1 − Ci,j
1 ) + Ai

zk0(Ci,j+1
1 − Ci,j

1 ) + aik1(Ci,j
2 − Ci,j

1 ), (2.5)

δ2Vi dCi,j
2

dt
= aik1(Ci,j

1 − Ci,j
2 ) − δ2Vik2Ci,j

2 (C0 − Ci,j
3 ) + δ2Vik−2Ci,j

3 (2.6)

and δ2Vi dCi,j
3

dt
= δ2Vik2Ci,j

2 (C0 − Ci,j
3 ) − δ2Vik−2Ci,j

3 , (2.7)

for indices i = 1, . . . , n and j = 1, . . . , m, where n is the number of shells in the radial direction, m is the
number of discs in the axial direction and ai is the cellular surface area within any compartment in
the ith shell: the volumes of these compartments are independent of the axial index j. The superscripts
correspond, therefore, to the shell and disc indices of the discrete compartments, as illustrated by
compartment i,j in figure 2. In this work, n = 9 and m = 25 are chosen with d = 20 µm so that each
shell (and disc) can be approximately identified with a layer of biological cells. The geometry of the
compartments is defined by

Vi = π ((2i − 1)dr + 2l)drdz, Ai+1/2
r = 2π (l + idr)dz, Ai

z = π ((2i − 1)dr + 2l)dr, (2.8)

in which dr = dz = d gives the dimensions of each compartment. Choosing dr = dz means that the
diffusive transport is isotropic when the permeability k0 is the same in both coordinate directions. Axial
uniformity is assumed in the compartment geometry, so none of the local volumes or areas depends on
the axial index, j. Note that the half-indices represent interfaces between shells.

At the vessel wall boundary the term A1/2
r k0(C0,j

1 − C1,j
1 ) is replaced by A1/2

r kv(Cj
v − C1,j

1 ), for j =
1, . . . , m, where Cj

v is the concentration of drug in the adjacent part of the supplying vessel. At the
outer boundary in the radial direction, the term An+1/2

r k0(Cn+1,j
1 − Cn,j

1 ) is replaced with zero (also for
j = 1, . . . , m). A no-flux boundary condition is also applied at the boundaries in the axial direction, where
the terms Ai

zk0(Ci,0
1 − Ci,1

1 ) and Ai
zk0(Ci,m+1

1 − Ci,m
1 ) are both replaced with zero along the whole boundary,

i.e. for i = 1, . . . , n.
The drug concentration in the one-dimensional representation of the vessel, denoted here by Cv , is

modelled using advective transport. This is coupled with the tissue by a term that allows for passage of
drug through the vessel wall into the adjacent layer of cells, and we do not model the plasma binding as
a separate compartment. The variation along the vessel is, therefore, governed by

Vj
v

dCj
v

dt
= −Aj

vλ(Cj
v − Cj−1

v ) + A1/2
r kv(C1,j

1 − Cj
v) (2.9)

for j = 1, . . . , m, where the index j corresponds to the axial index in the adjacent tissue compartment and
C0

v = Cv(t) is the predefined PK profile in the blood vessel imposed at inflow, i.e. when j = 1. A blood
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velocity λ drives flow along the vessel and no boundary condition is required at the outflow end of the
vessel segment. The geometry is defined by

Vj
v = π l2dz, Aj

v = π l2, (2.10)

where dz = d is the width of a disc in the axial direction. The full geometry of the two-dimensional
approximation is illustrated in figure 2, in which the vessel is represented by the central cylinder, and the
values for the geometric and transport parameters are given in table 1.

3. Pharmacokinetic profiles
The clinical PKs of doxorubicin are well characterized in the literature [20]. Doxorubicin concentrations
decay in a tri-exponential manner following intravenous (IV) bolus or infusion and typical parameters
are available in the literature [21], in which doxorubicin is administered as an IV bolus. Clearance of the
drug is modelled via the time dependence of this concentration profile.

The first PK profile considered here, subsequently denoted as PK1, is based on the data [21], in which
Cv(t) is assumed to decay as a tri-exponential (see also [22]) after a short infusion, i.e.:

CPK1
v (t) =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

0 t ≤ 0
D0

τ

{
A
A′ (1 − e−A′t) + B

B′ (1 − e−B′t) + C
C′ (1 − e−C′t)

}
0 < t ≤ τ

D0

τ

{
A
A′ (eA′τ − 1)e−A′t + B

B′ (eB′τ − 1)e−B′t + C
C′ (eC′τ − 1)e−C′t

}
t > τ ,

(3.1)

where τ is the infusion time, D0 is the dose and parameters A, B, C, A′, B′ and C′ are estimated by taking
averages of the values given in table 2 of [21]. This gives (to three significant figures)

A = 7.46 × 10−2 l−1, A′ = 2.69 × 10−3 s−1,

B = 2.49 × 10−3 l−1, B′ = 2.83 × 10−4 s−1

and C = 5.52 × 10−4 l−1, C′ = 1.18 × 10−5 s−1.

The duration of the perfusion for the total dose injected, τ = 180 s, was also taken from Robert et al. [21]
and the total dose D0 = 1.19827 × 102 µmol was calculated to give an ‘area under curve’ (AUC) of

AUC ≡
!∞

0
Cv(t) dt = 104 µM s ≈ 2.78 µM h, (3.2)

which is typical of what one might find in a patient [23,24]. The AUC is considered to reflect the actual
tumour (i.e. cellular) exposure to drug, and to correlate with toxicity, i.e. to a lesser extent with clinical
efficacy [25].

Two further PK profiles, both constructed to achieve the same AUC, are also considered in this work:

— a profile, denoted by PK2, in which there are three short infusions (to mimic the repeat drug
administration suggested in [10]), each of one-third the dose of CPK1

v (t), delivered at 24 h
intervals, i.e.:

CPK2
v (t) = 1

3 (CPK1
v (t) + CPK1

v (t − 24 × 60 × 60) + CPK1
v (t − 48 × 60 × 60)). (3.3)

— a uniform profile, denoted by PK3, representing prolonged exposure at constant concentration
over a period of 3 h, given by

CPK3
v (t) =

{
0.926 0 < t ≤ 10 800,

0 otherwise.
(3.4)

These three profiles and the accumulation of their AUCs over a period of 72 h are illustrated in the
electronic supplementary material, figures S1 and S2.

4. Results
Numerical experiments were carried out to investigate the effects of changing the PK profile of the
supplied drug (to imitate different modes of delivery) and the model parameters. The computational
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Figure 3. Spatial variation of exposure (
!

∗ dt) to extracellular drug, C1 (a,c), and bound drug, C3 (b,d), both at t = 72 h. The black
circles represent ‘exposure’ in the vessel and the surface plots represent exposure in the tissue. Each surface is coloured according to its
height. Parameter values are as in table 1 (standard vasculature) for the top two plots, but modified so that kv → 10 kv , λ → λ/10
and l → l/2 (narrow, leaky vessels) for the bottom two plots. The single short-infusion pharmacokinetic profile, PK1, was used as input.

domain representing the tissue for each simulation consisted of m = 25 compartments in the axial
direction and n = 9 compartments in the radial direction (where each compartment has been chosen
to be approximately the size of a biological cell) and was coupled with a vessel which also consisted of
25 compartments in the axial direction. Equations (2.5)–(2.7) and (2.9) were evolved in time using the
MATLAB function ode15s.

4.1. Varying vessel properties
Figure 3 illustrates the spatial variation of the free extracellular (C1) and bound intracellular (C3)
exposure profiles at 72 h for two sample simulations. The top plots show the results obtained for the
parameters given in table 1; exposure decreases away from the vessel, but changes in the axial direction
are hardly visible over the 500 µm length of the simulated domain. The values of the tissue binding and
transport parameters, k0, k1, k2, k−2 and C0, have been estimated for specific cancer cell lines [8,9], but
the vessel-related parameter values, kv , l and λ, are likely to be highly variable in the leaky, chaotic,
vasculature that is characteristic of cancerous tissue. Figure 3c,d illustrates how this might affect the
spatial variation of the exposure by simulating a narrower vessel, with a less obstructive wall and slower
flow; variation in the axial direction is now visible for this particular choice of modified vasculature,
suggesting a higher risk of pharmacokinetic resistance owing to the non-uniformity of the distribution
of drug.

A more thorough examination of the effects of changing parameters is described in the next section.
Each model parameter was varied independently, with all remaining parameters retaining the values
given in table 1. All simulations were run to tmax = 72 h and the output predicted by the model is
illustrated using total exposure to bound drug at specific points in the tissue,

!tmax
0 C3(xi,j, t) dt. We treat

this as a determinant of the effect of the drug, in that increasing the exposure to bound drug of a cell
should signify an increased likelihood of efficacy (and/or toxicity).

4.2. Varying model parameters
Figure 4 demonstrates how the exposure to bound drug at two points in the tissue varies as individual
model parameters are changed. In each plot, the exposure is sampled at x1,1, the compartment closest
to the inflow end of the supplying vessel, and xn,m, the compartment furthest from the supply of drug
(which is most likely to exhibit PK resistance). Curves are shown for each of the three PK profiles defined
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Figure 4. (a–f ) Dependence of exposure to bound drug (
!
C3 dt) at t = 72 h on model parameters, for the two-dimensional,

cylindrically symmetric model: each plot shows the response for all three PK profiles at points ‘near’ to the supply (r = l + 10µm,
z = 10µm) and ‘far’ from the supply (r = l + 170µm, z = 490µm). The vertical dashed lines indicate the standard parameter values
in table 1.

in §3. The model output leads to the following observations which are characteristic of all simulation
results obtained.

— The exposure of tissue to bound drug far from the supply is invariably lower than that close to
the supply.

— The exposure due to a single short infusion (PK1) is lower than that due to a uniform profile
(PK3) with the same AUC, typically by between 5 and 20%. The profile with three short infusions
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(PK2) gives even lower exposures. We emphasize here that the simulations are run to 72 h and
that neither of the short infusion profiles delivers its full AUC within this timescale (as illustrated
in the electronic supplementary material, figure S2).
When the drug concentration throughout the vessel is held at the source concentration, Cv(t),
instead of modelling its escape into the surrounding tissue using equation (2.9), there is no
variation in the axial direction and the concentration in the tissue depends only on the radial
coordinate, indexed by i. This situation is closely approximated when simulations are run with
the parameters given in table 1, as illustrated in figure 3a,b. In this case, as long as the prescribed,
time-dependent profile satisfies Cv(t) → 0 as t → 0, it can be shown (see appendix A) that

!∞

0
Ci

1 dt =
!∞

0
Ci

2 dt =
!∞

0
Cv(t) dt = AUC ∀i, (4.1)

in which i represents the radial index of the computational shell. In other words, the AUCs for
the free drug compartments are not only independent of the shape of the supplied PK profile but
also equal to the AUC of the supplied profile. For the bound drug

β

!∞

0
Ci

3 dt +
!∞

0
Ci

2Ci
3 dt = C0

!∞

0
Cv(t) dt ∀i, (4.2)

so its AUC does vary in space and depends on the shape of the supplied profile. However, when
the concentration of bound drug is far from saturating the available binding sites, i.e. when
Ci

3 ≪ C0 ∀i, it follows that the AUC for the bound drug compartment only depends weakly on
the shape of the supplied PK profile, because

!∞

0
Ci

3 dt ≈ C0

β

!∞

0
Cv(t) dt = C0

β
AUC ∀i. (4.3)

— Close to the vessel, drug exposure increases as β = k−2/k2 decreases, i.e. with stronger binding
and/or weaker unbinding. However, at greater distances from the vessel there is an optimal
value of β, below which the exposure of the tissue to bound drug decreases. This is because,
when binding is relatively strong, the drug is captured by the cells close to the vessel and not
transported to the more distant cells.
The value of β given in table 1 (indicated by the vertical dashed line in the figure) gives a very low
exposure, relative to what might be achieved close to the vessel with stronger binding. However,
it also gives a fairly uniform distribution through the tissue (figure 3b), so all regions of the
tissue receive similar amounts of drug. In fact, the exposure furthest from the supply is close
to the maximum achievable with the other parameters fixed. This is more clearly visible in the
magnified plot shown in figure 5, and in figure 6b, where a ridge indicates the values of the
binding rate k2, and the unbinding rate k−2, for which exposure at a distance from the supply is
maximized.

Figure 6 also shows that (except for very weak unbinding) the exposure depends on the ratio,
β, of binding to unbinding rates and not the separate values of k2 and k−2. This observation
is supported by the mathematical analysis in appendix A, which shows that, in the quasi-one-
dimensional case where there is no variation in the axial direction

C0 − maxt Ci
3

β

!∞

0
Cv(t) dt ≤

!∞

0
Ci

3 dt ≤ C0

β

!∞

0
Cv(t) dt ∀i. (4.4)

This does not necessarily hold for small values of β in the fully two-dimensional case because
strong binding causes the free drug concentration in the vessel to vary significantly in the axial
direction.

— Exposure increases with k1, the rate of transport across the cell membrane. However, the value
for k1 given in table 1 (indicated by the vertical dashed line) is in a region of parameter space
where the exposure is insensitive to its value. This confirms the observation made when fitting
the rate parameters to experimental data in [9], in which the value of k1 was chosen to be close
to the minimum that could be taken without significantly changing the fit to the experimental
assay data.

— When the diffusive transport rate in the tissue (represented here by the permeability k0) is varied,
the effect on exposure depends on the distance from the supplying vessel. Close to the vessel the
exposure actually decreases as the diffusion rate increases because, when transport is obstructed,
the drug accumulates close to the vessel. Since it inhibits drug from moving away from the
vessel, a low diffusion rate corresponds to low exposure further from the vessel. When the
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Figure 6. Dependence of exposure to bound drug (
!
C3 dt) at t = 72 h on binding rate k2, and unbinding rate k−2, for the two-

dimensional, cylindrically symmetric model with profile PK1: close to the supplying vessel (r = 26µm, z = 10µm, a); far from the
supplying vessel (r = 186µm, z = 490µm, b). Each surface is coloured according to its height. The vertical dashed lines indicate
the standard values of k2 and k−2 in table 1.

diffusion rate is high enough, the drug is uniformly distributed through the modelled region
of tissue, so the exposure is the same throughout.

— Increasing kv , the permeability of the vessel, increases the exposure throughout the tissue. Very
similar behaviour is seen when l, the radius of the supplying vessel, or λ, the velocity of flow in
the vessel, is increased.

4.3. Varying dose
In this paper, we choose predominantly to present the model predictions in terms of exposure to bound
drug, treating it as an indicator of treatment efficacy. Having investigated its dependence on model
parameters, we now analyse the relationship of drug exposure with the dose of drug, D0 in equation (3.1)
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Figure 7. Dependence of exposure to bound drug (
!
C3 dt) at t = 72 h on dose, D0, for the two-dimensional, cylindrically symmetric

model: close to the supplying vessel (r = 26µm, z = 10µm; a,c); far from the supplying vessel (r = 186µm, z = 490µm; b,d).
In one set of simulations, the binding rate k2, and unbinding rate k−2, are the standard values taken from table 1 (top), in the other, much
stronger binding and weaker unbinding are used (k2 = 2.95 × 10−2 µM−1 s−1 and k−2 = 4.38 × 10−7 s−1, bottom). The vertical
dashed lines indicate the value of D0 in §3.

of §3, for each of the PK profiles presented in that section. Figure 7 shows the dependence of exposure
on dose at positions close to and far from the drug supply.

— For low doses, all three PK profiles give very similar exposures, even though the time variation
of C3 is very different for each profile. The electronic supplementary material, figure S4, provides
an example of how C3 can vary in time at different distances from the supply.

— For high doses, the uniform profile (PK3), representing prolonged subjection to a constant
concentration, gives significantly lower exposure than the other two. The cause is illustrated
in figure 8. For high doses the binding sites rapidly become saturated, i.e. C3 ≈ C0: in all cases
the uniform profile (PK3) drops to zero after 3 h, so the drug starts to return to the vessel,
but the two short infusion profiles (PK1 and PK2) continue to supply drug at levels which
maintain saturation for the full 72 h simulation time. It is clear from equation (4.2) that, even
when variation is only allowed in the radial direction, the shape of the supply profile might
have a significant effect on exposure when saturation is approached, though we acknowledge
that profile PK3 has been chosen to represent a specific, exaggerated circumstance which might
be created in vitro but is not physiologically realistic.

— The exposure to bound drug is fairly uniform throughout the computational domain for all doses
when the parameter values from table 1 are used (e.g. figure 3a,b), so very little difference is
seen between the exposures close to and far from the supply in figure 7a,b. However, when
the values of the binding and unbinding rates, k2 and k−2, respectively, are replaced with those
corresponding to the far right corner of the domain in figure 6 (an extreme situation, chosen to
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illustrate the consequences of a microenvironment which supports strong spatial heterogeneity
in drug distribution), significant differences appear between different parts of the tissue, which
are visible in figure 7c,d. The cells furthest from the drug supply now require a dose two orders
of magnitude higher than cells adjacent to the supply if they are to receive the same exposure.
It can also be seen in figure 7 that the exposures of all three PK profiles exhibit similar
dependence on dose when the stronger binding is used. In this case, saturation at high doses is
maintained for longer than with weaker binding when the uniform profile (PK3) is administered,
so the exposures become close to those of both short infusion profiles. For the specific parameter
values chosen here, the exposure due to the profile with three short infusions (PK2) is lowest,
but this does not always hold, e.g. the profiles shown in figure 7a,b indicate that PK2 gives the
greatest exposure of the three for high doses when the original set of parameters (table 1) is used.

Remark. Instead of using exposure to bound drug as an indicator of the response to drug, it could
be assumed that the damage done to a cell by the drug depends monotonically on its exposure to
bound drug; an individual cell might survive if the damage (exposure) is below a particular threshold
value or die if it exceeds that threshold. In models without spatial heterogeneity, the exposure could be
converted into a survival fraction using, for example, a Hill equation [26]; we can imitate this by applying
a threshold to the exposure to bound drug in each computational compartment (the sizes of which have
been chosen to match the size of a biological cell). Applying the same threshold to every compartment is
analogous to using a Heaviside function in place of the Hill equation—it represents the limit as the Hill
exponent tends to infinity (and the higher the Hill exponent, the lower is the phenotypic heterogeneity of
the population). In practice, we do not have the data to allow us to estimate a value for this threshold (and
certainly not its variability between cells), so we provide figure 9 for illustrative purposes only. It shows
the dependence of survival fraction, in the sense defined above, on dose for the two sets of parameters
used to produce figure 7. A low survival threshold was chosen, for which the profile with three short
infusions (PK2) clearly gives lower efficacy, which corresponds to the higher doses required to achieve
this exposure threshold value. However, it can be seen from figure 7 that the order of effectiveness of the
three PK profiles depends on both the threshold value and the choice of model parameters. An extreme
example of this would be applying a threshold of 1.5 × 105 µM h when the parameters from table 1 are
used: in this case three short infusions is the most effective mode of delivery and prolonged exposure at
constant concentration kills no cells at all. Allowing the threshold to vary between cells would tend to
smooth out the transition regions visible in figure 9.

4.4. Varying distance from source
To assess PK resistance for regions where the vasculature is more sparse, we consider a modified
geometry in which an avascular tumour spheroid is surrounded by vascularized tissue in which the
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drug concentration is that of the specified PK profile. This geometry and the numerical approximation
are described in detail in the electronic supplementary material, S1.3.

Figure 10 shows the dependence of the exposure to bound drug on the radius of the spheroid,
sampling at both the edge and the centre of the spheroid. It can be seen that exposure close to the surface
of the spheroid has very little dependence on the size of the spheroid. However, the exposure to bound
drug of the centre of the spheroid is strongly influenced by its distance from the supply: for the parameter
values given in table 1, the exposure at the centre of a 2 mm radius spheroid has dropped almost to zero.
This region would typically also be nutrient-deficient and possibly necrotic.

5. Discussion
A model of drug transport in a tumour cord has been developed to explore the effect of different drug
delivery schedules and drug-binding parameters on tumour exposure to doxorubicin over a period of
up to 72 h. In particular, we have used the model to assess the benefits of sequential administration
of drug doses and at steady state. In common with all computational approaches, the model makes
a number of simplifications, including neglecting changes in drug clearance beyond that reflected
by the concentration–time curve of drug levels in the central blood vessel. Model parameters have
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been determined a priori from a combination of in vitro experimental findings and the literature.
Importantly, all model parameters (apart from the transport rate across the cell membrane, for which
only a minimum value could be estimated from the experimental assay data) are within or close to the
regions of parameter space in which the exposure is sensitive to their values (indicated by the proximity
of the vertical dashed lines to the regions of the graphs in which exposure is changing rapidly in
figures 4–6). Likewise, small modifications of some of the parameters, representing tumour
vascularization, for example, can potentially have a significant impact on drug delivery and, therefore,
certain drug combinations should be administered carefully. Subject to the caveats above, the model
generates several relevant findings.

Exposure to bound drug is lower further away from the supply, as illustrated in figure 3. This is
intuitively obvious, but mathematical analysis of the model (see appendix A) confirms further that
exposure to bound drug is similar for all three PK profiles, except when saturation of binding sites
is approached; at that point the uniform profile (prolonged subjection to a constant concentration)
gives significantly lower exposures. This is likely to be true not only for tumours but also for healthy
tissues in relation to toxicity. Interestingly, some clinical studies have suggested that continuous infusion
of doxorubicin is associated with less cardiac toxicity than bolus administration [27,28]. This has been
attributed to lower peak drug concentrations, but the model suggests that overall exposure may also be
lower with prolonged infusion of doxorubicin. The effect of drug exposure on distance from the blood
supply, shown in the context of a tumour spheroid in figure 10, demonstrates the challenge of delivering
drug to the avascular, hypoxic core of a tumour. Such regions are recognized as being chemo-resistant
and the model demonstrates the role of PK drug resistance in this context and offers the prospect of
modifying the model parameters to improve delivery to such regions and guide the development of
novel agents with the necessary characteristics [1,29–31].

From a therapeutic perspective, the most effective mode of administration depends on the threshold
of exposure that must be exceeded to kill tumour cells (see figures 7 and 9), as well as the model
parameters (figure 4). As the binding becomes stronger relative to the unbinding, exposure to bound
drug increases close to the supply; further from the supply there is, however, an optimal binding ratio,
above which the exposure to bound drug starts to decrease (shown in figure 4a and in figure 5). While
we have not included an explicit model of cell-kill, this finding implies that drugs which bind avidly
may have reduced clinical effectiveness, as they would fail to reach cells distant from the vessel. An
example may be the monoclonal antibody trastuzumab, which binds to the cell surface HER2 receptor
that is overexpressed in about 15% of breast cancers. Experiments in spheroids suggest that penetration of
trastuzumab deeper into the spheroid may indeed be limited by binding to the superficial cell layers [32].

Exposure to bound drug also increases as: (i) the transport rate across the cell membrane increases;
(ii) the permeability of the wall of the supplying vessel increases; (iii) the radius of the supplying
vessel increases; and (iv) the velocity of the blood flow increases (as illustrated in figure 4). The tumour
vasculature is recognized as being disorganized, with vessels that are more permeable, immature and
tortuous, with inconsistent diameter and impaired blood flow [2]. Our model suggests that these
characteristics of the tumour vasculature may have differing effects on drug exposure. ‘Normalizing’ the
tumour vasculature, as has been shown with the microtubule-targeted cytotoxic eribulin, may enhance
the delivery of anticancer drugs [33]. Likewise, some studies demonstrate that bevacizumab increases the
number of small vessels and tumour perfusion, allowing a better distribution of paclitaxel when given
in combination [34].

When diffusion through the tissue is very rapid, the distribution of drug is uniform (and so is the
exposure to bound drug). When diffusion is slow, exposure to bound drug is high close to the supplying
vessel but rapidly drops away from the vessel (figure 4c). The clinical significance of this observation
is unclear but it is noteworthy that one of the explanations proffered for the very limited efficacy of
chemotherapy in pancreatic cancer is the presence of extensive fibrosis, common within such cancers,
that is postulated to affect drug delivery [35]. The dependence of uniformity of exposure on transport
rate suggests that the raised interstitial pressure observed within tumours will indeed influence drug
penetration and distribution in tumours [4]. Similarly, uniform exposure throughout the tissue (and
hence good drug penetration) is facilitated by fast transport within the vessel, across the vessel wall
and across the cell membrane (figure 4).

The ultimate aim of predictive modelling of the type presented here is the optimization of drug
delivery, but this requires additional knowledge of the dependence of cell survival on the time course
of drug concentration. To illustrate the behaviour of our model, we have chosen to indicate the local
effectiveness of the treatment by the exposure of the tissue to bound drug. However, the toxicity of
doxorubicin is not solely dependent on AUC, particularly at low concentrations, and there is some
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evidence that peak concentration might be a better indicator of cell-kill ([22,26] and references therein).
It would be straightforward to conduct our study using either AUC or peak values of any of the
concentrations in our model, but a better understanding of these dependencies would be required
before the model could be deemed to be truly predictive, and therefore effective in aiding treatment
optimization. We are also aware that, unlike the peak value, the AUC would continue to increase after
the end of the 72 h time window investigated here. Although we believe that we would need a more
realistic model of drug clearance for our model to be valid for longer times, we note that running our
simulations beyond 72 h did not affect the qualitative behaviour of the results.

The model can be adapted to other cytotoxics or molecularly targeted cancer drugs and extended
to include, for example, tumour heterogeneity and different geometries; it can also be applied to other
clinical indications. Particularly attractive is the potential to incorporate the model in drug development
to select agents most likely to achieve uniform distribution of drug at a relevant concentration throughout
the target tissue or tumour. Changing the physico-chemical properties of the drug alters the associated
parameters incorporated in the model, such as binding rates, but the values can be identified from
drug-specific data. This may allow the identification, from a range of candidate molecules, of the
one(s) most likely to address the issue of PK resistance. This could have important implications in
terms of the time and expense of preclinical evaluation, as well as addressing the principles of the 3Rs
(replacement, reduction and refinement) that have been developed as a framework for humane animal
research and subsequently become embedded in guidelines and legislation regulating the use of animals
in scientific procedures.

6. Conclusion
Our model of drug transport in a tumour cord explores the effect of different drug delivery schedules
and tumour-binding parameters on tumour exposure to doxorubicin, using parameters determined
from experimental data. While acknowledging that the model remains a simplification of a complex
system, we believe that such computational models can play an important role in understanding existing
and novel cancer therapeutics by generating quantitative and testable insights that inform further
experiments in the clinically important area of optimizing drug delivery.
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Appendix A. Dependence of exposures on area under curve
We restrict ourselves here to the one-dimensional, cylindrically symmetric case (or, equivalently, the
multidimensional model described in §2.2 with Cj

v = Cv(t) imposed in the vessel in place of using
equation (2.9)). We, therefore, consider a model from which axial variation has been removed:

δ1Vi dCi
1

dt
= Ai−1/2k0(Ci−1

1 − Ci
1) + Ai+1/2k0(Ci+1

1 − Ci
1) + aik1(Ci

2 − Ci
1), (A 1)

δ2Vi dCi
2

dt
= aik1(Ci

1 − Ci
2) − δ2Vik2Ci

2(C0 − Ci
3) + δ2Vik−2Ci

3 (A 2)

and δ2Vi dCi
3

dt
= δ2Vik2Ci

2(C0 − Ci
3) − δ2Vik−2Ci

3, (A 3)

for i = 1, . . . , n, where n is the number of shells, and ai is the cellular surface area within the ith shell. The
superscript corresponds to the shell number, and this index increases with distance from the centre of
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the cylindrical coordinates. Half-indices correspond to interfaces between shells. At the inner boundary,
a predefined PK profile, Cv(t), is prescribed, and hence when i = 1, the term A1/2k0(C0

1 − C1
1) is replaced

by A1/2kv(Cv(t) − C1
1) in equation (A 1) (in which k0 has also been replaced by kv , the permeability of the

vessel wall). A no-flux condition is imposed at the outer boundary of the tumour cord by replacing the
term An+1/2k0(Cn+1

1 − Cn
1) with zero when i = n in equation (A 1). The precise values of the geometric

quantities do not matter for the purposes of this proof.
Similar analysis can be applied directly to the spherically symmetric model used in §4.4 and described

fully in the electronic supplementary material, S1.3. However, the following arguments do not hold for
the general two-dimensional model, in which equation (2.9) is used to model flow in the vessel, because
the flux of drug at the outflow end of the central vessel is not known.

First note that each of equations (A 1)–(A 3) can be written in the form

dCi
k

dt
= fk(Ck) − gk(Ck)Ci

k, (A 4)

in which i = 1, . . . , n, is the compartment index, k = 1, 2, 3, is the drug component index, Cl is a vector
containing all the values of Ci

l except those for which l = k, and fk and gk are linear functions of these
values with non-negative coefficients (as long as Ci

3 ≤ C0, which is guaranteed in this case by the form of
equation (A 3) and Ci

3(0) = 0). As a consequence, since Ci
k are all initially zero and Cv(t) ≥ 0, the Ci

k must
remain non-negative for all time.

Now, given any positive integer n, define the local and global masses for each of the drug
compartments

Mi
k = ViCi

k, Mk =
n!

j=1

Mj
k, for k = 1, 2, 3, 1 ≤ i ≤ n,

so that summing equations (A 1)–(A 3) for all of the compartments and all of the species gives, after
applying the zero-flux boundary conditions,

δ1
dM1

dt
+ δ2

dM2

dt
+ δ2

dM3

dt
= A1/2kv(Cv(t) − C1

1),

in which we have assumed zero flux through the boundary far from the vessel. Now, since Cv(t) → 0 as
t → ∞, it must follow that C1

1 → 0 as t → ∞, otherwise (since, in this model, Ci
k ≥ 0, ∀i, k and for all time)

there exist ϵ, T ∈ R such that C1
1 ≥ ϵ > 0 for t > T, and the total mass of drug, M = δ1M1 + δ2M2 + δ3M3,

would eventually become negative, which contradicts non-negativity of the concentrations. We can also
define partial masses

Pi
k =

n!

j=i

Mj
k for k = 1, 2, 3, 1 ≤ i ≤ n,

for which it follows, from equations (A 1)–(A 3) and their zero-flux boundary conditions, that

δ1
dPi

1
dt

+ δ2
dPi

2
dt

+ δ2
dPi

3
dt

= Ai−1/2k0(Ci−1
1 − Ci

1) for 2 ≤ i ≤ n.

By a similar argument to that above, Ci−1
1 → 0 as t → ∞ implies that Ci

1 → 0 as t → ∞ for i = 1, . . . , n,
since the concentrations and masses must all remain non-negative. This argument can, therefore, be used
repeatedly to show that Ci

1 → 0 as t → ∞ for all i, whatever the value of n. Furthermore, since

δ2
dMi

2
dt

+ δ2
dMi

3
dt

= aik1(Ci
1 − Ci

2) for 1 ≤ i ≤ n,

it follows that Ci
2 → 0 as t → ∞ for i = 1, . . . , n. Using this knowledge, and the above argument a

third time

dMi
3

dt
= Vik2Ci

2(C0 − Ci
3) − Vik−2Ci

3 for 1 ≤ i ≤ n,

implies that Ci
3 → 0 as t → ∞ for i = 1, . . . , n.
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We now know that all of the compartment concentrations tend to zero as t → ∞, so we can consider

!∞

0
δ1

dM1

dt
+ δ2

dM2

dt
+ δ2

dM3

dt
dt =

!∞

0
A1/2kv(Cv(t) − C1

1) dt.

The left-hand side of this equation is equal to zero, because the zero concentrations at t = 0, ∞ give

[δ1M1 + δ2M2 + δ2M3]∞0 = 0.

It immediately follows that !∞

0
C1

1 dt =
!∞

0
Cv(t) dt.

By a similar argument,

0 =
!∞

0
δ1

dPi
1

dt
+ δ2

dPi
2

dt
+ δ2

dPi
3

dt
dt =

!∞

0
Ai−1/2k0(Ci−1

1 − Ci
1) dt for 2 ≤ i ≤ n,

which implies that !∞

0
Ci

1 dt =
!∞

0
Cv(t) dt for 2 ≤ i ≤ n.

Finally, for 1 ≤ i ≤ n,

0 =
!∞

0
δ2

dMi
2

dt
+ δ2

dMi
3

dt
dt =

!∞

0
aik1(Ci

1 − Ci
2) dt

⇒
!∞

0
Ci

2 dt =
!∞

0
Ci

1 dt =
!∞

0
Cv(t) dt

and

0 =
!∞

0

dMi
3

dt
dt =

!∞

0
Vik2Ci

2(C0 − Ci
3) − Vik−2Ci

3 dt

⇒ k−2

!∞

0
Ci

3 dt + k2

!∞

0
Ci

2Ci
3 dt = k2C0

!∞

0
Cv(t) dt

⇒ β

!∞

0
Ci

3 dt +
!∞

0
Ci

2Ci
3 dt = C0

!∞

0
Cv(t) dt.

It follows from this that

C0 − maxt Ci
3

β

!∞

0
Cv(t) dt ≤

!∞

0
Ci

3 dt ≤ C0

β

!∞

0
Cv(t) dt. (A 5)
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