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ABSTRACT

The pharmaceutical heparin is a complex polysaccharide of the glycosaminoglycan family,
usually derived from porcine mucosa, and is a mainstay of anticoagulant therapy
worldwide. Its activity can be modified, most notably, through depolymerisation. Yet,
owing largely to the chain complexity, the progressive effects of environmental conditions
on the heparin structure have not been fully described. A systematic study of the
progressive effects of acidic and alkaline hydrolysis on heparin chain length and sulfate
substitution has therefore been conducted.

The initial analysis concerned the changes of weight-average molecular weight of heparin,
induced by applied conditions. In acidic environments, the relation between the molecular
weight loss and pH was inversely correlated, whilst the rate of degradation increased with
temperature. In alkaline environments, the molecular weight loss was proportional to pH
and temperature, although less effective.

Under milder acidic conditions, desulfation was the major factor affecting the molecular
weight of the polysaccharide, whilst in alkaline conditions, the hydrolytic sulfate scission
was not as prominent. Glycosidic scission was observed only after the prolonged hydrolytic
processing at pH 1, at 80 °C. Stability studies confirmed the chain stability between pH 2
and pH 12.

To understand desulfation order and further investigate possible rearrangements, selected
acid and alkaline hydrolysates were monitored via 2D (HSQC) NMR. This study revealed
that in acidic environments all sulfate groups of heparin were altered. It was observed that
the sulfate groups were hydrolytically removed in the following order: N-sulfate (NS-),
then 2-O-sulfate (20S-), and finally 6-O-sulfate (60S-), although the selectivity of last two
was strongly dependent upon applied conditions. On the other hand, the NMR analysis of
alkali treated heparin demonstrated that applied environments catalysed only iduronate
desulfation (20S-), followed by its exclusive rearrangements to a galacturonic residue.

The research discussed in this thesis investigated the behaviour of heparin in aqueous
systems altered by temperature and pH over time. The selected stressing factors closely
resembled conditions applied over the industrial and/or pharmacological processing.
Therefore, the contribution of presented findings reaches beyond theoretical knowledge
and extends to possible practical applications, i.e., optimisation of manufacturing, storage
and administration of pharmacologically active heparin products.
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INTRODUCTION

11 BACKGROUND

Heparin is a linear polyanionic polysaccharide found on the cell surface of higher animals,
the pharmacological activity of which has been recognised for over a century. It is one of
the oldest drugs of natural origin that has been applied in the regulation of a wide range of
biological processes (Lima et al., 2017; Linhardt, 2003; Mulloy, 2012; Mulloy et al., 2015;
Oduah et al., 2016). It therefore comes as no surprise that the subjects of heparin structure,
activity or purity have gained a lot of attention, and been under investigation ever since its
discovery. Yet, next to the extensively studied pharmacological and biological properties,
the chemical stability of heparin has been explored to a lesser degree. This research
imbalance has caused a gap in the fundamental understanding of the principal features of
the macromolecule and its behaviour in various systems. Considering the dependency of
commercially available heparin from the animal sources and highlighting the number of
factors that are being applied during the purification and modification of compound
(Linhardt, 1992; Van Der Meer et al., 2017; Xie et al., 2018), there is a necessity to dispel
as many scientific unknowns, concerning one of the most important drugs in the world, as
possible. Manufacturing processes of heparin therapeutics are for the most part carried out
in the aqueous environments. Furthermore, heparin-based pharmaceuticals are
reconstituted in aqueous medium. Previous studies demonstrated that water molecules
themselves affect the chemical stability of pharmacologically active substances (Bauer et
al., 2012; Loftsson, 2013; Zhou et al., 2016). Therefore, there is a high possibility that
applied manufacturing and storage conditions influence heparin stability. Consequently,

the hydrolytic stability and degradation mechanisms of aqueous solutions of heparin
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subjected to combinations of external factors (pH and temperature) over time, are the main

subjects of this thesis.

1.2 INTRODUCTION TO HEPARIN

1.2.1 Significance of heparin

When in 1916 Jay McLean accidently copurified the fraction of heparin during his study of
tissue’s procoagulant extracts (McLean, 1959), he certainly could not predict that his
unintended discovery would lead to the development of one of the most effectively and
widely used drugs of 20" century (Linhardt, 2003; Mulloy, 2012; Mulloy et al., 2015;
Oduah et al., 2016). The form of heparin that we recognise today is associated with a
compound of exceptional pharmacological activity, with a great application potential for
numerous medical treatments (for an extensive summary see Mulloy et al., 2015). The wide
spectrum of therapeutic applications follows from the structural heterogeneity of heparin.
More specifically, the activity of heparin is a result of the direct interaction (electrostatic
or hydrogen bonding) between the negatively charged sulfo- and carboxyl groups, densely
populated over the polymer chain and basic amino acid residues on heparin-binding
proteins (Linhardt, 2003; Meneghetti et al., 2015; Mulloy et al., 2015; Skidmore et al.,
2008). The high selectivity of the binding is further adapted to control many biological
processes, of which the most important ones are summarised in Figure 1.1. Among many
important features, the ability of heparin to control the coagulation of blood, i.e.,
anticoagulation activity, deserves special attention. It is the main characteristic of heparin,
which over 100 years ago confused McLean during his study, and that ensures heparin of
its place on the World Health Organisation List of Essential Medicines (WHO | WHO

Model Lists of Essential Medicines, n.d.).

The anticoagulation activity of heparin follows from its unique ability to potentiate the
inhibitory action of an actual anti-coagulation factor: antithrombin (AT). The covalently
bound heparin/AT complex inactivates the coagulation proteins, particularly factors Xa and
lla (thrombin) (Jaffer & Weitz, 2014). The response of these two factors to the

anticoagulant action of the heparin/AT complex is conditional upon its sequence.
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Figure 1.1 Graphical summary of the most important biological processes controlled by
action of heparin-activated proteins.

To trigger the Ila inhibition, heparin must simultaneously connect both thrombin (l1a) and
antithrombin (AT), as presented in Figure 1.2a. This requires at least 18 saccharide units
(Mw = 5.4x 10% g/mol), 5 of which must be specifically arranged to target the stable
heparin/AT connection (Onishi et al., 2016). This unique pentasaccharide linker, the
structure of which is presented in Figure 1.3, is on average present in !5 of chains in
commercially available, unfractionated heparin (Mw =~ 15 - 20x 10° g/mol). Thus
unfractionated heparin is an ideal compound to stabilise the Ila-AT connection (Mulloy et
al., 2014).

In contrast to factor lla, factor Xa does not require ‘heparin bridging’. Its activity is
restrained throughout the immediate interaction with tailored reactive centre loop of
antithrombin, as shown in Figure 1.2b-c. The conformational changes of AT, conditional
upon factor Xa reactivation, are induced via heparin’s pentasaccharide linker (Jaffer &
Weitz, 2014; Mulloy et al., 2015). The low-molecular weight heparin (LMWH, My ~3 -5
x 10% g/mol) and synthetic heparin pentasaccharide (e.g., Arixtran, Mw ~ 1.5 x 10° g/mol)
are usually applied to sustain AT-Xa connection (Lima et al., 2011; Turnbull, 2011). The
application of LMWHs have been considered advantageous to unfractionated heparin since
it significantly reduces the interaction of drug with platelet factor IV (Stringer et al., 1999)
and minimises the chances of heparin-induced thrombocytopenia (HIT), a serious side-
effect observed in a few percent of recipients of unfractionated heparin, particularly in the

long-term therapy cases.
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The structural manipulations have clear consequences in the pharmacological activity of
heparin. This, in turn, has created an opportunity to diversify the therapeutic profile of
heparin. It has also underlined the necessity to cautiously examine heparin preparations to
avoid undesired pharmacological effects. The natural heterogeneity of heparin chains,
being the result of the complex biosynthetic pathway, certainly does not make this task any

easier.

Pentasaccharide
sequence

<< —Factor Xa ¢/

Unfractionated
heparin —

Antithrombin

b Low-
molecular-
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C
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&

> 5>

Figure 1.2 Model of the anticoagulation mechanism of a) unfractionated heparin b) low-
molecular weight heparin and c) synthetic pentasaccharide. a) Heparin binds and activates
AT via characteristic pentasaccharide linker. The AT/heparin complex inactivates the
coagulation cascade of factor Xa and Ila (antithrombin). The characteristic ‘bridge’ is
created during the interaction with thrombin. b-c) Shorter heparin chains containing the
pentasaccharide sequence have a capacity to stimulate the antithrombin conformational
changes and inhibit factor Xa. Picture adapted from (Jaffer & Weitz, 2014).
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Figure 1.3 The sequence of heparin’s pentasaccharidic antithrombin-binding region
(ATBR). The 3-O-sulfated glucosamine (3" monosaccharide from left), followed by a non-
sulfated glucuronic acid (4" mono-unit from left) are the typical residues of ATBR.

1.2.2 Biosynthesis and structure of heparin

Unlike other biopolymers (e.g., proteins or nucleic acids) biosynthesis of
glycosaminoglycans (GAGs) cannot be described by means of an organised pattern.
Consequently, an exact process involved in formation of heparin as well as the complete
arrangement of the primary sequence of polysaccharide remain topics of ongoing
discussion. Nevertheless, in the light of numerous conformational and bioengineering
studies, the general pathway of heparin biosynthesis has been established (see for example
Bhaskar et al., 2012; Fu et al., 2016; Puvirajesinghe & Turnbull, 2012; Rudd et al., 2010;
Suflita et al., 2015). It has been agreed that heparin is exclusively biosynthesised in the
mast cells of various animal species (Mulloy et al., 2017). As shown in Figure 1.4 the
biosynthetic process is initiated via the formation of a specific tetrasaccharide linker of
xylose (Xyl), two galactose (Gal) and a glucuronic acid (GIcA) attached to serine residue
of the core protein (“chain initiation” in Figure 1.4) (Rabenstein, 2002). The crucial step
that specifically targets heparin rather than other GAGs relies on a repeated addition of
1—4 linked disaccharide unit of D-glucuronic acid (GIcA) and N-acetyl-D-glucosamine
(GIcNAC) to the linkage region of the tetrasaccharide (“polymerisation” in Figure 1.4)
(Linhardt, 2003; Rabenstein, 2002). The [GIcA-(1,4)-GIcNAc]» polymer is successively
modified by 12 different biosynthetic enzymes. Among these the actions of N-
deacetylase/N-sulfotransferase (NDST), C-5 epimerase (C5 epi) and O-sulfotransferases
(OSTs) result in production of highly sulfated, uronic acid rich heparin chains (“polymer
modification” in Figure 1.4) (Rabenstein, 2002; Suflita et al., 2015). Lastly, during the
mast cell degranulation, protease enzymes separate the mature polysaccharide chains from
the serglycin and the free peptidoglycan of heparin in process (by B-endoglucuronidase)
into the glycosaminoglycan form (Linhardt, 2003).
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Figure 1.4 Biosynthetic pathway of heparin. The tetrasaccharide linker of Xyl-Gal-Gal-
GIcA is initially connected to serine, localized on the core protein chain. The linker is a
foundation for saccharide chain elongation promoted by GIcA and GIcNAc transferases.
Through the following modification of polysaccharide chains, stimulated by NDST, C5 epi
and 6-/3-OST enzymes, the mature structures reach of low and highly sulfated domains
(NA and NS respectively) and antithrombin binding sites are formed. Diagram based on
(Suflita et al., 2015).



Chapter 1- INTRODUCTION

The non-template driven biosynthesis leads to an astonishing compositional variation
occurring at the elementary level of heparin between distinct animal or tissue sources (e.g.,
porcine intestinal mucosa vs bovine lung) and within samples of the same origin. As
explained in the paragraph above, the polysaccharide chains of heparin are based
predominantly on 1,4 linked, alternating residues of glucosamine and uronic acid. The
acidic unit of the major disaccharide may be arranged as either a-L-iduronate (IdoA) or less
commonly, as B-D-glucuronate (GlcA).Both units can be sulfated at position 2 (C-2), as
highlighted in Figure 1.5a. On the other hand, the a-D-glucosamine (GIcN) may exist in
each of two forms: N-sulfated (GICNS) or N-acetylated (GIcNAc). As marked in Figure
1.5a, both glucosamine units may carry additional sulfo groups; those at position 6- being
the most prevalent, whereas sulfation at position 3-, although found more rarely, plays a
significant role in the anticoagulant activity of the molecule (as explained in 1.2.1). Not all
rearrangements are targeted with the same efficiency. Amongst the 32 (2°) possible
structural modifications (at each disaccharide building block) 1doA(2S)(1—4) GICNS(6S)
shown in Figure 1.5b constitutes from 60 to 90% of heparin structure, while disaccharide
repeat units arranged differently make up the remainder (Rabenstein, 2002; Rubinson et al.,
2016).
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Figure 1.5 a) Monosaccharides of heparin and their possible modifications. The elemental
blocks may be arranged in various disaccharide sequences. The major and minor repeating
disaccharide unit are distinguished in b), respectively. The saccharide structures and
arrangements were created as described previously (Rabenstein 2002).

1.2.3 Physicochemical characteristics
1.2.3.1 Molecular weight

Polysaccharide behaviour is driven by various physicochemical properties, amongst which
molecular weight has been recognized as being crucial to underpinning of the functionality
of biopolymers (Harding et al., 1991, 2017). Heparin is a polydisperse mixture of many
chains that differ in molecular weight, similarly to other polysaccharides of a natural origin.
Therefore, it is convenient to express its molecular weight (MW) as distribution, commonly
described by a means of weight-average molecular weight (Mw) and/or number-average

molecular weight (Mn), which are defined as:
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where nj is number of the molecules or cithe concentration of the sample characterised by
the molecular weight M;. The ratio of Mw/Mn is known as the (poly)dispersity index, which

refers to the spread of molecular weights in a biopolymer sample.

The scientific sources mostly agree on the polydispersity of the heparin API (active
pharmaceutical ingredient). The value generally ranges between 1.1 and 1.6 (Gray et al.,
2008; Linhardt, 2003; Liu et al., 2009), which indicates uniformity (in terms of molecular
weight) of heparin chains in pharmaceutical samples. On the other hand, the molecular
weight of heparin therapeutics is strictly associated with its activity (as discussed in 1.2.1).
Therefore, heparin pharmaceuticals of different molecular weights are distinguished. The
molecular weight of very short 3™ generation heparin products, like Aritrax, is around 1.5
x 10% g/mol (Turnbull, 2011). The molecular weight of 2" generation low molecular weight
heparins typically lies between 3.5 and 6.5 x 10° g/mol (Gray et al., 2008; Turnbull, 2011),
whilst the 1% generation unfractionated heparins reach up to 20.0 x 10% g/mol (Bertini et
al., 2017; Gray et al., 2008). Furthermore, the upper limit of My of unfractionated heparin,
which has pharmacological potential varies with regards to geographical location and
source material, as summarised in Table 1.1. Therefore, the molecular weight of heparin
needs to be carefully assessed and always presented within the context of investigated

factors.



Chapter 1- INTRODUCTION

Table 1.1 Summary of major characteristics of heparins extracted from various sources.

Source Average My aXa Activity aPPT Activity References
x 10° (g/mol) (IU/mg)°

Gray et al., 2008

Porcine # 15.0-20.0 148 — 219 168 — 277 Mulloy et al., 2014
Bertini et al., 2017
Fuetal., 2013
Bovine @ 15.0 — 16.2 123 — 156 103 181 Gray et al., 2008

St Ange et al., 2016
Bertini et al., 2017

Ovine 20.0 182 n.d. Fuetal., 2013
Camel 24.0 50-60 n.d. Warda et al., 2003
Salmon <8.0° 110 - 137 n.d. Flengsrud et al., 2010
Shrimp 8.5 95-100 n.d. Dietrich et al., 1999
Clam 14.9 347 317 Cesaretti et al., 2004

2 Intestinal mucosa; ® 96% of extracted material; n.d.- not determined; ¢ anticoagulation activity units per
milligram of heparin; potency of heparin is determined via biological assay using a USP reference; 1 unit of
heparin is understood as the amount of heparin required to keep 1 ml of cat's blood fluid for 24 hours at 0°C;
it is equivalent approximately to 0.002 mg of pure heparin (Kuizenga et al., 1943; Pharmacopeial Forum,
2009).

1.2.3.2 Polyelectrolyte properties

Together with molecular weight the polyelectrolyte properties can be thought of as a kind
of heparin fingerprint. In heparins, particularly in the commercial ones, the sulfated
domains significantly predominate the amount of the acetylated domains (Mulloy et al.,
2012). As a result, the average degree of sulfation of heparin characterised by My = 10 x
103 g/mol equals ~ 2.7 per disaccharide unit (for sulfation centres see Figure 1.3 or Figure
1.5). This calculates to almost 40 sulfo groups per polymer chain. The overall negative
charge density is additionally increased by carboxyl groups of uronic acids. In consequence
to the sulfo—carboxyl combination heparin is one of the most negatively charged biological

macromolecules currently recognised by science (Linhardt, 2003; Pomin, 2014a). A major

10
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contribution to the biological activity of heparin results from electrostatic interactions
between these negatively charged (especially sulfo) groups with basic amino acid residues
(arginine, lysine and, at appropriate pH values, also histidine) of heparin-binding proteins
(see 1.2.1 for more details) (Bhaskar et al., 2012; Skidmore et al., 2008; Yates et al., 2019).
Thus, it is crucial to recognise environments that may influence the degree of sulfation of

the heparin molecule.

1.2.3.3 Conformation

As with other mammalian glycosaminoglycans, heparin has a linear sequence without any
additional branches. The major sources of flexibility of linear polysaccharides like this are
the torsion angles of the glycosidic bonds, ® and ¥, located between the monosaccharide
residues (Cui, 2005; Finch, 1999; Sun, 2004). However, since the early work on heparin
conformation, the aqueous form of the macromolecule was matched with a more extended,
helical model (Casu et al., 2015; Mulloy et al., 1993). The following studies on the heparin
structure in solution clarified that the unique flexibility of the chain is a gross effect of the
factors summarised in diagram in Figure 1.6. Furthermore, it has been recently suggested
that the pharmacological activity of heparin is not only a result of an effective interaction
between the polysaccharidic sulfate groups and heparin-binding proteins, but is perhaps
conditional upon the chain conformation (Hricovini, 2015; Meneghetti et al., 2015; Mulloy
et al., 2012). The chain conformation itself seems to be strongly dependent upon the
dynamics of IdoA that, to quote Mulloy, “has potential consequences for the overall
conformation of the polysaccharide as well as for “induced fit”” models of interactions with
proteins” (Mulloy et al., 2012, p. 66).

The review of physicochemical characteristics of heparin elucidates a clear connection
between these and pharmaceutical activities of the molecule. The molecular weight as well
as degree of sulfation and chain flexibility can be equally affected by a physical and/or
chemical stressor. To maintain the medical functionality of heparin it is essential to

recognise the conditions that may alter both of these features.

11
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Figure 1.6 The cause-and-effect diagram assessing the flexibility of heparin chain. Based
on: 2(Rubinson et al., 2016) °(Skidmore et al., 2008) ¢ (Hricovini, 2015) ¢ (Mulloy & Forster,
2000) ¢ (Hsieh et al., 2016) " (Mulloy et al., 2012) 9 (Pomin, 2014a) " (Casu et al., 2015)
(Rabenstein, 2002) ! (Khan et al., 2013) ¥ (Gray et al., 2008) ' (Suflita et al., 2015).

1.3 DIFFERENT ANGLES OF HEPARIN RESEARCH - THE VALUE OF
STABILITY STUDIES

The wide range of clinical applications (see 1.2.1) along with the structural and
physicochemical complexity (see 1.2.2 and 1.2.3, respectively) expanded the visibility of
heparin to various scientific branches. As summarised in Figure 1.7, the molecule has been
studied from a variety of different angles that contribute to increasing knowledge about its

complex nature.

Since its discovery by McLean in 1916, numerous studies have been undertaken to
understand the pharmacological activity and interactions between heparin and various
molecules. Due to the extensive research targeting this subject differences between the
binding specificity of heparin/AT complex to factors Xa and Ila have been recognised
(Jaffer & Weitz, 2014; Mulloy, 2012; Onishi et al., 2016) and low molecular weight
heparins (LMWHSs) of improved anti-factor Xa activity have been produced (Gray et al.,
2008; Lima et al.,, 2011). Moreover, the non-anticoagulant properties of heparin
therapeutics have been explored (for examples see Lima et al., 2017; Meneghetti et al.,
2015; Oduah et al., 2016). Among these the activity of the molecule against virus receptor
proteins (including SARS-associated coronavirus) has recently been of particular
importance (Mycroft-West, Su, Elli, et al., 2020; Mycroft-West, Su, Pagani, et al., 2020).

12
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Figure 1.7 Graphical summary of the scientific branches concerning heparin. The diagram
presents the most considered issues crucial for development, application, regulatory and
pharmacopeia revision of pharmacologically active heparins. The chart is based on
literature reviewed for the purpose of this section discussed further in text.

The intensive conformational and compositional studies have demonstrated the relation
between the heparin functionality and its structure (for more details see 1.2.2 and 1.2.3.3)
(Mulloy & Forster, 2000; Rabenstein, 2002; Rudd et al., 2010). These studies have also
addressed the fundaments for chemoenzymatic synthesis and bioengineering of new
heparin derivatives (Bhaskar et al., 2012; Suflita et al., 2015; Turnbull, 2011). Interest in
both subjects has increased exponentially in recent years owing to the contamination crisis
of 2007/8. This unfortunate incident was described as one of the most dreadful episodes of
a toxic drug product, especially for the United States market (Liu et al., 2009; Szajek et al.,
2016). Furthermore, the contamination issue highlighted the necessity of regulated
protocols to control the quality of heparin drugs and turned the attention of scientists back
towards the optimisation of analytical methods (Devlin et al., 2019; Dionex Corporation,
2008; Guerrini et al., 2009; Pharmacopeial Forum, 2009; Volpi etal., 2012; Yeetal., 2013).

13
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The heparin production process of has also been revised. Due to the complexity of source
material, the industrial purification is a sophisticated and expensive operation, which
involves harsh treatments over extended periods of time. Purification steps include
digestion of crude sample (enzymatic or chemical), initial purification, bleaching and
isolation. All of the steps summarised in Figure 1.8 could alter the quality of final product,
affecting its safety and consequently jeopardizing the reliability of the manufacturing
process. Therefore, it is not surprising that heparin producers are interested in the
optimisation of the whole process as well as searching for alternative (to the most popular
source of porcine mucus) natural sources of heparin (Monakhova, Diehl, et al., 2018; St
Ange et al., 2016; Van Der Meer et al., 2017).

Production Process

' ‘ Y
. - , | ﬁp%
. %?.\

(\’ k “ /ff/‘ (3
{ Y, — il — i — &
N <l _
Sourcing Material  Digestion/ Capture Purification & Isolation & Final
& Location Release Bleaching Drying Treatment

Figure 1.8 Simplified diagram showing the major stages of the heparin manufacturing
process.

On the other hand, the stability of heparin has been explored to a lesser extent, particularly
the stability of the molecule in aqueous media and the effect of external conditions (e.g.,
temperature, pH and pH controlling media, organic solvents, etc.) on its detailed
substitution patterns and molecular weight. To emphasise the importance of such study, it
needs to be highlighted that heparin purification is for the most part carried out in aqueous
environments under the wide variety of extreme conditions (Van Der Meer et al., 2017).
Moreover, heparin therapeutics are aqueous solutions that require optimal environments to
sustain activity and remain safe for designed applications (LEO Pharma A/S, 2016;
Pharmacopeial Forum, 2009). At the same time, nucleophilic water attack (‘hydrolysis’) is
perhaps the most critical degradative process to biomacromolecules in aqueous systems
(Bauer et al., 2012; Loftsson, 2013; Zhou et al., 2016). In most polysaccharides hydrolysis
leads to cleavage of glycosidic bond(s) and changes in molecular integrity, which causes

deviation from drug specifications (Bauer et al., 2012; Loftsson, 2013; Zhou et al., 2016).
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Therefore, the hydrolytic stability studies on heparin are certainly of great importance
equally for manufacturers — due to their potential contribution to optimisation of current
processes or in recognition of alternative molecular modification routes; regulators — as it
could help to standardise the production/ analysis/ storage conditions of heparin products;

and users — whose safety is of the upmost importance among all the potential benefits.

14 GENERAL APPROACH TO HYDROLYTIC STABILITY STUDY OF
PHARMACEUTICALLY ACTIVE SUBSTANCES

1.4.1 Introduction

The essence of stability of pharmaceutically active substances was captured perfectly by
Thorsteinn Loftsson (2013) as “(...) the capacity of the product or a given drug substance
to remain within established specifications of identity, potency, and purity during a
specified time period.” The evaluation of the stability of pharmaceutical products (or
candidates) is performed through degradation studies. Depending upon the type of studied
category, i.e., chemical stability, physical stability and microbial stability (Loftsson, 2013),
stressing factors are deliberately applied to initiate the degradation of studied substance,
while the nature of changes is examined in a timely manner. Pharmaceuticals exhibit higher
degradation potency in solution than in their solid form and degrade at much faster rate in
aqueous than in non-aqueous medium. Consequently the hydrolysis reactions are by far the
most commonly studied degradation pathways (Bauer et al., 2012; Loftsson, 2013; Zhou et
al., 2016).

1.4.2 General reaction of hydrolysis

Hydrolysis is a transformation process upon which a carbon-X bond of an organic molecule
RX is cleaved through the nucleophilic attack of water and forms carbon-oxygen bond. The
net hydrolysis reaction is commonly exemplified as a direct substitution of -X for a

hydroxide group (-OH), i.e.:

RX + H,0 - ROH + X~ + H* 1.3
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The products of hydrolytic reaction might exhibit different physicochemical properties to
parental compound, which in light of pharmacological security raises the significance of

hydrolytic stability study.

1.4.3 Mechanisms of hydrolytic reaction

Scientists have recognised multiple reaction mechanisms that could be classified as
hydrolysis, for example, March (2020) lists as many as eight different mechanisms for ester
hydrolysis. In case of the complex molecules, like polysaccharides, the simplest mechanical
approach assumes the classification of hydrolytic degradation upon pH, usually applied to
catalyse the reaction (Cui, 2005; Finch, 1999; Tanford, 1961), i.e.:

- Acid-catalysed hydrolysis, during which protons (H*) catalyse the nucleophilic
attack of water towards the molecular bonds; usually dominant below pH 6

- Base-catalysed hydrolysis where hydroxide groups (OH") are consumed during

the nucleophilic reaction; generally dominant above pH 8

- Neutral hydrolysis, which describes the spontaneous nucleophilic attack of water
towards molecular bonds, without the need for catalysts; pH independent

Furthermore, the hydrolysis of many pharmaceuticals, especially complex ones, usually
involves more than a single degradative step. In such cases, the degradative process cannot
be presented as a simple, one-term reaction but rather as an overall expression that
considers all possible pathways (Bauer et al., 2012; Loftsson, 2013). Each degradation
mechanism is characteristic for the studied molecule. There is no general method that can
be applied for the complex reactions. There are, however, some general mechanisms that

simplify the description of such complex systems, namely:

- Reversible reactions the simplest reversible reaction is the process, for which the

reaction rate is considered at both directions, normally summarised as:
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- Parallel reactions very often associated with the reactions between the studied
compound and medium species (like buffer) that might lead to different degradants.

The mechanism of parallel reaction can be written as:

B

A< 15

C

- Consecutive reactions that assume the formation of intermediate further degraded
to the final product. The simplest example of consecutive reaction is the degradation
of reactant A to product C along transition state B, as:

The assumptions about the nature of the mechanisms of a studied reaction are often based

upon kinetics (Tanford, 1961); these are summarised in the following paragraph.

1.4.4 Kinetics concept of hydrolytic degradation

Chemical kinetics is a powerful tool used to understand the reaction state as a function of
time. The kinetics of hydrolytic changes that are taking place in an examined system (over
time) can be described with mathematical functions that represent easy to measure
characteristic properties of the system components e.g., concentration or molecular weight
(Smith, 2020; Tanford, 1961). This approach allows the researcher to understand and
interpret conditions of hydrolytic instability and further propose the solutions to stabilise
the studied substance.

1.44.1 Apparent kinetic order of hydrolytic reaction

An arbitrary hydrolytic reaction can be expressed as:

a*A+ H,0 - p-P 1.7
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where a and p represent number of the molecules of reactant A and product P, respectively.
Usually for the reaction to proceed the collision of two reactant molecules is required.
Hydrolysis is an exceptional example. During hydrolysis one of the reactants (water) is so
largely in excess that the change of its concentration over the reaction course is negligible.
In other words, the concentration of water is constant (const.) in given system and the
system itself is described by “apparent” or “pseudo”-order (Bauer et al., 2012; Loftsson,
2013). Assuming that [H20O] = const., the rate of the reaction presented in equation 1.7
depends upon the change of concentration (or other measurable quantity) of reactant A and

over a particular period is expressed as:

d[A]
rate = BT kops * [A] 1.8

where Kobs 1S called pseudo- (or observed) rate constant. The equation assumes degradation
of only the reactant molecule in solution, implying pseudo first-order kinetics of the

hydrolytic change. The separation of variables of above equation leads to:

d[A
% = _kobsdt 1.9

Further integration of the equation 1.9 (over the chosen intervals) enables practical
application of the rate law and the calculation of rate constant value from experimental
data:

L S 1.10

[le q[A] t
J[1‘1]0 [A4] to

where [A]oand to are the conditions at the beginning of the reaction, while [A]: refers to the
concentration of reactant measured at the time t. From the differential calculus and

evaluation over the limits the equation 1.10 is expressed:
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1
f;dlenx and fdx=x

1.11
In[A] |I4) = —kopst | £ = In[Al = In[Aly = —kops(t — to)
and if to = 0 the equation 1.11 takes form(s):
(AL _ _
nm = —kypst or In[A]; = —k,pst +1n[A], 1.12

The logarithm of experimentally measured [A]: value can be plotted against t giving the
line of a slope corresponding to the negative pseudo-rate constant. The relation 1.12 shows
that the rate of the reaction is clearly dependent upon the change of concentration of the

reactant.

1.4.4.2 Hydrolytic catalysts and catalysis rate

Hydrolytic degradation is commonly accelerated by the addition of acids or bases. Stable
conditions that allow the proper examination of the reaction of a substance at applied pH
are usually secured through the buffer systems that are not susceptible to rapid pH changes.
The rate of aqueous reactions may therefore be accelerated by either the concentration of
acidic/ basic components of buffer and in addition to the solvated hydrogen and/or
hydroxide ion (general acid-base catalysis), follows only from the direct catalysis of
hydrogen and/or hydroxide (specific acid-base catalysis) or occurs simultaneously when
un-ionized water is recognised as the reacting agent (solvent catalysis) (Bauer et al., 2012;
Loftsson, 2013; Zhou et al., 2016).

1.4.4.2.1 Specific acid-base catalysis

Usually, the concentration of conjugated buffer components is assumed as constant and
settles the buffered system under the definition of apparent kinetic law. In such cases the
hydrolysis is considered as specific acid-based catalysed, with the degradation Kkinetics

described by the pseudo-first order law.
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The general reaction scheme of acidic catalysed solutions can be written as:

A+ Hs0% > AH* + H,0

1.13
AH* + H,0 > P

The ionisation of the initial species A is very fast. Thus, the rate of product formation of
generalised reaction 1.13 is based on the second, slower stage and given by:

d[P
_[ ] = k- [AH*][H,0] 1.14
dt
The concentration of conjugate acid AH™ can be defined from the measurable quantities, in

accordance with rapid pre-equilibrium protonation, i.e.:

[AHY]

Ka,AH"' = m = [AH+] = Ka,AH"’ ' [A][H30+] 1.15

After substitution of equation 1.15 to 1.14, the reaction rate can be expressed as:

dP
dr k- Ko an+ - [Al[H307][H,0] 1.16

Remembering that in the hydrolytic systems water is present in great excess, and its

concentration is assumed to be constant, the equation 1.16 takes form of apparent rate law:

ary_ .. .
el [A][H307] 1.17

where kn+ Summarises ‘contributions’ of each reaction including the rate determining step

(i.e., the slowest reaction step) of acid catalysed hydrolysis and equals:

Kyt = k- Kgau+ 1.18
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On the other hand, the general scheme of base catalysed reaction can be summarised as:

A+ OH - P 1.19

During base hydrolysis, the hydroxide ion acts as a nucleophile, whose attack towards the
reagent very often leads to creation of a negatively charged intermediate (transition state
that depends over the reaction mechanism). The transition state product reverts (or partially
reverts) to the initial reagent; therefore, the step is excluded from the kinetic calculation

and the rate equation is based on the overall scheme, i.e.:

d[P
% = kon- " [A][OH] 1.20

1.4.4.2.2 Solvent catalysis

The solvent catalysis can occur simultaneously to specific acid-base catalysis, particularly
if the reaction is initiated in the environment at which the definitive catalytic influence of
hydrogen or hydroxide ions is downgraded. The reaction, during which the un-ionised
water is considered as the forcing agent, can be written as:

A+ H,0 > P 1.21

with the rate law equation given by:

d[P
% = ku,o - [A][H,0] 1.22

Assuming the great excess of the water and its constant concentration, the apparent form

of equation 1.22 is given by:

@ = kHZO ’ [A] 1.23
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The kinetic equations of specific acid-based and solvent catalysis refer to the same
constituents of the hydrolytic system. Thus, these can be summarised into the general rate

law:

d[P

L ke 11+ Koo [0H ]+ ) 14] 1.24
The notation of equation 1.24 can be change for the experimental data, i.e.: P— A that is
the concentration of reactant measured at time t and assumed to be equal to the
concentration of product, and A—Ao that is the initial concentration of reactant. With the

experimental notation, the equation 1.24 can be expressed as:

d[A];
dt

= (ky+  [H*] + kou-[OH™] + ky,0)[Alo 1.25

The separation of variables of equation 1.25 leads to:

d[A
% = (ky+ * [H*] + koy-[0H™] + ky,0)dt 1.26

o

The integration of equation 1.26 followed by differential calculus (as in equation 1.11) and

logarithmic implementation results in:

1Al _ . i
nm = (kH+ ' [H ] + kOH_ ' [OH ] + kHZO)t 1.27

The substitution of above logarithmic function with the equation 1.12 gives:

kObSt = (kH+ ) [H+] + kOH_ ) [OH_] + kHZO)t_ =
1.28
kops = (kH"' ’ [H+] + kon- [OH™] + kHZO)

And knowing that the water dissociation equilibrium constant Ky, equals:
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Ky = [H*][OH"] = [OH"] = KW/[H+] 1.29
The equation 1.28 can be written as:
K,
Kops = (kH+ [H*] + koy- ﬁ + kH20> 1.30

Equation 1.30 shows that the overall rate of hydrolytic reaction is strongly dependent on
concentration of protons, and therefore pH. It can be deduced that at low or high pH the
first two constituents of the equation are dominant, while at neutral pH the solvolytic effect
is preeminent. The stoichiometric relation between each specific rate constant provides the
opportunity to understand the influence of acid, base or water towards the hydrolytic

degradation of studied compound and elucidate the picture of its stability at pH range.

1.4.4.2.3 General acid-base catalysis

As mentioned at the beginning of this section (1.4.4), the function of buffers applied in the
hydrolytic stability study is to sustain the pH of the system. However, the charge-bearing
buffer components may exhibit catalytic features and influence the reaction rate. To reveal
the general acid-base catalytic impact of buffer species one should examine the
degradation rate of studied molecule (in particular system) over the increasing
concentration of (applied) buffering components (Bauer et al., 2012; Zhou et al., 2016).
The deviation from reaction rate caused by the concentration changes indicates the general
acid-base catalysis. In such cases the overall reaction rate should consider both acid and

base components of the buffer and be written as follows:

d[P
% = (ky+ - [H*] + koy-[OH™] + ky,o + ky - [buffer species 1] +---)[A]  1.31

where k1 is rate constant associated with the influence of buffering species 1 towards the
analysed system. As in equation 1.24, the notation of equation 1.31 can be change for the
experimental data, i.e.: P— At that is the concentration of reactant measured at time t and

assumed to be equal to the concentration of product, and A—Ap that is the initial
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concentration of reactant. With the experimental notation the equation 1.31 can be

expressed as:

d[A
% = (ky+ - [H*] + koy-[OH™] + ky,o + ky - [buffer species 1] +---)[A], 1.32

After the separation of variables, integration and differential calculus (as in equation 1.11)

the logarithmic form of equation 1.32 can be written as:

A
ln% = (ky+ [H]+ koy-[OH™] + kn,o + ky - [buffer species 1] + )t 1 33
t

After the substitution of equation 1.12 into the logarithmic function of equation 1.33 gives:
kops = (ky+ - [H*] + kou-[OH™] + ky,o + ky - [buffer species 1] + --+) 1.34

Equation 1.34 shows that the overall rate of hydrolytic reaction assuming the influence of
general acid-base catalysis is strongly dependent on both concentration of protons and
concentration of buffering species. In practice, the pH of examined system is very often
controlled over the reaction time (with interval pH checking), while the buffering systems
are carefully selected by virtue of their chemical stability, so the influence of buffering
species towards the reaction rate could be neglected (Bauer et al., 2012; Loftsson, 2013;
Zhou et al., 2016). This allows the introduction of the apparent theory to the investigated
system, and although with approximations, to verify the stability of complex compounds

in agueous environments, omitting overcomplicated mathematical functions.

1.44.3 Concentration- activity relation of hydrolytic reaction

The law of mass action assumes that at constant temperature chemical reaction is
spontaneous and initially proceeds in one direction until ratio of products and reactants is

constant. The ratio of concentrations of the generic reaction:
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aA+bB < cC+dD 1.35
is expressed as:
_ [c]°[p]?
ANVIETIE 136

and called the mass action expression (Bauer et al., 2012; Smith, 2020). Symbol Q is
generally known as the instantaneous reaction quotient that signifies spontaneous chemical
process. Once the reaction reaches a state of dynamic equilibrium, with the ratio of products
and reactants being constant, the relation 1.36 can be represented by the equilibrium

constant K.

Generally, the laws of equilibrium constants and mass action assumes that studied system
is ideal. For instance, in solutions the molarities of reactants are used to express the mass-
action relation. However, to be thermodynamically correct, the activities of reactive species
should be included in the mass-action equation. In contrast to concentrations, activities give
information on how the solvents and surrounding species affect the behaviour of studied
particles. The activity of a reactant can be estimated from its concentration [C], i.e.:

a=y-[C] 1.37

where vy is the activity coefficient that is related to the substance nature, temperature of
studied system and concentration of all reacting particles (Loftsson, 2013). Nevertheless,
the activity is very often excluded from the thermodynamic equilibria and consequently
disregarded in kinetic calculations, assuming that approximation based on concentrations
of studied species is close enough to the true value. However, the following assumption

should be strictly associated with studied system rather than based on general postulations.

Consequently, the following equations justify the application of reactant concentrations in
estimations considering hydrolytic system discussed in this study. Starting with the general

hydrolytic reaction:
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RX + H,0 - ROH + XH 1.38

the mass-action relation based on activity of reaction 1.38 can written as:

__ QronOxH _ AroHOxH

ArxAH,0 Arx 1.39

As the water serves as a solvent of studied system, which is present largely in excess, its

activity is assumed as anzo = 1. In addition, substitution of equation 1.37 into 1.39 gives:

_ YRoH VxH [ROH][XH]

¢ Yrx [RX] 1.40

Due to the considerable excess of water the concentrations of reactive species in the
hydrolytic system are very low. The lower the concentrations of reactants the faster the
activity coefficient of each species approaches 1, i.e.:

fmyy =1 1.41

Consequently, as the activity coefficients approach unity the activity values of considered

reactants approach their concentrations, i.e.:

lima = [C] 1.42

The reactants of hydrolytic system are considerably diluted. Therefore, the relation between
their activity coefficients can be approximated to 1. Ergo, the activities of hydrolytic
reactants approach their concentrations. In consequence, the thermodynamic and following
kinetic models of the hydrolytic system are based upon the concentration of reactive

species, as in final mass-action equation:
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_ [ROH][XH]
- W 1.43

1444 Effect of temperature

After catalysts, temperature is another very important factor affecting the rate of hydrolytic
reaction. The relation between the reaction rate and absolute temperature (expressed in
Kelvin) applied over the process is commonly described by the Arrhenius equation (Sun,
2004; Tanford, 1961):

Eq
K=A e 7% 1.44

where e component describes the fraction of colliding molecule at temperature T (K) that
has a minimum amount of energy Ea (activation energy, J/mol) to initiate the reaction and
form the product. The component A is called the frequency factor and indicates the
minimum number of collisions of molecules oriented in the right direction for the reaction

to proceed (unit from the equation), while R is the universal gas constant (8.314 J/K-mol).

According to relation 1.44, the fraction of molecules of ‘sufficient-to-react” energy will
increase together with temperature (T) and consequently cause an increase of the reaction
rate constant (k). The Arrhenius equation indicates that the reaction proceeds faster at
higher temperature, therefore understandably, temperature is an important variable
examined during the stability study (Loftsson, 2013; Sun, 2004; Tanford, 1961). The
logarithmic form of Arrhenius equation provides an opportunity to experimentally explain
how the solution stability of studied molecule is affected by applied temperature. The plot

of the natural logarithm of equation 1.45 is a straight line, as shown in Figure 1.9.

E
Ink = InA — —2 1.45
R-T
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.b=1InA4

In k&

a= tana = -E,/R

T (K

Figure 1.9 An example of Arrhenius plot applied for experimental data to determine
activation energy (Ea) and to extrapolate the reaction rates at studied temperatures.

The activation energy (Ea) can be calculated from the slope, while frequency factor (A)
from intercept of the straight line, being a plot of rates of the same reaction, carried at

several different temperatures.

145 Practical approach to hydrolytic degradation study of pharmacologically
active substances

Degradation studies are vital to understand and interpret conditions that may jeopardise the
functionality of active pharmacological ingredients. The experiments evaluating the
behaviour of pharmacological compounds under the various stressing factors are in the first
instance undertaken to protect the health of potential users. In addition, degradation studies
are employed by pharmaceutical manufacturers and scientists to optimise production

processes or develop new analytical pathways (Bauer et al., 2012; Zhou et al., 2016).

The application of certain conditions in forced degradation studies give the benefit of
predicting the behaviour of molecule with a reasonable accuracy (Sinko, 2011; Zhou et al.,
2016). For most of the pharmacologically active substances, including polysaccharides,
aqueous solutions permit such estimations (Banks & Greenwood, 1963; Finch, 1999;
Whistler, 1973; Zhou et al., 2016). Plus, as mentioned in the introduction to this section
(1.4.1), pharmacological substances degrade at much faster rate in aqueous than in non-
aqueous media. Thus, the aqueous solutions of drug compounds are routinely exposed to
stressing factors like range of pHs, extreme temperatures, intensive light or action of other
reactants, the effect of which is studied over time (Sinko, 2011; Zhou et al., 2016). The

28



Chapter 1- INTRODUCTION

choice of testing conditions is commonly associated with environments similar to these of
production or prolonged storage with benefit for both manufactures and consumers. The
experimental examination of potential degradative pathways is not a simple task, especially
in case of polysaccharides, the functionality of which strongly relies on their physical
properties, easily altered by stressing environments (Harding et al., 2017; Whistler, 1973).
Therefore, a careful approach is essential to sketch a crisp picture of hydrolytic stability of
pharmacologically active substances. Generally, the degradation studies can be categorised
into 3 stages (Bauer et al., 2012; Loftsson, 2013; Sinko, 2011), i.e.:

I.  timed degradation pursued via thermolytic, oxidative or photolytic pathways
Il.  careful analysis of physicochemical and functionality changes

[1l.  summary of findings via kinetics and the proposal of the reaction mechanism

This well-established model of degradation studies was a platform for the undertaken

hydrolytic stability studies of heparin in alkaline and acidic environments.

1.5 RESEARCH SCOPE

15.1 Research motivation

The complexity of physiochemical properties of heparin, multiplied by the non-templated
biosynthetic pathway, added to the multi-staged manufacturing process with the variety of
factors applied over each of these steps (i.e., temperature, chemicals, time, pressure, etc.)
gives a very sophisticated mixture of scientific unknowns concerning one of the most
important drugs in the world. Temperatures applied during the purification of the raw
porcine mucosa varies. It can be as low as 4 °C during precipitation, elevated to 60 °C for
alkalase digestion and up to ~80 °C during the isolation and drying (Van Der Meer et al.,
2017). Furthermore, the analysis of pharmacologically active unfractionated heparin and
its digestion to low molecular weight products is also associated with heat application, in
range from 40 °C to 80 °C (Gray et al., 2008; Racine, 2001; Van Der Meer et al., 2017).
Both treatment of raw material for heparin extraction and depolymerisation of
unfractionated products require environments of specific pH that vary between pH 1 and

pH 12 (depending on treatment stage, see for example (Bienkowski & Conrad, 1985;
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Racine, 2001; Van Der Meer et al., 2017)). Therefore, it was considered crucial to examine
chemical stability of heparin in the environment it is normally found in (as finished
pharmacological product) and processed in (as raw material), i.e., aqueous medium in a
wide pH range, subjected to different temperatures as a function of time. Furthermore, it
should be emphasised that a thorough search of the relevant literature revealed that until
now stability studies of agueous solutions of heparin have been relatively limited in terms

of applied stressing factors.

15.2 Research aim

The aim of this research project was to study the hydrolytic degradation of finished,
pharmaceutically active heparin sodium in the extended range of acidic (pH 1 — pH 6) and
alkaline (pH 7 — pH 12) environments, under the influence of increased temperature (40,
60 and 80 °C) over time (up to 168 h) to reveal and understand the possible intramolecular
changes on the polysaccharide chains. The graphical abstract of the research aim is

presented in Figure 1.10.

Step I: Changes Step ll: Analysis Step lll: Answers

Acidic and Base Analytical chemistry: inside
Degradation: a way to look into chemical stability.
understand heparin stability.

Is anything changing?
‘ How long it will take?
™ I =

How it will occur?

|
el
n n E Is it influencing drug’s activity?|

Fostering molecular Connecting analytical puzzles

changes under controlled into complete picture.
conditions.

Figure 1.10 Graphical abstract of research aim presented at mini symposium organised by
study sponsor LEO Pharma A/S in Copenhagen/ Ballerup, Denmark, May 2019.
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153 Outline of presented work

To achieve the research goal, the undertaken study has been broken down into the specific
tasks, considering the analysis of hydrolytic samples of heparin. The hydrolytic process
itself and further applied analytical methods have been described in Chapter 2. The first
objective was to understand the behaviour of heparin in acidic conditions. The findings of
undertaken analysis have been described in Chapter 3. The results of following
investigation of alkaline environments towards the heparin modifications have been
summarised in Chapter 4. Furthermore, the kinetic interpretation of degradative reactions
observed in acidic and alkali system has been presented at the end of Chapters 3 and 4,
respectively. Finally, the research conclusions and ideas for future work have been
presented in Chapter 5.

154 Research ambitions

From a theoretical point of view, the proposed profile of structural modifications is a step
forward in visualising the degradation mechanism and general understanding of the
chemical stability of heparin. From the practical perspective, the collected data constituted
a valuable body of knowledge that could have a great impact on, for example, the optimal
formulation, manufacturing, and storage of products containing pharmaceutically active

heparin.
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Kozlowski A.M., Yates E.A., Roubroeks J.P., Toammeraas K., Smith A.M., and Morris
G.A. (2021), “Hydrolytic degradation of heparin in acidic environments; NMR reveals
details of selective desulfation” ACS Appl. Mater. Interfaces, 13, 5551-5563

IN PREPARATION

Palhares L.C.G.F, London J.A., Kozlowski A.M., Chavante S.F. and Yates E.A.,
“Chemical Modification of Glycosaminoglycans” special edition Macromolecules 2021
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EXPERIMENTAL

2.1 INTRODUCTION

Stability of heparin in aqueous solutions could be considerably altered by numerous
experimental factors. In this research the effects of pH and temperature upon heparin
solutions have been studied overtime. To investigate the influence of these stressing factors
on a molecular level, appropriate analytical techniques are needed. This chapter describes
the methodology applied to investigate the stability of heparin in acid and alkaline
solutions. Each section of this chapter introduces an individual analytical technique,
presents the reasoning behind its application, and provides a detailed description of the
analytical protocol. The information in Table 2.1 summarise experimental methodologies.
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Table 2.1 Summary of analytical methods used during presented research study.

e Measured value

Analytical technique ) Samples

o Aim
Size Exclusion Chromatography Weight-average molecular v Reference®
(SEC) with Multi-Angle Laser weight My v pH1-12°

Light Scattering (MALS) and
Refractive Index (RI) detector

Polyacrylamide Gel
Electrophoresis (PAGE) with
fluorescent tag and ionic dye

UV-Vis Spectrophotometry

High-Performance Anion-
Exchange Chromatography
(HPAEC) with:

- Pulsed Amperometric
Detector (PAD)

- Conductivity Detector (CD)

Nuclear Magnetic Resonance
(NMR) Spectroscopy

o Effect of hydrolytic
conditions on My
Reducing capacity

o Confirmation of
glycosidic scission

o Structural changes

Absorbance

o Confirmation of
glycosidic scission

o Structural changes

Saccharide composition

o Confirmation of
glycosidic scission

Inorganic anions

o Effect of hydrolytic
conditions on
intramolecular
sulfate

Chemical shifts

o Confirmation of
desulfation order
and degradation
profile

v" Reference

<

< AN N NN

<

Hydrolysis
standards®

pH1-3
pH 10 — 12

Reference
pH1-3
pH 10 - 12

Reference
TFAY
pH1-12

Reference
TFAY
pH1-12

Reference

pH 1: 24, 48,
96, 168 h

pH 12: 24,
48, 96, 168 h

a reference aqueous solution of heparin sodium; ® heparin hydrolysates aliquoted at specified pHs (various
time-points, as specified per analysis) at 40, 60 & 80 °C; ¢oligosaccharide standards and TFA hydrolysates
(complete hydrolysis standard, sample positive); ¢ TFA hydrolysates (as earlier)

34



Chapter 2- EXPERIMENTAL

2.2 HEPARIN HYDROLYSIS

2.2.1 Introduction

The hydrolytically induced cleavage of glycosidic bond(s) has been recognised as an
advantage when studying the chemical structure of polysaccharides and has been widely
applied in manufacturing processes of oligosaccharides and low-molecular weight products
(Cui, 2005; Linhardt, 1992; Melander & Tgmmeraas, 2010; Smidsrad et al., 1966; Xie et
al., 2018). At the same time, it has been identified as a major process influencing the
chemical stability of the pharmacologically active substances that usually lead to a
deviation from the drug specification (Bauer et al., 2012; Loftsson, 2013; Zhou et al., 2016).
Considering the great medical importance of heparin, it is vital to fully understand the
mechanism of its hydrolytic degradation and acknowledge the influence of the
environmental factors towards the degradation rate. This section provides the experimental

details applied during the hydrolytic reaction of heparin.

2.2.2 Aim of hydrolysis

The aim of this experiment was to create an environment that will enable the visualisation
of the pH-, time- and temperature-dependent profiles on the structural changes in heparin
and help understand the subsequent impact of these factors upon the functionality of

molecule.

2.2.3 Materials

All reagents applied in this study were of analytical grade or higher. All aqueous solutions
were prepared in ultrapure water of resistivity > 18.2 MQ.cm at 25 °C, freshly drawn from

Barnstead Nanopure Purification System (Thermo Fisher Scientific, Paisley, UK).

2.2.3.1 Heparin sodium

Sodium salt of porcine mucosal heparin (Mw = 20 000 g/mol, Mw/M; = 1.1) was provided
by LEO Pharma (Cork, Ireland/ Ballerup, Denmark) and utilised without any further

purification.
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2.2.3.2 Reagents

Trifluoroacetic acid (TFA, 99%, ReagentPlus®), anhydrous sodium dihydrogen phosphate
(LiChropur®), dibasic sodium phosphate (>99.5%, BioUltra), potassium chloride (>99.5%,
BioXtra), sodium citrate dehydrate (=99.5%, BioUltra) and anhydrous citric acid (=99.5%,
BioUltra) used for buffering systems were purchased from Sigma-Aldrich, Dorset, UK.
Concentrated hydrochloric acid (12.1 M), sodium hydroxide (pearl), boric acid (99.9995%,
Puratronic™, Alfa Aesar™) and di-sodium tetraborate decahydrate (>99.5%, Alfa

Aesar™) were purchased from Fisher Scientific, Loughborough, UK

2.2.3.3 Stock solutions

Heparin sodium stock

Prior to the hydrolysis, heparin sodium was dried in the oven for 48 hours at 60 °C and
subsequently stored in a desiccator. The aqueous solution of heparin was prepared by
dissolving 10 g of accurately weighed oven-dried heparin sodium salt in 1000 ml of
ultrapure water with stirring for 12 h. This solution will be referred to as ‘heparin stock’

and had a final concentration of 10 mg/ml.
Acid stocks

Aqueous solutions of TFA at a concentration of 2.0 M were prepared from the concentrated
reagent. Hydrochloric acid of 1.0 M to adjust buffering systems was diluted from the

concentrated acid.
Alkaline stock

Aqueous solution of sodium hydroxide, used for neutralisation of post-hydrolysed samples
and adjustment of buffers pH, was prepared from the solid base at concentration of 1.0 M.

2.2.34 Buffering systems

Buffering systems were prepared by mixing the known amount of primary salt with 100 ml
of heparin stock to a final concentration of 0.1 M. This approach allowed the full control

over the concentration and volume of subsequently hydrolysed samples, since required only
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minimal (if any) pH adjustment with HCI/NaOH solutions. Composition details of

buffering systems are summarised in Table 2.2.

Table 2.2 Details of buffering systems applied in heparin hydrolysis protocol.

Buffering System Formula pH buffering range Application
Hydrochloric acid- Acid hydrolysis:
Potassium chloride 2 HCl+ KCl 10-22 pH1-pH?2

: CeHsO7H: Acid hydrolysis:

a J—

Citrate buffer + CeHeO7Nas - 2H,0 3.0-6.2 oH 3— pH 6
Sodium phosphate Base hydrolysis:
buffer 2 NaH2PO4 + NazHPO, 58-8.0 oH 7—pH 8
Boric acid buffer ° H3BO4 + NaOH 76-9.2 Base hydrolysis

pH9

Na.B4O7- 10H.0 Base hydrolysis:

C —
Borax buffer + NaOH 9.2-10.80 oH 10
Base hydrolysis:
Phosphate buffer NaH2PO4 + NaOH 10.90 - 12.00 pH 11— pH 12

2 Mohan (2003); ® Makkar, Siddhuraju, & Becker (2010); ¢Preparation of Buffer Solutions (2018)
2.2.4 Hydrolysis protocols

The following sections (2.2.4.1 - 2.2.4.3) describe in detail the protocols of heparin
hydrolysis applied in this study.

224.1 Acidic environments

The applied method of acid hydrolysis is a slightly modified version of hydrolysis of other
glycosaminoglycans, previously described by Tammeraas (2008). Herein, heparin sodium
was thermally stressed over time at several acidic pHs. Samples buffered at the pH range
from 1 to 6 were prepared in separate, sealable glass bottles (250 ml), according to
procedure outlined in 2.2.3.4. The bottles were further incubated in a water bath at 40 °C,
60 °C and 80 °C (separate runs) and pH controlled. Aliquots (5 ml per pH) were collected
at0,0.25,1, 3,6,9, 12, 24, 48 h time points, immediately cooled down in an ice bath and
neutralised with 1.0 M NaOH to pH 7.0 - 7.5. The neutralised hydrolysates were further

diluted with water to final concentration of 5 mg/ml, split into 2.5 ml aliquots and stored
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frozen at —20 °C for further analysis. The procedure was repeated for samples buffered at
pH 1 at single temperature of 80 °C, with an extended incubation time of up to 168 h. The
following time points were collected: 60, 72, 96, 120, 144, 168 h. The analytical methods
applied during the stability investigations are briefly summarised in Table 2.1, with

detailed description given in following sections of this chapter.

2242 Alkaline environments

The hydrolysis process was repeated in alkaline environments, following the procedure of
degradation in Acidic environments (2.2.4.1). Samples were prepared at pH range from 7
to 12, according to method given in 2.2.3.4. The bottles were further incubated in a water
bath at 40 °C, 60 °C and 80 °C (separate runs) and pH controlled. Aliquots (5 ml per pH)
were collected at 0, 0.25, 1, 3, 6, 9, 12, 24, 48 h time points, immediately cooled down in
an ice bath and neutralised with 1.0 M HCI to pH 7.0 - 7.5. Furthermore, the hydrolysis of
sample buffered at pH 12 was prolonged to 168.0 h (same time point as in the acid

procedure) at single temperature of 80 °C.

2.2.4.3 TFA degradation

TFA hydrolysis is an effective method to degrade polysaccharides into component mono-
and oligosaccharides, through efficient glycosidic scission. This method has been mainly
appreciated for smaller loses in analysed material, due to simple removal of acid excess by
evaporation, and adaptation to complete hydrolysis, if applied appropriately (Morrison,
1988; Ucar & Balaban, 2003). In the past TFA hydrolysis has been successfully adapted
for heparin depolymerisation (Liu et al., 2014; Zhang et al., 2012). Therefore herein, the
advantage of TFA hydrolysis was taken in preparation of a “completely” hydrolysed
heparin standard (as far as possible, without jeopardising the structure of released units),

which served as hydrolytic sample positive in further analysis.

The heparin sodium salt was hydrolysed in 2.0 M aqueous solution of TFA. The oven-dried
sample (25 mg, drying conditions described in 2.2.3.3) was dissolved in 2.5 ml of acid to a
final concentration of 10 mg/ml. The reaction was carried out in pressure tubes heated to
100 °C, over 24 h. The hydrolysis progress was monitored on TLC (thin layer

chromatography) plates, according to procedure described in section 2.2.4.3.1. Aliquots
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were taken out after 0 h, 1 h, 3 h, 6, 12 and 24 h and cooled down in an ice bath. The excess
of TFA was removed at 40 °C, under the constant stream of nitrogen (TurboVap® LV
Caliper Life Sciences, Waltham, Massachusetts, USA). Initially dried samples were re-
dissolved in water, neutralised with 1.0 M NaOH and freeze-dried (Christ Alpha 2-4 LSC
freeze-dryer, Martin Christ, Osterode am Harz Germany). Lyophilised samples were
accurately weighed and dissolved in an appropriate volume of water such that the final

concentration was 5 mg/ml. Samples were stored frozen at —20 °C until the analysis.

2.2.4.3.1 Thin Layer Chromatography for the control of TFA hydrolysis of heparin

Thin layer chromatography has been used as a qualitative technique, in the visualisation of
post-hydrolytic GAG-derived saccharide bands (Anderson et al., 2000; Zhang et al., 2006,
2007). In this study, the TLC was optimised towards monitoring the TFA hydrolysis of
heparin (until in completion). Details of TLC protocol are summarised below.

Reagents

Diphenylamine ((C¢Hs).NH; My = 169.23 g/mol, d = 1.2 g/cm®), aniline ((CeHs)NH; My, =
93.13 g/mol, d = 1.02 g/cm?), 85% phosphoric acid (HsPOs; My = 97.99 g/mol, d = 1.88
g/cm?), formic acid (CH202; My = 46.03 g/mol, d = 1.22 g/cm?q), acetone (C3HsO; My =
58.08 g/mol, d = 0.79 g/cm?) and n-butanol (C4H100; Mw = 74.123 g/mol, d = 0.81 g/cm®)
were purchased from Fisher Scientific, Loughborough, UK. Aluminium-backed TLC

plates, precoated with silica gel 60 (5 x 3.5 cm) were from Sigma-Aldrich, Dorset, UK

Developing Solvent System/ Mobile Phase

The mobile phase consisted of n-butanol/ formic acid/ ultrapure water mixed together in
4:8:1 (v/vIv) ratio (Zhang et al., 2007).

Staining Reagent

For the staining reagent 2 g of diphenylamine were dissolved in about 10-20 ml of acetone
(from total volume of 90 ml), while gently swirling, 2 ml of aniline and a remainder of
acetone were added (Vazquez-Martinez & G. Lopez, 2019). Thereafter, 10 ml of 85%
H3PO4 was added in portions, to avoid the creation of insoluble particles (Kocourek et al.,
1966).
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Loading and developing protocol

Before each serialization, the TLC chamber was saturated with mobile phase for at least 10
min. In the meantime, 0.5 pl of heparin hydrolysates (5 mg/ml) were loaded onto TLC
aluminium plates and air dried. The plates were developed in mobile phase (complete run
until the plate edge) and dried at 105 °C for 5 min. The oven-dried, developed plates were
further stained by dipping in diphenylamine-aniline-phosphoric acid reagent (DAP) (Zhang
et al., 2007). Once air dried (Véazquez-Martinez & G. Ldpez, 2019), the plates were heated
in oven at 105 °C for 20 min. The analysed plates were further store in freezer at —20 °C
(can be stored for up to 6 months, without significant reduction in colour
intensity)(Anderson et al., 2000).

2.3 ANALYSIS OF THE MOLECULAR WEIGHT OF HEPARIN
HYDROLYSATES IN HYDROLYTIC ENVIRONMENTS

2.3.1 Introduction

Polysaccharide behaviour and functionality are driven by various physical properties,
among which the molecular weight has been recognised as one of the most important
(Harding et al., 1991, 2017). There is no exception in significance of molecular weight of
heparin, upon which the specific medical response has been based (Lima et al., 2017,
Mulloy et al., 2015; Onishi et al., 2016). Consequently, the identification of factors that
may potentially influence the molecular weight of pharmacologically active heparin has
taken on new guises. Therefore, the first analytical step in this research has been directed
towards understanding the temporal relation between pH and temperature, applied in
hydrolytic degradation, and the molecular weight of polymer. In this section, the details of

analytical approach are summarised.

2.3.2 General aim of analytical method

Size exclusion chromatography (SEC) is an analytical technique applied for a routine
molecular weight determination of macromolecules based on their hydrodynamic volume
(size) (Brady et al., 2016; Morris et al., 2014; Podzimek, 2009). Once coupled with multi-
angle light scattering (MALS) and refractive index (RI) detectors, SEC gains an advantage
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of being an absolute method (no calibration curve needed). Hence is being employed as a
method of choice for the characterisation of polysaccharides from various natural sources,
including heparin (Bertini et al., 2017; Mulloy et al., 2014; Ouyang et al., 2017). In this
study the advantage of SEC-MALS-RI chromatographic system has also been taken. The
molecular weight of each hydrolytic fraction was evaluated according to the protocols

described below.

2.3.3 Materials

All reagents applied in this study were of analytical grade or higher. All agueous solutions
were prepared in ultrapure water of resistivity > 18.2 MQ.cm at 25 °C, freshly drawn from

Barnstead Nanopure Purification System (Thermo Fisher Scientific, Paisley, UK).

2.3.3.1  Reagents

Mobile phase reagents, i.e., ammonium acetate and sodium azide, together with Bovine
Serum Albumin (BSA, Mw= 66 kDa, Fisher Bioreagents™) applied as a system
normalization standard were purchased from Fisher Scientific, Loughborough, UK.

2.3.3.2 Standard solutions

Heparin sodium

The molecular weight reference standard of heparin sodium was prepared in the mobile

phase at concentration of 5 mg/ml, following the procedure described in 2.2.3.3.

Bovine Serum Albumin

The system normalization standards (BSA) were prepared in the identical solvents to those
of experimental samples (neutralized buffers pH 1 - 12). For this an accurately weighed
BSA was dissolved with stirring (approx. 1 h) in appropriate buffering medium to prepare
solution at concentration of 2 mg/ml. The standards were prepared fresh prior to each

analytical sequence (Center for Macromolecular Interactions - University of Harvard).
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NOTE: Bovine Serum Albumin has been applied as the system normalization standard to
normalize detectors (relates the scattering at each individual detector to the right angle (90
°) detector) and align the peaks (this takes in to account the volume of solvent in the
connectors between the detectors). The normalization of Size Exclusion Chromatography
system with Multi-Angle Light-Scattering and Refractive Index detectors is a standard
procedure, needed for each combination of column, buffer or changes in flow rate to
minimise measurement error. It should be performed with well-behaved, monodisperse and
relatively small macromolecule. BSA is an isotropic scatterer (i.e., scatters light evenly in
all directions) with a root-mean square radius <10 nm. These features are vital for MALS
normalisation and consequently, BSA was the molecule of choice in this study. (Center for
Macromolecular Interactions- University of Harvard, n.d.; Center for Macromolecular
Interactions, n.d.; Mehn et al., 2016). BSA has been used previously as a normalization
standard in heparin analysis (see for example Bertini et al., 2017; Mulloy et al., 2014;
Ouyang et al., 2017; Pharmacopeial Forum, 2009) and under the studied conditions there
was no evidence of denaturation. SEC-MALS-RI is absolute method and as such, it does
not require the application of standard (e.g., dextran) to generate molecular weight data (for
more details see for example (Harding et al., 1991, 2017; Morris et al., 2014).

2.3.3.3 Sample preparation

Heparin hydrolysates (acid, alkaline & TFA, see 2.2.4 for hydrolytic protocols) were
thawed at room temperature prior to analysis (approx. thawing time 45 min). The
concentrations of samples were equal to 5 mg/ml. Each analytical sample (including
standards and blank) was filtered through 0.45 pum regenerated cellulose (RC) syringe filter
(17 mm, Target2™, Thermo Fisher Scientific, Paisley, UK) directly in to an autosampler

vial (9 mm, Screw Thread Vials, Thermo Scientific™),

2.3.34 Mobile phase

The mobile phase of 0.1 M ammonium acetate and 0.05 % (w/v) sodium azide was prepared
via direct dissolution of accurately weight salts in ultrapure water. The mobile phase was
filtered under the vacuum (this also gives the advantage of degassing) through 0.45 pum

pore-size nitrocellulose membrane.
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2.3.4 Instrumental details

The average weight molecular weight and molecular weight distribution of heparin sodium
were absolutely measured using size exclusion chromatography with an on-line light
scattering module. The analytical compartment was composed from Agilent 1200 Infinity
Series Analytical LC System (Agilent Technologies LDA UK Limited, Stockport, UK)
connected to Wyatt Technology MALS (DAWN 8+) and Rl (T-REX) detectors (Wyatt
Technology Corporation, Santa Barbara, USA). Instrumental details and details of the
connections between the particular components are shown in Figure 2.1. The system was
coupled to TSK G4000 SWx. and TSK G3000 SWx. columns (7.8 mm x 30 cm, each)
connected in series and protected by similarly packed guard column (6 mm x 4 cm) (Tosoh

Bioscience, Tokyo, Japan).

Thermostatted Column Compartment

DAWN 8+ MALS detector

Optilab T-REX RI detector

. Agilent
- " Technologies

1200 Vacuum Degasser
= —

B

1260 Infinity Binary Pump

1260 Infinity Autosampler {dddddddd

Figure 2.1 SEC-MALS-RI system for molecular weight analysis includes HPLC
instruments (Agilent Technologies), MALS and RI detectors (Wyatt Technology) and
ASTRA® software loaded to computer receiver. Diagram adapted from Wyatt Technology
(Wyatt Technology, n.d.).

2.3.5 Chromatographic protocol

The analytical columns were eluted with a 0.1 M NH4OAc + 0.05% (w/v) NasN mobile
phase at flow rate of 0.6 ml/min and temperature of 30 °C. The injection volume was set to

100 pl. The duration of a single run was set to 50 min.
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2.35.1 System normalization

The normalization of the chromatographic system was performed prior to each analytical
sequence, using a monodisperse BSA standard dissolved in identical solvents to those of
experimental samples (Center for Macromolecular Interactions- University of Harvard,
n.d.). Signal alignment, band broadening and detector normalization parameters were
optimised for each individual buffering medium (x 12) and saved as methods. The methods
were further applied in analysis of heparin hydrolysates, grouped per temperature and per
pH (as described below).

2.3.5.2 Analysis

Heparin standard

The molecular weight reference standard of heparin sodium was analysed in separate

sequence, under adequately normalized conditions.

Acid heparin hydrolysates

Heparin hydrolysates were divided into 3 lots, per temperature (40, 60 and 80 °C) and into
6 groups based on the pH (1 - 6) to which they were subjected. Each group consisted of 9
hydrolysed samples, arranged in order of ascending hydrolysis time (time points: 0, 0.25,
1,3,6,9,12, 24, 48 h) and sample blank (buffer analysed with regards to salt peak elution).
Each group was analysed in separate sequence, under adequately normalized conditions.
The hydrolysates acquired during the extended hydrolysis at pH 1/ 80 °C (60, 72, 96, 120,
144, 168 h) were also analysed in separate sequence, under adequately normalized

conditions.

Alkaline heparin hydrolysates

The samples hydrolysed at alkaline conditions were also divided into 3 lots, per temperature
(40, 60 and 80 °C) and into 6 groups based on the pH (7 - 12) to which they were subjected.

The analysis followed the “acid heparin hydrolysates’ protocol described above.
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TFA heparin hydrolysates

Heparin samples degraded in TFA acid were arranged in order of ascending hydrolysis time
(time points: 0, 1, 3, 6, 12, 24 h) and analysed in separate sequence, under adequately

normalized conditions.

2.3.6 Data processing

The chromatograms were recorded with Astra software v. 6.1.5 (Wyatt Technology
Corporation, Santa Barbara, USA). The refractive index increment (dn/dc) applied for data
processing equalled 0.131 ml/g for heparin and heparin hydrolysates (Mulloy et al., 2014)
and 0.185 ml/g for BSA (Theisen et al., 2000). Numerical data were copied and organised
in Microsoft Excel. The chromatograms were plotted in GraphPad Prism v. 8.4.1
(GraphPad Software, San Diego, USA).

2.4 CONFIRMATION OF HEPARIN CHAIN DEGRADATION - GEL
ELECTROPHORESIS AS THE REDUCING ENDS ASSAY

24.1 Introduction

In polysaccharides, one end of the chain possesses the reducing capacity, while the other
end has a non-reducing character. Once subjected to degradation, the reducing power of
polymer is usually reported to be inversely proportional to its weight-average molecular
weight and is associated with the chain fragmentation (Harding et al., 2017). Therefore,
measuring the change in reducing capacity of polysaccharide or proving the appearance of
new reducing ends can be applied as confirmation assay of the glycosidic linkage scission.
Herein, the reducing ends assay was employed to confirm the scission of heparin chain at

studied hydrolytic conditions.

2.4.2 General aim of analytical method

For the purpose of this study the polyacrylamide electrophoresis (PAGE) was adapted as
the reducing ends assay. The method enables direct indication of saccharides in a degraded
sample by labelling their reducing terminus with a fluorescence tag and further separation
on acrylamide/bis-acrylamide gel during the electrophoretic run. The positions of the
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potential hydrolytic digests are detected through the excitation of fluorescence tag in
analytical transilluminator (Drummond et al., 2001; Turnbull, 2009) and often compared
with a ladder of known standards. The materials and method applied in sequencing the
potential post-hydrolytic heparin products are specified below.

24.3 Materials

All reagents applied in this study were of analytical grade or higher. All aqueous solutions
were prepared in ultrapure water of resistivity > 18.2 MQ.cm at 25 °C, freshly drawn from

Barnstead Nanopure Purification System (Thermo Fisher Scientific, Paisley, UK).

2431 Reagents
Chemicals

Acrylamide/Bis-acrylamide dry powder blend (19:1, T50% - C5%, BioReagent), 2-amino-
2-(hydroxymethyl)-1,3-propanediol (Trizma®, >99.9%), 2-(N-morpholino)ethanesulfonic
acid hydrate (MES, >99%, BioXtra), N,N,N',N'-tetramethylethylenediamine (TEMED,
~99%, BioReagent), 7-amino-1,3-naphthalenedisulfonic acid monopotassium salt
monohydrate (ANDSA, >98% BioReagent), glycerol ( >99%) and Azure A chloride were
purchased from Sigma-Aldrich, Dorset, UK. Ethylene glycol (99.5%, ACROS Organics),
ammonium persulfate (APS, >99%), formamide (99.5%, ACROS Organics),
tris(hydroxymethyl)aminomethane acetate salt (Tris-Acetate, 99%, ACROS Organics) and
LDS sample buffer (NuPAGE™, ThermoFisher Scientific, UK) mixed with marker

samples were purchased from Fisher Scientific, Loughborough, UK.

Oligosaccharide standards

Unsaturated oligosaccharides standards of disaccharide (dp2), tetrasaccharide (dp4) and
hexasaccharide (dp6) derived from heparin by nitrous acid cleavage were kindly provided
by Dr Edwin A. Yates (University of Liverpool). Unsaturated oligosaccharide standards of
octasaccharide (dp8), decasaccharide (dp10) and tetradecasaccharide (dp14) derived from

heparin by enzyme cleavage were purchased from Dextra (Reading, UK).
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2.4.3.2 Standard preparation

Oligosaccharide standards

Each of six oligosaccharide standards was accurately weighed and dissolved (with 12 h
stirring) in an appropriate volume of ultrapure water such that the final concentration was
2 mg/ml. Afterwards, 15 ul of each standard was transferred into an Eppendorf safe-lock
tube, mixed together, frozen at —80 °C and lyophilized. The dry mixture of standards was

further applied for fluorescence labelling (as described in 2.4.4.1).

Heparin sodium standard

Heparin standard at concentration of 5 mg/ml was diluted from stock and prepared
according to procedure described in 2.2.3.3. The aqueous solution (20 ul) was transferred
into an Eppendorf safe-lock tube, frozen at —80 °C and lyophilized. Dry sample was further

applied for fluorescence labelling (as described below).

2.4.3.3 Sample preparation

Acidic heparin hydrolysates

The samples of heparin, hydrolysed at pH 1, pH 2 and pH 3 at temperatures of 40, 60 and
80 °C (see 2.2.4.1 for hydrolysis details) were thawed at room temperature (~ 45 min) and
arranged in 9 groups (per pH, per temperature), in order of ascending hydrolysis time (0,
0.25,1, 3, 6,9, 12, 24, 48 h + extended hydrolysis samples pH 1/ 80 °C: 60, 72, 96, 120,
144 and 168 h). Each sample (2.5 ml) was loaded onto PD-10 desalting column, prepacked
with Sephadex™ G-25 Medium (GE Healthcare Life Sciences, Little Chalfont, UK) and
desalted with water according to spin protocol (GE Healthcare, 2007). The eluates were
collected, freeze-dried, accurately weighed (various masses) and re-dissolved in
appropriate volumes of ultrapure water for a final concentration of 5 mg/ml. Desalted
hydrolysates (20 ul) were transferred to separate Eppendorf safe-lock tubes, frozen at
—80°C and lyophilized. Dry samples were further applied for fluorescence labelling (as

described below).
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Alkaline heparin hydrolysates

The samples of heparin, hydrolysed at pH 10, pH 11 and pH 12 at temperatures of 40, 60
and 80 °C (see 2.2.4.2 for hydrolysis details) were treated in the same way as acid heparin
hydrolysates. The hydrolysates acquired during the extended hydrolysis at pH 12/ 80 °C
(60.0, 72.0, 96.0, 120.0, 144.0 and 168.0 h) were desalted separately according to the same

protocol.

TFA heparin hydrolysates

The samples of heparin degraded in aqueous solutions of TFA (see 2.2.4.3 for degradation
protocol) were thawed at room temperature (~ 45 min). Hydrolysates (20 ul) were
transferred to separate Eppendorf safe-lock tubes, frozen at —80 °C and lyophilized. Dry

samples were further applied for fluorescence labelling (as described below).

2.4.3.4 Preparation of electrophoretic buffers and gel intermediates

Acrylamide/bis- acrylamide solution

The dry powder blend of acrylamide/bis- acrylamide (19:1) was reconstituted by slow
addition of 43 ml of ultrapure water directly to the container and gently stirred for approx.
2 h (Turnbull, 2009).

Tris-Acetate buffer

Tris-Acetate buffer at a concentration of 895 mM was prepared by dissolving the accurately
weighed salt in appropriate volume of ultrapure water. The pH of buffer equalled 7 (no

adjustment required).

GlycoMap (GM) buffer

The GlycoMap buffer consisted of ethylene glycol/ ultrapure water/ 895 mM Tris-Acetate
buffer (pH 7), mixed in 1.75: 1.75: 1.0 (v/v/v) ratio.
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Running buffer (10x)

Concentrated (10x) Tris-MES running buffer of pH 7.5 was prepared by dissolving
accurately weighted Trizma and MES compounds in ultrapure water. For the pH 7.5, the
mixing ratios were 1.0: 1.1: 27.5 (w/w/v), respectively.

Overlay buffer
The overlay buffer consisted of GM buffer/ ultrapure water mixed in 1.0: 1.2 (v/v) ratio.

Ammonium Persulfate (APS)

The aqueous solution of 10% (w/v) APS was prepared daily by dissolving the accurately

weighed salt in ultrapure water.

Loading buffer (2x)

Loading buffer consisted of ultrapure water/ 80% glycerol/ 895 mM Tris-Acetate mixed in
1.0: 1.25: 2.5 (v/vIV) ratio.

2.4.3.5 Degradation indicators

ANDSA solution

Saturated solution of 7-amino-1,3-naphthalenedisulfonic acid monopotassium salt
monohydrate (ANDSA) was prepared daily by dissolving 80 mg of salt in 1000 pl
formamide (Turnbull, 2009).

Azure A solution

The stock solution of 1% (w/v) Azure A chloride was prepared by dissolving the accurately

weighed salt in ultrapure water.

2.4.4 Electrophoresis protocol
24.4.1 Fluorescent labelling

The lyophilised samples of heparin hydrolysates (~100 ug), heparin standard (~100 nug)

and oligosaccharides mix (~30 ug per dp) were mixed with 25 ul of saturated solution of
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7-amino-1,3-naphthalenedisulfonic acid monopotassium monohydrate (ANDSA)
formamide and incubated for 16 h at 25 °C. The 33% acrylamide Tris-Acetate gels were
cast prior to electrophoresis in 1.5 mm Invitrogen™ mini cassettes (80 mm x 80 mm,

Thermo Fisher Scientific, Paisley, UK) with 10 well comb.

The mechanism of tagging, upon which the fluorescently active a- and -glycosylamines
are formed, is presented in Figure 2.2 below. The mechanism show attachment of the
fluorescence label (ANDSA) to reducing terminus of saccharide via reductive amination,
through the imine that can be reversibly reduced to a fluorescently responsive amine
(Drummond et al., 2001; Vuong et al., 2017; Yan et al., 2015).

reductive amination

O
OH OR
oc-7]-0 0 - R -00c OH OR
o HO ot —™ OH 0=$=0
OR NHR n

8]
M -2H*; -H:0

R -00c oH OR OH
NHR HO
QO ’
mine s-""

g ~or
“’ "
o OR . OH 0.
0 00C— oH OR o=4=0 SR-00c_ oy oR
HO o o oH HO . a OH
o)
NHR O HO—"NfR 0 NHR 0 HO H "
RO S.r; RO NHR 0=5=0
n H o.:;r ~0- n

NH

a-glycosylamine
# o
B-glycosylamine o

Figure 2.2 Simplified mechanism of heparin saccharides labelling with ANDSA
fluorophore. See for example, (Drummond et al., 2001; Vuong et al., 2017; Yan et al.,
2015).

50



Chapter 2- EXPERIMENTAL

2.4.4.2 Acrylamide gel casting

Resolving gel

For the resolving gel, the solutions of GM buffer (4.5 ml) and acrylamide (5.5 ml) were
very gently mixed in a Falcon tube. Next, 10% (w/v) of APS (28 ul) and TEMED (6.6 ul)
were added and mixed well. The resolving solution was immediately poured into the gel
unit and overlaid with the overlay buffer (150 ul) to block oxygen from inhibiting
polymerization of the resolving gel. The gel polymerization was signalled/ visualized
within approximately 30-45 min, by very sharp liquid-gel interface (Turnbull, 2009). After
pouring away the overlay buffer and rinsing the top of the gel with water (remaining liquid
blotted with paper filter), the stacking gel was casted.

Stacking gel

For the stacking gel the solutions of GM buffer (1.8 ml), acrylamide (0.6 ml) and ultrapure
water (1.6 ml) were very gently mixed in a Falcon tube. Next, 10% (w/v) of APS (5 pl) and
TEMED (5 ul) were added and mixed well. The stacking gel solution was poured directly
over the resolving gel and the well-forming comb was insert immediately. The gel was left
to polymerise for approximately 60 minutes. Afterwards, the comb was carefully removed,
the gel’s wells were washed with running buffer (1x) and the cassettes were placed in

electrophoresis tank, ready to load.

2.4.4.3 Electrophoresis

The electrophoresis tank was placed in the ice water-bath, to dissipate the heat generated
during the run. The tank chambers with the gel units were filled with the Tris-MES running
buffer (1x). The samples of fluorescently labelled heparin hydrolysate standards and
oligosaccharides were mixed with loading buffer (1:1 ratio). The samples (20 ul) were
carefully loaded onto the gel wells. The oligosaccharides mixed with LDS sample buffer,
containing phenol red and Coomassie G250 dyes, were loaded into separate wells to track
the separation progress. The electrophoresis was terminated when the marker reached about
5 cm from the gel bottom (Turnbull, 2009). The electrophoresis protocol is graphically

summarised in Figure 2.3.
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Figure 2.3 Graphical summary of the PAGE electrophoresis protocol, applied as the
reducing ends assay to confirm the scission of heparin chain, at studied hydrolytic
conditions.

2444 Azure A staining

Once the terminated PAGE (polyacrylamide gel electrophoresis) gels were fluorescently
visualised and digitalized. The sets were stained with a 0.08% solution of Azure A, diluted
directly from stock, for 1 h at room temperature (Powell et al., 2010). The excess of the

blue stain was washed overnight with deionised H20 on the orbital shaker (VWR Standard).

Metachromatic dyes, such as Azure A, interact with polyanionic polysaccharides due to an
electrostatic interaction, creating non-covalently bound complexes (Ehrlich & Stivala,
1973; Mulloy, 2012; Warttinger et al., 2017). The schematic mechanism of heparin
complexation with Azure A is presented in Figure 2.4. As the colour intensity of heparin-
Azure A complex is directly proportional to charge density (and therefore sulfation), it is
easy to assess changes in sulfation pattern of polysaccharide. Therefore, Azure A staining
was not only applied in spectrophotometric analysis, but also for quick, naked-eye

estimations of desulfation.
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Figure 2.4 Schematic representation of Azure A dye heparin staining (Ehrlich & Stivala,
1973; Mulloy, 2012; Warttinger et al., 2017).

2.4.5 Data processing

The terminated PAGE gels were pulled out from the casting cassettes and viewed on a UV
transilluminator (Amax = 302 nm). The images were recorded using GeneSnap software with
a gel imaging camera (G-BOX fluorescence system, Syngene, Cambridge, UK). The Azure
A-stained gels were recorded with 12 MP /1.7 1.4-micron pixels OIS camera (Samsung

Galaxy S7) with the light adjustment.

2.5 UV-VIS SPECTROPHOTOMETRY FOR THE DETECTION OF COLOUR
CHANGE OF HYDROLYSED SAMPLES

25.1 Introduction

Spectrophotometry employs light to interact with molecule, which gives an opportunity to
vet the sample and examine its coherence or structure. The visible (Vis) and ultraviolet
(UV) radiation have been systematically applied to probe the features of
biomacromolecules (Hofmann, 2010; Murray et al., 1994). Polysaccharides are generally
invisible in UV-Vis, due to the lack of interactive chromophores that absorb light (Harding,
2005). Spectrophotometric scanning usually requires derivatisation of samples and/or their
interaction with UV-Vis active reagents (Cui, 2005; Hofmann, 2010). The assays designed
for this purpose give a chance to apply the UV-Vis analysis in quantitative studies of
carbohydrates structures, although, the assays themselves often require the application of
very harsh conditions, which may be incompatible with experimental questions. In such
cases UV-VIS spectroscopy has been applied as qualitative techniques, especially in

catalysed hydrolytic studies, where one looks at the development of absorption capabilities
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of polysaccharide, as a result of environmentally influenced structural changes (Cui, 2005;
Finch, 1999; Zhou et al., 2016).

2.5.2 General aim of analytical method

In the past, strong alkaline environments have been proved to cleave the glycosidic bond
between the sugar and hexuronic acid units of polysaccharides, releasing the 4,5-
unsaturated acid unit at the non-reducing end (Jaseja et al., 1989; Rej & Perlin, 1990; Zhang
et al., 2006). The unsaturated centre constitutes a natural UV chromophore (232 nm),
advantageous for the qualitative UV-Vis detection. To confirm if similar modification took
place in this study, the absorbance of chosen alkaline heparin hydrolysates was measured
according to protocol summarised below. On the other hand, since aqueous solutions of
heparin exposed to strong acidic environments have been shown to have affinity toward the
colour change (Jandik et al., 1996), acid hydrolysed samples were also examined using UV-

Vis spectrophotometry.

25.3 Materials

All aqueous solutions were prepared in ultrapure water of resistivity > 18.2 MQ.cm at 25
°C, freshly drawn from Barnstead Nanopure Purification System (Thermo Fisher Scientific,
Paisley, UK).

2.5.3.1 Sample preparation

The aqueous solutions of heparin, hydrolysed at pH 1 - 3, pH 10 - 12 at 40, 60 and 80 °C
(time points: 0, 0.25, 1, 3, 6, 9, 12, 24, 48 h + extended hydrolysis: 60, 72, 96, 120, 144 and
168 h) and TFA hydrolysates (see 2.2.4 for hydrolytic protocols) submitted to UV-Vis
analysis were prepared at concentration of 500 ppm from concentrated, desalted samples
(5000 ppm/ 5 mg/ml, see 2.4.3.3 for desalting protocol) and left overnight at 4 °C. Each
sample was centrifuged prior to analysis, to minimise the influence of aggregates in carried

measurements.
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254 Measurements

All spectrophotometric measurements were made with Agilent Cary 60 UV-Vis
spectrophotometer (Agilent Technologies, Cheadle, UK). The spectra were recorded at
wavelength range between 200 and 800 nm, against a water blank, at rate of 4800 nm/ min
with 1.5 nm resolution. The measurements were taken in high precision silica cells (1.4 ml,
Hellma Analytics, UK) at room temperature. The analytical protocol was triplicated for
each sample.

2.5.5 Data processing

The spectra were recorded with WinUV software v. 5.0.0. Numerical data were copied and
organised in Microsoft Excel. The graphs were transformed in GraphPad Prism v. 8.4.1
(GraphPad Software, San Diego, CA, USA).

2.6 THE COMPLETE SACCHARIDE ANALYSIS OF POST-HYDROLYTIC
SAMPLES OF HEPARIN

26.1 Introduction

The complete saccharide analysis of degraded samples has been successfully applied in
structural characterisation of various complex polysaccharides (Cui, 2005; Robyt, 1998).
Besides the advantage of structure elucidation, the compositional study of post-hydrolytic
samples can be certainly adapted as an effective tool to understand the reactivity/ stability
of compound at the applied conditions. This section provides experimental details of the
saccharide analysis of heparin hydrolysates, employed to supplement the picture of the

successive degradation mechanism of molecule.

2.6.2 General aim of analytical method

High-performance anion-exchange chromatography coupled with a pulsed amperometric
detector (HPAEC-PAD) has been found invaluable in analysis of all classes of
monosaccharides and oligosaccharides, without the need of prior derivatisation. The
application of appropriate elution method (isocratic or gradient) with the mobile phase of

adequate ionic strength and alkaline pH, expands the saccharides ionisation range.
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Consequently, the neutral, amino and acidic sugars can be separated in a single run
(Alyassin et al., 2020; Hardy & Reid Townsend, 1994; Zhang et al., 2012). The advantage
of a single chromatographic separation of various saccharides was taken during the analysis
of post-hydrolytic samples of heparin. The analytical procedures applied in this study are

described in following sections.

2.6.3 Materials

All reagents applied in this study were of analytical grade or higher. All aqueous solutions
were prepared in ultrapure water of resistivity > 18.2 MQ.cm at 25 °C, freshly drawn from

Barnstead Nanopure Purification System (Thermo Fisher Scientific, Paisley, UK).

2.6.3.1 Reagents
Chemicals

Agqueous solution of concentrated sodium hydroxide (NaOH, 50% w/v,) was purchased
from Fisher Scientific, Loughborough, UK. Anhydrous salt of sodium acetate (NaOAc, >
99%) was purchased from Sigma-Aldrich, Dorset, UK.

Monosaccharide standards

The standards of D-galactosamine hydrochloride (GalN, 99%, Acros Organics), D-
glucosamine hydrochloride (GIcN, 98+%, Acros Organics), D-fucose (Fuc, 98%, Alfa
Aesar), D-glucuronic acid (GIcA, 98+%, Alfa Aesar) and D-galacturonic acid monohydrate
(GalA, 97%, Alfa Aesar) were purchased from Fisher Scientific, Loughborough, UK. N-
acetyl-D-glucosamine (GIcNAc, > 99%), N-acetyl-D-glucosamine-6-sulfate sodium salt
(GIcNACc(6S), > 97%) were purchased from Sigma-Aldrich, Dorset, UK. Sodium salts of
D-glucosamine-3-O-sulfate (GIcN(3S)), D-glucosamine-6-O-sulfate (GIcN(6S)), D-
glucosamine-2-N-6-O-disulfate (GIcNS(6S)) and  D-glucosamine-2-N-3-O-disulfate
(GIcNS(3S)) were ordered from Dextra Laboratories Ltd, Reading, UK. Sodium salts of D-
glucosamine-2-N-sulfate (GICNS) was purchased from Carbosynth Limited, Compton, UK.
L-iduronic acid (IdoA) was ordered from Synthose, Ontario, Canada.
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2.6.3.2 Standards preparation

Monosaccharide standards

The monosaccharide standards of Fuc, GIuA, GalA, IduA, GalN, GIcN, GIcN(3S),
GIcN(6S), GIcNS, GIcNS(3S), GIcNS(6S), GIcNAc and GIcNACc(6S), were accurately
weighed (various masses) and dissolved in appropriate amount of ultrapure water with 12
h stirring. The final concentration was equal to 5000 ppm (5 mg/ml, stock solutions) per
monosaccharide. Each stock solution was further diluted to 650 ppm and used in the
preparation of series of multi-saccharides solutions at concentrations of 0.5, 1.0, 5.0, 10.0,
25, 50 ppm per saccharide, to be used as analytical standards. Each monosaccharide was

also prepared at individual concentration of 50 ppm.

2.6.3.3 Sample preparation

The aqueous solutions of heparin hydrolysates (acid, alkaline & TFA, see 2.2.4 for
hydrolytic protocols) submitted to HPAEC-PAD analysis were prepared at concentration
of 500 ppm from concentrated samples (5000 ppm/ 5 mg/ml), thawed at room temperature
prior to the analysis (~ 45 min). Samples were spiked with internal standard of D-fucose,

to its final concentration of 50 ppm.

Each analytical sample (including standards) was filtered through a 0.45 pum regenerated
cellulose (RC) syringe filter (17 mm, Target2™, Thermo Fisher Scientific, Paisley, UK)

directly to autosampler vial (9 mm, Screw Thread Vials, Thermo Scientific™).

2.6.3.4 Mobile phases

The stock of sodium acetate (0.6 M) was prepared in advance, via direct dissolution of
accurately weighed salts in ultrapure water. The solution was sonicated and filtered under
the vacuum (degassing) through 0.45 um pore-size nitrocellulose membrane. Concentrated

sodium hydroxide (50%, w/v, aq) was used as supplied.

The multi-step gradient protocol used in this method required preparation of two different

mobile phases at various concentrations of NaOH and NaOAc. Thus, mobile phase A was
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prepared at single concentration of NaOH equal to 15 mM, while mobile phase B consisted
of 15 mM NaOH fixed with 150 mM NaOAc (Zhang et al., 2012).

2.6.4 Instrumental details

The analysis was proceeded on Dionex ICS-3000 lon Chromatography System (Dionex
Corporation, USA) with Reagent-Free Eluent Generation. The analytical compartment was
composed from Eluent Organiser with Dual Pump Channel, Detector Module, Autosampler
and Pulsed Amperometric Detector with disposable gold working electrode. The
saccharides separation was carried out on CarboPac PA20 analytical column (3 x 150 mm),
protected by similarly packed guard column (3 x 30 mm, BioLacTM, Thermo Fisher

Scientific, Paisley, UK) at room temperature.

2.6.5 Chromatographic protocol

Mobile phases were delivered at 0.3 ml/min, with isocratic flow of mobile phase A (15 mM
NaOH) for the first 15 min, followed by linear gradient of mobile phase B (150 mM NaOAc
+ 15 mM NaOH) for the next 45 min (Zhang et al., 2012). Helium was applied as a carrier

gas at pressure of 50 - 60 psi. The injection volume was set to 25 pl.

The standards and TFA hydrolysates were analysed in triplicate. The analytical repetition
of heparin hydrolysates varied and is specified in appropriate sections. The individual
analysis of monosaccharides confirmed the retention times of each standard in the mixture.

The acquisition time was set to 60 min.

2.6.5.1 Analysis of standards

Firstly, to identify the retention time of an individual standard, the samples at single
monosaccharide concentration of 50 ppm were injected. Once the retention times were
determined, the set of multi-saccharide standards (concentrations given in 2.6.3.2) were
analysed in triplicate, for the purpose of qualitative and quantitative evaluation of the
applied method. The analysis of standards was repeated with each analytical sequence of
heparin hydrolysates, for the purpose of qualitative study. The quantitative calculations

were based on the internal standard method (D-fucose).
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2.6.5.2 Analysis of heparin samples

Acid heparin hydrolysates

The heparin samples hydrolysed in acidic environments were organised similarly to these
submitted to SEC-MALS-RI analysis, described in 2.3.5. The hydrolysates were analysed
per temperature, from the highest to the lowest pH (pH 6 — pH 1), with ascending
hydrolysis time (time points: 0, 0.25, 1, 3, 6, 9, 12, 24, 48 h + extended hydrolysis samples
pH 1/ 80 °C: 60, 72, 96, 120, 144 and 168 h). The samples hydrolysed at pH 1 were run in

triplicate, while samples hydrolysed at pH 2 — 6 were analysed in duplicate.

Alkaline heparin hydrolysates

The alkaline hydrolysates were analysed in the same manner as heparin samples degraded
in acidic environments). The hydrolysates were analysed per temperature, from the lowest
to the highest pH (pH 7 — pH 12) with ascending hydrolysis time (time points: 0, 0.25, 1,
3,6,9, 12, 24, 48 h + extended hydrolysis samples pH 12/ 80 °C: 60, 72, 96, 120, 144 and
168 h).The samples hydrolysed at pH 12 were run in triplicate, while samples hydrolysed
at pH 7 — 11 were analysed in duplicate.

TFA heparin hydrolysates

Heparin samples degraded in TFA acid were arranged in order of ascending hydrolysis time

(time points: 0, 1, 3, 6, 12, 24 h) and analysed in triplicate in separate sequence.

2.6.6 Data processing

The chromatograms were recorded with Chromeleon software v. 6.8. (Thermo Fisher
Scientific, Paisley, UK). Numerical data were copied and organised in Microsoft Excel.
The chromatographic plots and statistical analysis were performed in GraphPad Prism v.
8.4.1 (GraphPad Software, San Diego, USA).
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2.7 THE QUANTITATIVE ANALYSIS OF ANIONS IN POST-HYDROLYTIC
SAMPLES OF HEPARIN

27.1 Introduction

Amongst the family of glycosaminoglycans, heparin carries the title of the most highly
sulfated (Linhardt, 2003). However, the sulfo groups covalently linked to heparin are
relatively labile and can be removed from the polymer chain when exposed to acidic or
alkaline treatments (Bedini et al., 2017; Liu et al., 2014). Changes in sulfation pattern most
certainly affects the pharmacological activity of the compound (Jorpes & Bergstrom, 1939;
Mulloy et al., 2015; Raman et al., 2013), but the information regarding the influence of
sulfate loss on molecular weight is limited. Therefore, this study aimed to clarify how the
amount of released sulfate influences the total molecular weight of polysaccharide in regard
to applied conditions. The following sections include detailed information on the analytical

procedure adopted to quantify the sulfate discharged from the heparin chain.

2.7.2 General aim of analytical method

In aqueous solutions, the sulfate groups liberated from heparin chain are present in form of
free inorganic anions and therefore can be considered as the individual components of the
mixture. Once the column of appropriate matrix is chosen, the high-performance anion
exchange chromatography (HPAEC) gives the opportunity to separate negatively charged
sulfate ions from the polymer residues. Furthermore, coupling the chromatographic system
with conductivity detector (CD) allows accurate quantification of the inorganic anions. The
instrumental and methodological specification of HPAEC-CD system used for the

quantitative analysis of heparin anions are given in the following sections.

2.7.3 Materials

All reagents applied in this study were of analytical grade or higher. All agueous solutions
were prepared in ultrapure water of resistivity > 18.2 MQ.cm at 25 °C, freshly drawn from

Barnstead Nanopure Purification System (Thermo Fisher Scientific, Paisley, UK).
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2.7.3.1 Reagents

Certified multi-anion (F~, CI~, Br, NO*", SO4*", PO4*"; 10 ppm % 0.2% per each anion), as
well as acetate and citrate anions (1000 ppm, TraceCERT®) standards were purchased
from Sigma-Aldrich, Dorset, UK and treated as the stock solutions. Sodium carbonate (>
99.0%, BioXtra) and sodium bicarbonate (99.5%, Acros Organics) used for mobile phase

preparation were ordered from Fisher Scientific, Loughborough, UK.

2.7.3.2 Standards preparation

Anion standards

All standards used in this study were prepared from certified stocks. The solutions of multi-
anion standard, as well as solutions of sodium acetate (separate) were prepared at
concentrations of 0.1, 0.5, 1.0, 3.0 and 5.0 ppm per each anion. The solution of sodium

citrate was prepared at single concentration of 10.0 ppm.

Heparin standard for free anion detection

Heparin standard was prepared at the concentration of 10.0 ppm from stock (see 2.2.3.3 for

more details regarding stock) and analysed for the content of free anions.

2.7.3.3 Sample preparation

Heparin hydrolysates (acid, alkaline & TFA, see 2.2.4 for hydrolytic protocols) submitted
to HPAEC-CD analysis were prepared at concentration of 10.0 ppm from concentrated

samples (5 mg/ml), thawed at room temperature prior to the analysis (~ 45 min).

Each analytical sample (including standards and blank) was filtered through 0.45 pm
polyethersulfone membrane (PES) syringe filters (13 mm, Azure, Gilson Scientific, UK)

prior to the injection.

2.7.3.4 Mobile phase

The mobile phase consisted of a mixture of 3.2 mM sodium carbonate and 1.0 mM sodium

bicarbonate was prepared via direct dissolution of accurately weighed salts in ultrapure
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water. The eluent was sonicated, and vacuum filtered (degassing) through 0.45 um pore-

size nitrocellulose membrane.

274 Instrumental details

The HPAEC-CD analysis was performed on Dionex ICS 1500 ion chromatography system
with Self Regenerating Suppressor (SRS) and DS6 conductivity detector (Dionex,
Camberley, UK). The separation was carried out on Dionex™ IonPac™ AS14 IC column
(4 x 250 mm), protected by similarly packed guard column (4 x 50 mm, Thermo Fisher
Scientific, Hemel Hempstead, UK) at 30 °C.

2.75 Chromatographic protocol

Mobile phase was delivered at 1.2 ml/min with isocratic flow. Samples were injected

manually at volume of 25 pl.

2.75.1 Analysis of standards

Inorganic anions

The set of multi-anion and acetate anion standards were analysed in triplicate. The
acquisition time was set to 15 min. The analysis of standards was repeated with each buffer

(pH 1 — 12) prior to analysis of heparin hydrolysates, for the purpose of qualitative study.

Organic anions

According to information provided by chromatographic column supplier, citrate anions
should not interfere with the detection of inorganic peaks of interest (Thermo Fisher
Scientific, personal correspondence). However, if the concentration is too high, these may
be strongly retained, influencing the baseline and/or eluting late from the column. Citrate
salts were used for the preparation of buffers at pH from 3 to 6 (see 2.2.3.4). Thus, the
compatibility of chromatographic system was verified (in triplicate) using 10 ppm sodium

citrate standard. The acquisition time was set to 45 min.

62



Chapter 2- EXPERIMENTAL

Heparin standard

The heparin standard analysed for free anion content was run in triplicate. The acquisition

time was set to 15 min.

2.7.5.2 Analysis of heparin hydrolysates

Hydrolysed heparin samples were injected per pH/ per temperature with ascending
hydrolysis time (time points: 0, 0.25, 1, 3, 6, 9, 12, 24, 48 h + extended hydrolysis samples
pH 1 and pH 12/ 80 °C: 60, 72, 96, 120, 144 and 168 h). The acquisition time was set to 15
min for samples buffered at pH 1 - 2, pH 7 - 12 and TFA degraded heparins, while samples
buffered at pH 3 - 6 were run for 30 min. All samples were analysed in triplicate. The
system was washed overnight with mobile phase between the analyses of samples buffered

at different pHs.

2.7.6 Data processing

The chromatograms were recorded with Chromeleon software v. 6.8. (Thermo Fisher
Scientific, Paisley, UK). Numerical data were copied and organised in Microsoft Excel.
The chromatographic plots and statistical analysis were performed in GraphPad Prism v.
8.4.1 (GraphPad Software, San Diego, CA, USA).

2.8 AN INSIDE LOOK INTO STRUCTURAL CHANGES OF HEPARIN
WITHIN THE CONTEXT OF HYDROLYTIC CONDITIONS

28.1 Introduction

Presumably, a technique that would enable the ‘real-time” observation of changes taking
the place within the structure of macromolecule would resolve the difficulties with
interpretations of influences of various environmental factors toward their stability.
Unfortunately, the possibilities to run the experiment with a simultaneous observation of
intramolecular modifications are (for now) very limited, especially when a compound as
complex as heparin is being considered. Nevertheless, there are indirect ways to get an
inside look into the structural changes of molecule. In this respect, nuclear magnetic

resonance (NMR) spectroscopy is (in the author’s opinion) one of the most adaptable
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techniques. This section summarises the utilisation of NMR to follow the structural changes

within the heparin molecule in the context of (chosen) hydrolytic conditions.

2.8.2 General aim of analytical method

NMR spectroscopy measures the absorbance of electromagnetic energy at radio
frequencies, characteristic for certain ‘NMR active’ isotopes, which are further expressed
in form of chemical shifts (Murray et al., 1994). The chemical shift is a function of the
chemical group that contains the absorbing isotope and neighbouring active nuclei.
Consequently, NMR spectra not only fingerprints the structure of molecule, but also allows

the reconstruction of its three-dimensional arrangement.

Accessing the structure of heparin through the high-resolution instruments considerably
expanded knowledge on the elemental building blocks of molecule. Nowadays, besides the
major saccharide units, the minor residues in polysaccharide chain are being recognised
(Guerrini et al., 2001; Zhang et al., 2011). The advanced NMR analysis has been applied
to access other structural futures, like the sulfation/ acetylation patterns, to understand the
conformation and dynamics of heparin, to model the configuration of glycosidic linkages,
and understand the protein binding region (Hricovini, 2015; Mulloy et al., 2012; Yates et
al., 2000). Among information that may be gathered via NMR, details of the structural
features of molecule (such as sulfation/ acetylation patterns) and configuration of
glycosidic linkages are the essential ones, when studying the intramolecular changes
invoked by the external conditions. The comparison of spectra acquired before and after
the application of stressing factors allows not only the detection of structural modifications,

but also to ascertain the moment of change.

In cases where the complexity of heparin solution interferes with a quality of 1D NMR
spectra (due to the peak overlap), multidimensional techniques can be applied. In certain
circumstances, applying the frequency in two dimensions under the optimised carefully
chosen conditions reveals more information than one-dimensional data. Apart from
structural and impurity identification, 2D NMR experiments permit quantitative analysis
of monosaccharide units (with a tolerable error), recognition of heparin in crude half-
product or differentiation between the heparin (animal) origin (Guerrini et al., 2009;
Guerrini et al., 2005; Keire et al., 2013; Mauri, Boccardi, et al., 2017; Mauri, Marinozzi, et

64



Chapter 2- EXPERIMENTAL

al., 2017; Nidhi et al., 2011; St Ange et al., 2016). Among various multidimensional
techniques Heteronuclear Single Quantum Coherence (HSQC), that directly expresses **C—
'H coupling, is the most frequently applied technique in heparin research (Monakhova,
Fareed, et al., 2018).

The common application of HSQC method resulted in well-established peak library, which
was utilised in subsequent experiments. To understand the structural transformation within
the heparin molecule, the NMR spectra of various post-hydrolytic samples were compared
with the heparin standard. Details of the experimental protocols applied in this study are

specified in following sections.

2.8.3 Materials
2.8.3.1 Reagents
Chemicals

Deuterium oxide (D20, > 99.96% D, MagniSolv™), deuterium oxide containing sodium
salt of 3-(trimethylsilyl) propionic-2,2,3,3-ds acid (TPS, 0.05 wt.% in D20, 99.9% D) for
NMR spectroscopy were purchased from Sigma-Aldrich, Dorset, UK.

Heparin Standards

Details regarding the heparin sodium used as the reference standard are given in 2.2.3.1.
The standard of N-desulfated heparin was kindly provided by Dr Edwin A. Yates

(University of Liverpool).

2.8.3.2 Heparin standard preparation

Prior to NMR analysis, 50 mg of heparin sodium was dissolved in 0.5 ml D20 and freeze-
dried repeatedly to remove the exchangeable protons. The thoroughly dried sample was
redissolved in ~0.6 ml D20 mixed with internal NMR standard (acetone 10 pl/100 ml D20
or TPS, specified per sample in protocol and/or in the results chapter) and transferred to
the precision grade NMR tube (OD 5 mm, borosilicate glass, Sigma-Aldrich, Dorset, UK)
for analysis. As the NMR studies were carried for qualitative purpose, the internal standards
were used for referencing spectra, with & (chemical shift) TPS of 0.00/0.00 ppm (*H/*3C)
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and 6 Acetone of 2.22/32.93 ppm (Human Metabolome Database, n.d.-a). The desulfated

standards were treated similarly, although with less material (20 mg).

2.8.3.3 Hydrolysed samples preparation

Heparin hydrolysates aliquoted at pH 1 and pH 12 at 24, 48, 96 and 168 hours of
degradation at 40, 60 and 80 °C (see 2.2.4 for the hydrolysis details) were desalted
according to protocol given in section 2.4.3.3 and freeze-dried. Dry samples were
accurately weighed (various masses) and repeatedly lyophilized against D,O. Proton-
exchanged hydrolysates were further redissolved in ~0.6 ml of solvent with internal

standard and transferred to the precision grade NMR tube for analysis.

2.8.4 NMR system details
28.4.1 Instrumental details

NMR measurements were performed on Bruker Advance Neo 600 MHz spectrometer
(Bruker Biospin, Rheinstetten, Germany) equipped with Bruker Prodigy Cryoprobe and

24-position SampleCase autosampler.

2.8.4.2 Acquisition details

One-dimensional NMR

The one-dimensional *H spectra were recorded at 60 °C (333 K) with a standard pulse
program (zg30), 2 sec delay for 16 scans (if not stated otherwise) and total acquisition time
of 2.75 sec. The carbon 3C analysis, based on standard pulse program (zgpg30), was
approached with 1 sec delay, 512 scans (if not stated otherwise) and total acquisition time
of 1.61 sec.

Two-dimensional NMR

The two-dimensional *H-3C heteronuclear single quantum coherence (HSQC) spectra
were recorded at 60 °C (333 K) using Bruker library pulse program (hsqcedetgpsp.3), with

1.44 sec delay for single scan (if not stated otherwise) and total acquisition time of 0.129
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sec. The transmitter frequency offset was equal to 5.305 ppm for *H and 62 ppm for 13C,

while the XJc.1 coupling constant was set to 150 Hz.

2.8.5 Analytical protocols

The one- and two-dimensional NMR spectra of heparin standards and hydrolysates
(prepared according to protocol given in sections 2.8.3.2 and 2.8.3.3, above) were recorded

at 60 °C (333 K). The acquisition setups are given in section 2.8.4.2, above.

2.8.6 Data processing

NMR data were recorded automatically using Bruker’s TopSpin software v 4.0.6. Spectra
were manually phased, and baseline corrected. Chemical shifts were indicated in ppm units,

relatively to an internal reference standard.
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STABILITY OF HEPARIN IN ACIDIC ENVIRONMENTS

This chapter has been reproduced in part with permission from ACS Appl. Mater. Interfaces
2021, 13, 4, 5551-5563. Copyright 2021 American Chemical Society.
https://doi.org/10.1021/acsami.0c20198

3.1 INTRODUCTION

The fundamentals of chemical stability of heparin in mild acidic conditions are based on
the work of Danishefsky et al. (1960), who examined its hydrolytic behaviour in such
conditions. This early study already suggested the lability of heparin to hydrolytic sulfate
loss and questioned the capacity of glycosidic scission, which would usually be expected
as a result of acid catalysed hydrolytic attack towards the polysaccharide chain (Cui, 2005;
Danishefsky et al., 1960; Galanos et al., 1969). Fifteen years later, Inoue and Nagasawa
(1976) expanded the scope of degradative conditions and continued desulfation studies in
hydrolytic and solvolytic environments. Their work was a proof of concept of ordered N-
/O-desulfation, mentioned by Danishefsky et al. (1960), and a key to further, deliberately
performed solvolytic modifications of heparin (Baumann et al., 1998; Kariya et al., 2000;
Nagasawa et al., 1977). Although solvolytic-induced, these studies established the high
lability of N-sulfate (NS-) of heparin to mild acidic conditions and specified the
environments necessary to selectively target 6-O-sulfate (60S-), with the following
(although less sufficient) 2-O-desulfation (20S-). Without detracting from the importance
of these findings, the side-effect of solvolytic studies was the generalisation, regardless of

surrounding medium, of the desulfation order of heparin to N-desulfation as first and most
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rapid, 6-O-desulfation as next, much slower process and at last, 2-O-desulfation, which can

be schematically written as: 20S < 60S << NS.

On the other hand, the resistance of heparin chains to acid catalysed glycosidic scission,
also mentioned by Danishefsky et al. (1960), remained as a challenge for those focusing on
structural studies or seeking a way to LMW products. It even led to a confusion regarding
the identity of uronic acid residue of the major disaccharide block, which was for a long
time believed to be D-glucuronic acid rather than L-iduronic acid (Casu, 1989). Ultimately,
the resistance of heparin to mild acidic environments was thought of as ‘inconvenient’ and
became ‘a step’ in more advantageous deaminative cleavage with nitrous acid (Casu, 1989;
Conrad, 1980; Linhardt, 1992). Consequently, the studies focussing on the hydrolytic
stability of heparin in these environments were narrowed down, with the most recent article
being from 1996, which generally discussed (or rather revised) the stability of heparin,

however, without any in-depth analysis (Jandik et al., 1996).

To better understand the behaviour of heparin in mild acidic aqueous environments, the
stability of molecule in such conditions has been re-examined in this chapter. To
complement the pioneering work of Danishefsky et al. (1960), the acidic and temperature
ranges examined herein were extended to pH 1 - 6 and 40, 60 & 80 °C and examined as a
function of time (up to 168 h). The choice of analytical techniques summarised in section
3.2, allowed the investigation of a variety of heparin features. The results of the undertaken
study are presented in section 3.3 and critically examined, with regards to applied
conditions. The kinetic model describing the studied system is proposed in section 3.4. The
major findings are summarised in section 3.5, where also a view on a proposed, updated

acid catalysed degradation mechanism of heparin has been presented.

3.2 SUMMARY OF APPLIED ANALYTICAL METHODS

The complete experimental procedure of acid hydrolysis of sodium salt porcine mucosal
heparin (Mw,0 = 20,000 g/mol, Mw/Mn, = 1.1) is presented in section 2.1, while Figure 3.1
summarises the hydrolytic protocol. The analytical methods applied to investigate the

physicochemical changes caused by hydrolytic conditions are summarised in Table 3.1,
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while more detailed description of each technique is given in Experimental Chapter 2.
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Figure 3.1 Graphical illustration of heparin hydrolysis process in acidic environments.

Table 3.1 Summary of the analytical methods applied in acid hydrolysis study of heparin.

Method Obijectives Data Type Details?

Size Exclusion Confirmation of molecular weight Quantitative 2.3
Chromatography  change of acid hydrolysed samples

Gel Electrophoresis  Verification of glycosidic bond scission  Qualitative 2.4
via PAGE reducing ends analysis

UV-Vis Verification of glycosidic bond scission  Qualitative 2.5
Spectrophotometry  based on the absorbance change

Anion Exchange  Pulsed Amperometric Detector: total Qualitative 2.6
Chromatography  compositional analysis of hydrolysates

Conductivity Detector: confirmation of Quantitative 2.7
sulfate hydrolysis (sulfate scission)

NMR Spectroscopy Investigation of desulfation order and  Qualitative 2.8
confirmation of glycosidic bond
scission

& section number in Experimental Chapter 2.
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3.3 RESULTS AND DISCUSSION

3.3.1 The effect of acidic environments on molecular weight of heparin as a
function of time and temperature

The changes of molecular weight of natural polymers are usually attributed to stressing
factors (chemical or physical) or enzymatic action (Cui, 2005; Murray et al., 1994).
Regardless of the cause, the change of polysaccharide molecular weight generally signifies
an alteration of its structure, and thus, functionality (Harding et al., 1991, 2017). The
specific medical response of heparin is directly associated with its molecular weight and
chemical structure (Lima et al.,, 2017; Mulloy et al., 2015; Onishi et al., 2016).
Consequently, posing the question how (or if) the applied experimental conditions affected

heparin molecular weight was considered as a natural starting point for stability studies.

3311 The results of average weight molecular weight analysis

The most convenient way to characterise the heterogeneous polysaccharides, like heparin,
is by means of number-average molecular weight (M) and/or weight-average molecular
weight (Mw). For this reason, size exclusion chromatography was applied (for analytical
details see 2.3). The changes of My, of thermally stressed heparin (40, 60, 80 °C) in acidic
environments (pH 1 - 6) were followed over time. Elution profiles of selected samples are

presented below in Figure 3.2.
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Figure 3.2 Elution profiles of heparins hydrolysed at a) pH 1/ 40 °C after 24 h, b) pH 3/
60 °C after 24 h, and c) pH 6/ 80 °C after 24 h. Samples were analysed via size exclusion
chromatography with multi-angle-light-scattering detector and refractive index detector.
Presented chromatograms are results of normalized refractive index detector signal.
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The collected molecular weights were plotted as a function of time (up to 168 h) in Figure
3.3, with averaged uncertainties defined as 95% confidence intervals of triplicated
measurements. The approximate decrease of Mw (%), calculated for chosen hydrolysates,
are summarised in Table 3.2.
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Figure 3.3 Average weight molecular weight of heparin hydrolysed at a) 40 °C, b) 60 °C,
and c-d) 80 °C, plotted as function of time at pH 1 - 6. The extrapolated Mw (120, 144 &
168 h) in d are marked by ° data point. The averaged uncertainty defines the 95%
confidence interval. e pH 1, e pH 2, « pH 3, e pH 4, e pH 5, e pH 6

As illustrated in Figure 3.3a-c, the relation between the molecular weight loss and pH was
inversely correlated (lower pH = more prominent molecular weight loss), whilst the rate of
degradation increased with temperature (higher temperature = faster decrease). The
collected results imply a lack of significant change in molecular weight (<5%) for heparins
hydrolysed between pH 4 and pH 6 at all studied temperatures (examples in Table 3.2). On
the other hand, the maximum molecular weight loss at pH 1, pH 2 and pH 3 was reached
at 80 °C and calculated to 27, 23 and 15%, respectively. For these environments, the
decrease was also observed at milder temperatures (i.e.: 40 and 60 °C), however, to a lesser
degree (Table 3.2).
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Table 3.2 Summary of approximate average weight molecular weight decrease (%) of acid
hydrolysed heparins (chosen time-points) in respect to the initial heparin standard.

Approximate weight-average molecular weight decrease @

Heparin
Hydrolysates pH 1 pH 2 pH 3 pH 4 pH 5 pH 6
0.25h 1% <1% <1% <1% <1% <1%
o 6h 8% <1% <1% <1% <1% <1%
> 12 h 11% 1% 1% 1% 1% <1%
=
24 h 13% 1% 1% 1% 1% 1%
48 h 18% 11% 2% 1% 1% 1%
0.25h 2% <1% <1% <1% <1% <1%
o 6h 9% 7% 4% 2% 1% 1%
> 12 h 12% 10% 10% 2% 2% 1%
((o]
24 h 16% 12% 10% 3% 2% 2%
48 h 20% 15% 11% 4% 4% 4%
0.25h 4% <1% <1% <1% <1% <1%
6h 19% 7% 9% 2% 1% 1%
12 h 19% 11% 10% 3% 2% 2%
o 24 h 19% 13% 11% 3% 4% 3%
:oo 48 h 27% 23% 15% 5% 4% 4%
96 h 59%
120 hP 66%
168 hP 92%

2 Calculated by subtracting My (g/mol) of hydrolysate from the My, (g/mol) of initial heparin standard.
b value estimated via nonlinear, fitted extrapolation of data presented in Figure 3.3d
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The results collected for hydrolysis at pH 4 - 6 suggest the resistance of heparin to these
conditions. Based on the previous literature (Danishefsky et al., 1960; Jandik et al., 1996),
the stability of molecule at such mild acidic environments was expected. However, the 27%
molecular weight loss observed after 48 h incubation in pH 1/ 80 °C was considered
relatively modest, especially since similar conditions have been applied in the preparation
of heparin oligomers and low molecular weight products. Therefore it was expected that
applied conditions would cause relatively high molecular weight loss (Linhardt, 1992; Xie
et al., 2018). Furthermore, the pseudo-plateau observed between the 6™ and 24" hour of
hydrolysis (pH 1/ 80 °C), with a more prominent molecular weight drop between the 24"
to 48" hour was unexpected (Figure 3.3c; Table 3.2). To investigate if continuous
hydrolysis at these conditions is more effective (in terms of molecular weight loss) and to

further evaluate the rate of change, the hydrolysis at pH 1/ 80 °C was extended to 168 h.

The molecular weight change results from the prolonged hydrolysis are summarised in
Figure 3.3d. As illustrated, the prolonged hydrolytic conditions caused further, more
definite (from 24™ hour onward) loss in molecular weight (Table 3.2). In fact, after 120 h,
the hydrolytic fraction was too small to be measured by size-exclusion chromatography
(see APPENDIX A for illustrative data), therefore My at 120, 144 and 168 h points were
extrapolated using a fitted, nonlinear regression method. The pseudo-plateau region was

observed again, this time more prominently between 3 and 12" hour time- point.

3.3.1.2 Concluding remarks

In summary, the hydrolysis carried out between pH 1 and pH 3 at 40, 60 and 80 °C resulted
in loss of weight-average molecular weight of heparin, especially under the harshest of
applied environments, i.e., pH 1/ 80°C. Furthermore, the shape of plot of My (g/mol) vs
time (h) for these particular conditions could reflect different degradative processes
happening at structural level of polymer. The first degradative process reaching the plateau
after approximately 24 h of hydrolysis, as in Figure 3.3c-d, with a further reaction of more
prominent molecular weight loss, as in Figure 3.3d. In order to reveal the possible

mechanisms of these processes, the hydrolytic samples were analysed further.
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3.3.2 The influence of applied conditions on glycosidic bonds of heparin —
verification of chain fragmentation

3321 PAGE-based reducing-ends assay

The appearance of new reducing ends was previously used as direct evidence of
polysaccharide degradation (Jandik et al., 1996; Taylor et al., 2019; Tommeraas et al.,
2001). Here, to estimate the extent of chain scission of acid hydrolysed heparin, PAGE
electrophoresis with fluorescent reducing-end labelling was employed. The appearance of
new reducing ends (which would mark chain scission) in heparin hydrolysates was assessed
directly from the band illuminated on acrylamide gel (for method details see section 2.4).

3.3.2.1.1 Summary of method optimisation

The electrophoretic conditions needed to be optimized towards readable, unambiguous
assay of a good reproducibility between the replicates. The optimization of the loading of
the dp standards ladder was addressed by creating the matrix of reactions between the mix
of unsaturated heparin oligosaccharides standards and 7-amino-1,3-naphthalenedisulfonic
acid monopotassium salt monohydrate (ANDSA) fluorophore (for experimental details see
2.4.4.1). The heparin hydrolysates load was optimised on the basis of reaction of ANDSA
with heparin polymer hydrolysed in TFA (sample positive, prepared according to protocol

given in section 2.2.4.3).

As illustrated in Figure 3.4, good readability of dp standards (arranged in ladder) was
delivered at 30 pg/ per dp, while as much as 100 pg of heparin hydrolysate was required
for similar clarity. The loading of higher amounts of polymer (e.g., 500 ug, Figure 3.4b)
did not enhance visualisation, but resulted in a ‘smile’, blurred band. Thus, 100 pg of

hydrolysates was loaded in following analysis.
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Figure 3.4 Results of load optimisation for the reducing-ends assay. Pictures a/a’) present
acrylamide gels of electrophoretic-separated, ANDSA tagged dp oligosaccharides, used as
ladder of standards during the PAGE analysis of acid hydrolysed heparin, while at b) bands
of TFA hydrolysed heparin unit are visualised (sample positive); H20- blank load.

3.3.2.1.2 Fluorescent analysis of acid hydrolysates of heparin

Following the optimization process, heparin hydrolysates were examined to confirm/
exclude capacity of applied hydrolytic conditions to catalyze glycosidic scission along the
polysaccharide chain. Samples were assigned to PAGE analysis upon the considerable
molecular weight loss, based on data presented in section 3.3.1. Thus, ANDSA-labelled
heparins (100 ug), hydrolysed at pH 1 - 3, at 40 °C, 60 °C and 80 °C (various time-points)
were loaded onto the separate gels and submitted to electrophoresis (for details of
electrophoresis run see 2.4). Illustrative images of fluorescently visualized gels are shown

in Figure 3.5.

As illustrated, no bands were eluted (besides standards) from gels corresponding to
hydrolysis carried at pH 2 and pH 3, at any of the studied temperatures. The same was true
for hydrolysates prepared at pH 1/ 40 and 60 °C (Figure 3.5). The lack of bands suggested
that these conditions were insufficient to break the glycosidic linkages between heparin

units to any significant extent.

In contrast, new bands were observed at 24 h and 48 h time-points for pH 1/ 80 °C
hydrolysis (highlighted by the yellow box, Figure 3.5). With reference to (dp) standard
ladder, the bands were located between the dp 8 and dp 2 oligosaccharides and their
intensity increased with time (Figure 3.5). It can therefore be assumed that after 24 h

incubation at pH 1/ 80 °C, heparin chains started to gradually degrade, i.e., the
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hydrolytically induced, glycosidic scission had started. To confirm that the chain scission
continued, the electrophoretic assay was repeated for aliquots withdrawn during the

extended hydrolysis at pH 1/ 80 °C. Examples of gels are shown in Figure 3.6.
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Figure 3.5 Fluorescent images of acrylamide gels of acid degraded heparins. Comparison
of samples aliquoted at various time-points at pH 3, pH 2 and pH 1 degradation, at 40, 60
and 80 °C. Weak, newly formed bands observed at 24 h and 48 h time-point on pH 1/ 80
°C gel are highlighted in yellow; Std- standard dp ladder, H>O- blank load.

As shown in Figure 3.6, the multiple bands were eluted on gel mirroring the extended
hydrolysis of heparin at pH 1/ 80 °C. The bands observed between 24 h and 72 h are of low
intensity and within dp standard range (dp 2 - 10). The bands of samples aliquoted < 96 h
are sharper and exhibit greater diversity in terms of polymerisation degree. Furthermore,
the samples hydrolysed between 96 h and 168 h seem to reflect a similar band pattern
(although with lower intensity at the beginning of run; dp range < dp 10). To assess more
closely the composition of post-hydrolytic samples, these were analysed further by

chromatographic and spectroscopic techniques, described in following sections.
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Hydrolysis time-points

Std. H,O 24h 48h 72h 96h 120h 144h 168h

Figure 3.6 Fluorescent image of acrylamide gel, showed in inverted colours, of extended
acid hydrolysis of heparin (chosen time- points), carried out at pH 1 and 80 °C.

3.3.2.1.3 Cationic dye staining of acid hydrolysates of heparin

When subjected to specific catalysed hydrolysis, sulfated polysaccharides, like heparin,
exhibit the potential to lose sulfate groups prior to depolymerisation (Bedini et al., 2017,
Danishefsky et al., 1960; Finch, 1999; Karlsson & Singh, 1999). The sulfate group of
glycosaminoglycans bind the cationic dyes, like Azure A. Thus, cationic dye staining is an
alternative method to measure desulfation magnitude (Ehrlich & Stivala, 1973; Finch,
1999; Mulloy et al., 2015; Powell et al., 2010).

Benefiting from acrylamide gels with heparin hydrolysates loaded for the first part of this
study, the straightforward Azure A staining was applied to qualitatively assess desulfation
progress (for experimental details see section 2.4.4.4). The analysis showed that colour
intensity of cationic dye decreased as a function of time and temperature and inversely to
pH. The illustrative results of samples hydrolysed at pH 1, at 40, 60 and 80 °C are presented
in Figure 3.7. The results collected for pH 2 and pH 3 closely resembled the pH 1/ 40 &
60 °C gels (Figure 3.7a-b), regardless of applied temperature. On the other hand, at pH 1/
80 °C, the stain intensity decreases rapidly, with 24 h aliquot being the least coloured
sample. As illustrated in Figure 3.7c-d, the blue staining disappeared after 48 h, for gel
loaded with pH 1/ 80 °C hydrolysates.

The colour intensity of Azure A-saccharide complex reflects sulfate content of the
polysaccharide (Mulloy et al., 2015; Powell et al., 2010). Thus, the complete absence of
colour signifies considerable sulfate loss. It may therefore be assumed that pH 1/ 80 °C
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hydrolysis led to extensive desulfation of heparin, while milder conditions (e.g., pH 1 - 3/
40 °C) mark a lower sulfate loss, visualised by a gradual fading of the cationic dye. The
quantitative capacity of this process was verified via ion chromatography, described in the

following section 3.3.3.

Hydrolysis time-points Hydrolysis time-points
Oh 1h 6h 12h 24h 48h  Hep. Oh 1h 6h 12h 24h 48h  Hep.
Land N

Hydrolysis time-points Hydrolysis time-points

Oh 1h 6h 12h 24h 48h _ Hep. 24h 48h 72h 96h 120h 144h 168h  Hep.

Figure 3.7 Images of acrylamide gels of heparin hydrolysed at pH 1 at a) 40 °C, b) 60 °C

and c-d) 80 °C (chosen aliquots), stained with Azure A dye; Hep- unhydrolysed heparin
reference standard.

3.3.2.1.4 PAGE electrophoresis concluding remarks

Both fluorescent tagging and cationic staining of post-hydrolytic samples initially
portrayed behaviour of heparin in acidic environments. Two processes could be
distinguished from gel profiles, i.e., glycosidic scission - most probably requiring long
processing time under harsh acidic conditions (here, at least 24 h at pH 1 / 80 °C) and
desulfation, which has been observed at milder pH and temperature. These two mechanisms
could justify a two-staged molecular weight loss demonstrated using SEC-MALS and
described in section 3.3.1. To further explore this hypothesis a more comprehensive

analysis of hydrolysed heparin samples was undertaken.

79



Chapter 3- STABILITY OF HEPARIN IN ACIDIC ENVIRONMENTS

3.3.2.2 UV-Vis spectrophotometry

UV-VIS spectroscopy has been previously used in the qualitative study of GAGs (subjected
to alkaline or enzymatic treatment) to prove scission of glycosidic bonds, by characterising
the unsaturated iduronic residues at new reducing terminus via the absorbance of
electromagnetic radiation at 232 nm. (Deakin & Lyon, 2008; Limtiaco et al., 2011,
Ucakturk et al., 2014). Although a similar rearrangement would not be expected in acid
environments, the absorbance of samples after treatment at pH 1 - 3, at 40, 60 and 80 °C,
was verified. After all, an increasing absorption potential of polysaccharides has been
generally associated with their structural changes (Cui, 2005; Finch, 1999; Zhou et al.,
2016).

The spectroscopically analysed hydrolysates (according to protocol given in 2.5.4) of pH 2
- 3 (all three temperatures) and pH 1/ 40 and 60 °C did not demonstrate any UV-Vis
absorbance. The lack of absorbance surely followed from the stability of molecule at above
conditions and is in line with previous results (i.e., molecular weight analysis in 3.3.1 and
reducing ends assay in 3.3.2.1). On the other hand, as illustrated in Figure 3.8, the
absorbance (240 nm) of samples hydrolysed at pH 1/ 80 °C/ 24 h < increased over time.

In contrast to characteristic absorbance at 232 nm, which has been consistently proven to
be the result of iduronate unsaturation (Deakin & Lyon, 2008; Lima et al., 2011; Limtiaco
et al., 2011; Mourier et al., 2015; Ucakturk et al., 2014), the absorbance at 240 nm may
signify structural changes. Groisman & de Lederkremer (1987) suggested that 240 nm
absorbance follows from the glycosidic scission between the saccharide and serine residues
and reflects rearrangements of broken O-glycosidic bond to absorbing specie. Similar
conclusions were more recently presented by Shi et al. (2017), although, none of these
studies actually focused on heparin but rather on other glycans also initially linked to serine.
Furthermore, in both examples, the rearrangements were catalysed by alkaline

environments.
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Figure 3.8 The absorbance spectra of sample hydrolysed at pH 1/ 80 °C over the 168 h.
Each line represents hydrolytic time-point, plotted in ascending manner, i.e.: a) 0.25 (the
lowest), 1, 3, 6,9, 12, 24, b) 48, 72, ¢) 96, 144, c) 168 h (the highest).

An interesting explanation was presented by Racaud et al. (2009), who paired the 240 nm
absorbance with excitation of sulfate electrons of SOz groups, covalently bound to heparin-
derived disaccharides. Surapaneni et al. (2014) went a step further, proving that the 240 nm
absorbance of 6-O-sulfated oligosaccharides (derived from other GAG - chondroitin
sulfate) increased proportionally to chain length. Following the acrylamide elution pattern
of pH 1/ 80 °C sample (Figure 3.6), it was considered that more oligosaccharides (of longer
chain) were severed from heparin overtime. Perhaps, the isolated products were still O-
sulfated which was further reflected in absorbance of spectra. Both the composition and

sulfation profile of hydrolysates were further investigated.

3.3.23 The complete saccharide analysis

The PAGE electrophoresis, described in the previous section (3.3.2.1), sketched a raw
picture of heparin subjected to acidic environments (pH 1 - 3) at increased temperature (40,
60 & 80 °C). Upon the elution profile of fluorescently tagged samples (Figure 3.5 & Figure
3.6) it was concluded that glycosidic scission concerned samples exposed to pH 1 and 80
°C, while milder conditions were most probably associated with the desulfation of molecule
(as discussed 3.3.2.1.3). Furthermore, UV-Vis spectroscopy suggested that cleaved
oligosaccharides could still be O-sulfated (see above section 3.3.2.2). To assess more
closely the composition of post-hydrolytic samples, these were analysed via ion exchange
chromatography, coupled with a pulsed amperometric detector (for analytical details see

section 2.6). Taking the advantage of instrument being connected to an autosampler all
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hydrolytic samples (pH 1 - 6, all studied temperatures) were examined, to empirically prove

the initial hypothesis of the stability of heparin at pH 4 - 6, presented in section 3.3.1.

3.3.2.3.1 Summary of method optimisation

The applied protocol of ion chromatography was developed according to previous
literature, describing a single chromatographic method for the analysis of neutral and amino
sugars, together with uronic acids (for protocol details see section 2.6.5) (Alyassin et al.,
2020; Zhang et al., 2012). To recognise the elution profile of possible heparin saccharides,
a mixture of ten monosaccharide standards, i.e.: Fuc (as an internal standard), GalN, GIcN,
GIcNS, GIcNACc, GIcNS(3S), GIcNS(6S), GIcA, GalA and IdoA was analysed at the series
of concentrations, ranging between 0.5 ppm and 100.0 ppm. The retention times of
individual standards, specified in Table 3.3, were assigned by the analysis of separate
monosaccharides (50 ppm) (as described in the protocol in 2.6.5). Apart from GIcN and
GIcNS, which had the same retention time, the remaining 9 monosaccharides were well
separated, as presented in an illustrative elution chromatogram in Figure 3.9. The

calibration curves of each standard plotted using peak area are shown in Figure 3.10.
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Figure 3.9 The illustrative elution profile of monosaccharide standards at concentration of
100 ppm, chosen for the complete saccharide analysis of acid hydrolysed heparin.
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Figure 3.10 The representative calibration curves of a) Fuc, b) Gal, ¢) GIcNS, d) GIcNAc,
e) GalA, f) GIcNS(3S), g) GIcA, h) IdoA and i) GICNS(6S) plotted as a function of
concentration (ppm), against the peak area (nC*min). The vertical error bars (where visible)
represent standard error of regression, calculated for each analytical range.

As summarised in Table 3.3, correlation coefficients (R?), calculated for each

monosaccharide, were generally greater than 99.1%, which demonstrate good linearity over

the range of studied concentrations. Linearity of curves of GIcNAc, GIcNS(3S) and GIcA

standards were affected by a peak corresponding to the sample at concentration of 25.0

ppm (correlation coefficient < 98%). Therefore, 25.0 ppm data were excluded from

calibration plots of these three standards. The values of detection and quantification limits,
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given in Table 3.3, were calculated from the signal-to-noise (S/N) ratio of the lowest
injected concentration of individually standard. The relative response factor (RRF) of each
standard was calculated with respect to the fucose (internal standard) peak area, referenced
as 1.00 (at 100 ppm, Table 3.3). The advantage of response factors and internal standard
can be taken in gquantitative study. However, in polysaccharide research, the quantitative
analysis usually requires to treat sugar standards at the same manner as unknown sample,
and in case of hydrolysis, assumption regarding the total amount of monomers of
polysaccharide chain (Cui, 2005; Dionex Corporation, 2008). Considering the range of
conditions applied in this study, as well as heterogeneity of heparin, here, the ion
chromatography was appreciated for its qualitative features. The quantitative calculations

were undertaken to assess statistical abilities of the method itself.

Table 3.3 The summary of statistical data of monosaccharide standards.

Standard RT (min)  R?(%) Slope Intercept LOD LOQ RRF

Fuc 6.8+ 0.6 99.91 0.320 -0.434 0.14 048 1.00
GalN 95+£08 99.39 0.513 -0.856 0.50 1.67 1.63
g:g“ls 10.2+£0.7 99.35 0.777 -0.814 0.50 1.66 2.48
GIcNAC 116+ 0.6 99.84 0.195 -0.050 0.12 0.39 0.62
GalA 296+0.4 99.62 0.091 -0.073 0.07 0.22 0.29
GIcNS(3S) 32.4+0.6 99.55 0.020 -0.002 0.03 0.11 0.06
GlcA 33.3+0.5 99.77 0.189 -0.075 0.76  0.25 0.59
IdoA 37.0+£04 99.13 0.113 -0.242 064 021 0.36

GIcNS(6S) 46.1+0.4 99.14 0.145 0.532 0.30 1.00 0.47

RT- retention time, average of RT of all standard mixtures; R? - correlation coefficient, RRF- relative
response factor, calculated by setting the peak area of fucose to 1.00 in the experiment with 100 ppm
standards, LOD- limit of detection; LOQ- limit of quantitation
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In addition to monosaccharide elution analysis, the aqueous solution of heparin sodium
standard was examined, to rule out presence of free monosaccharides in initial sample
(sample negative). On the other hand, the final TFA hydrolysate of heparin (24 h
hydrolysis) was used to mirror its complete degradation profile (sample positive). An
illustrative chromatogram of sample positive is presented in Figure 3.11. The GIcN (no
GIcNS- due to N-desulfation), GIcA and IdoA peaks were assigned according to retention
time of standards shown in Figure 3.9. The remaining peaks, eluted between 20 and 35
min, most likely resemble heparin oligosaccharides. Their appearance is consistent with the
PAGE profile of TFA hydrolysates (Figure 3.4b) and with results from a previous study

that was used in preparation of presented analytical protocol (Zhang et al., 2012).

30

GlcN

Value (nC)
— b2 [§e]
wn < wn

—
fe=
1

(9]
1

IdoA
GlclA i

0 5 10 15 20 25 30 35 40 45 50 55 60
Time (min)

)
1

Figure 3.11 The illustrative chromatogram of final TFA hydrolysate of heparin used to
mirror its degradation profile. The presence of GIcN, GIcA and IdoA peaks was based on
the assignment of standards shown in Figure 3.9. The unidentified peaks most probably
represent the post-hydrolytic heparin oligosaccharides. The narrow peak at ~ 20 min marks
system peak, characteristic for gradient elution.

3.3.2.3.2 Hydrolysates analysis

The hydrolysates of heparin were analysed to profile the composition of polymer exposed
to acidic environments (pH 1 - 6) at three different temperatures (40, 60, 80 °C) as a
function of time. Although samples exposed to pH range between 4 and 6 showed relative
stability at all three temperatures, manifested by minimal molecular weight loss (<5%, as
discussed in section 3.3.1), and therefore were not expected to show any indication of

decomposition, they were analysed to empirically confirm the initial hypothesis.
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The chromatographic peaks, representing the units released during the glycosidic scission
of heparin, were observed no earlier than after 24 h of processing at pH 1 and 80 °C. The
absence of peaks in samples subjected to the milder hydrolytic conditions demonstrate their
inability to break glycosidic bonds between heparin monomers. By contrast, prolonged

incubation at pH 1/ 80 ° enhanced polymer degradation, as reflected in Figure 3.12.

The results of HPAEC-PAD analysis were in close agreement with PAGE profiles of
heparin hydrolysates. No bands were eluted on acrylamide gels for samples hydrolysed
between pH 2 and pH 3, at all studied temperatures (Figure 3.5). Chromatographic analysis
also did not show post-degradation peaks for these samples. Under harsher conditions of
pH 1, the PAGE bands were not visible prior to 24 h of incubation at 80 °C (Figure 3.5)
and this sample was also the first one to show presence of peaks in HPAEC-PAD analysis
(Figure 3.12a). Furthermore, the elution profiles of samples aliquoted between 96 h and
168 h seem to reflect similar elution pattern, with peaks height (and area) increasing as a

function of time (Figure 3.12c-f).

As shown in Figure 3.12 GIcN/GIcNS was the earliest monomer released from heparin
chain, with following scission of unidentified components, which were most probably
heparin oligosaccharides of various degree of polymerisation, consistent with PAGE gels
in Figure 3.6. The structure of the repeating disaccharide unit of heparin is composed of
glucosamine and uronic acid residues at a ratio of 1:1, therefore hydrolytic release should
lead to detection of similar amounts of both units. However, this was not the case for
samples analysed in this study. The deviation from the expected ratio (various numbers,
generally unfavourable for IdoA) caused the questioning of IdoA detection (ergo, the
question mark in Figure 3.12). The detection uncertainty of IdoA could be a result of poor
scission of glycosidic linkages of uronic acids that are highly resistant to low pH (Cui,
2005) or an outcome of degradation of initially released acid units, as suggested in different
study (Zhang et al., 2012). In the latter case, the detected peak might mark IdoA, as well as
its adducts. Furthermore, in Figure 3.12f the missing peak of GICN/GIcNS is marked with
*. Disappearance of signal is very likely associated with decomposition of sugar unit,
caused by prolonged exposure to harsh environments, e.g., pH 1/ 80 °C/ 168 h (Zhang et
al., 2018; Zhang & Sutheerawattananonda, 2020).
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Figure 3.12 The illustrative elution profiles of heparin hydrolysed at pH 1/ 80 °C over a)
24h,b) 48 h,¢) 96 h, d) 120 h, e) 144 h and f) 168 h. The GIcN/GIcNS and (most probably)
IdoA peaks were assigned according to elution of calibration standards, shown in Figure
3.9. The position missing peak of GICN/GIcNS in f) is marked by *. The narrow peak at ~
27 min marks system peak, characteristic for gradient elution. The elevation of
chromatographic baseline before the system peak is a result of chromatogram
magnification, common in analysis of saccharides at low concentration via gradient elution
(see for example (Hardy & Reid Townsend, 1994). Fuc- internal standard.
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3.3.2.3.3 The complete monosaccharides analysis concluding remarks

The complete monosaccharide analysis of acid hydrolysed heparin was used to assess if
(and from when) the degradation of polymer chain was a result of glycosidic scission, as
had been hypothesised after PAGE electrophoresis (see 3.3.2.1), and to examine profiles of
post-hydrolytic samples, based on comparison with standards. lon chromatography results
demonstrated the stability of heparin to milder acidic environments (pH 2 - 6, all studied
temperatures). At the same time, it was confirmed that glycosidic bonds started to gradually
break from 24 h processing at pH 1/ 80 °C and depolymerisation continued over time. These
results were consistent with the outcome of PAGE analysis. However, the resistance of
heparin to milder hydrolysis, especially those carried out at pH 2 - 3 (all temperatures) and
pH 1 (40 and 60 °C) brings into the question the molecular weight loss observed under
these conditions (as presented in 3.3.1). The Azure A staining discussed earlier in section
3.3.2.1.3 shed some light on desulfation caused by the hydrolytic environments. Therefore,
the hydrolytic desulfation of heparin and its effect on molecular weight was investigated.

3.3.3 The effect of degradative environments on heparin sulfate groups

Considering that small amounts of mono- and oligosaccharides were detected only in
samples hydrolysed under harsh conditions (pH 1/ 80 °C/ 24 h<), the origin of the molecular
weight loss observed at milder hydrolytic environments remained unresolved. As
previously demonstrated, sulfated polysaccharides, like heparin, have the potential to lose
sulfate groups prior to depolymerisation (Bedini et al., 2017; Finch, 1999; Karlsson &
Singh, 1999). Thus, the presence of sulfate anions in post-hydrolytic samples was
ascertained using ion chromatography, coupled with a conductivity detector (for analytical
protocol, see section 2.7). The samples of heparin subjected to different temperatures (40
°C, 60 °C and 80 °C) at a range of acidic pH (pH 1 - 6) and over prolonged period (up to
168 hours) were analysed. The principles of adapted analysis were based on two questions
that were raised upon the results of previous analysis, i.e., is the desulfation process
occurring under the applied conditions and how is the sulfate loss influencing the molecular
weight of heparin? The latest of these questions is of particular relevance to molecule
stability, as the percentage of sulfate of completely sulfated heparin disaccharide
(IdoA(2S)-GIcNS(6S) Mw= 577.6 g/mol) is approximately 38% (see for example Mulloy,
2012).
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3.3.3.1 Quantitative analysis of inorganic sulfate in post-hydrolytic samples
3.3.3.1.1 Summary of method optimisation

The analytical protocol of analysis of inorganic sulfate in post-hydrolytic samples of
heparin was an adaptation of method described in Liu et al. (2014), taking advantage of ion
chromatography to study content of inorganic anions in glycosaminoglycan samples. Liu
et al. (2014) suggested the presence of acetate (Ac’) and other inorganic anions (besides
sulfate) in acid-treated heparin. In the presented study the inorganic anions standards of F~,
Ac, CI, Br, NO*", POs*~ and SO4* were analysed (according to protocol described in
section 2.7.5) at series of concentrations, ranging between 0.1 ppm and 5.0 ppm. The five
anion components of multi-elemental standard, i.e.: F~, Cl-, Br, NO*", POs*" and SO4*
were well separated. The illustrative elution chromatograms are presented below, in Figure
3.13.
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Figure 3.13 Chromatograms of a) acetate standard and b) multi-anion standard applied in
anion analysis of acid hydrolysed heparin, collected at concentration of 5 ppm.

Citrate salts were used for the preparation of buffers at pH from 3 to 6 (see 2.2.3.4). Thus,
the compatibility of chromatographic system was verified using sodium citrate standard at
single concentration of 10 ppm (as advised by column supplier, private correspondence,
see 2.7.5.1). It was confirmed that citrate anions are not separated by chosen column and

would not interfere with the detection of inorganic peaks.

The calibration curves, plotted for each anion by the peak area, gave very good linearity at

studied concentration range. Illustrative calibration plots are presented in Figure 3.14. As
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summarised in Table 3.4, correlation coefficients, calculated for each anion were generally
greater than 99.9%. The values of detection and quantification limits, calculated in relation
to standard deviation of the y-intercept of the regression line (Shrivastava & Gupta, 2011),
confirmed the applicability of method for quantification of minor amount of each anion
(see Table 3.4). Low values of both LOD and LOQ allowed the chromatographic analysis
at low concentrations, without jeopardizing the analytical column life that could have

occurred by polysaccharide contamination and column bedding (Karlsson & Singh, 1999).
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Figure 3.14 The representative calibration curves of a) acetate, b) chloride and c) sulfate
anions plotted as a function of concentration (ppm), against peak area (uS*min). The
vertical error bars (too small to see) represent standard deviation from the mean of plotted
peak area (triplicated run).

In addition to anion analysis, the aqueous solution of heparin sodium standard was
examined, to rule out presence of free sulfate anions in initial sample. During the analysis
free chloride anion was detected (45 + 2 ppm). Sodium chloride is added during the
manufacturing process of heparin. Hence, the trace amounts of chloride anion are usually
present in finished product, despite the desalting process (Liu et al., 2014; Van Der Meer
et al., 2017). Besides chloride, no other free anions were eluted from the heparin sodium

standard.
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Table 3.4 The summary of statistical data of anion standards.

Anion RT (min) R?(%) Slope Intercept LOD?(ppm) LOQP(ppm)  Syx
F 3.0+£01 99.93 0.269 -0.018 0.19 0.63 0.017
Acc  32+01 1000 0.016 0.002 0.09 0.30 0.001
ClI 42+0.1 99.96 0.122 -0.006 0.15 0.50 0.006
Br- 6.4+0.1 100.0 0.067 -0.003 0.06 0.22 0.001
NO* 7.9+0.1 99.97 0.081 -0.016 0.42 1.40 0.011
PO+~ 10.3+0.1 100.0 0.043 -0.005 0.14 0.45 0.002
SO 126+01 99.99 0.081 -0.002 0.08 0.26 0.002

RT- retention time, average of RT of all standard mixtures; R? - correlation coefficient; Syx — standard error
of estimate; calculated as  LOD- limit of detection ® LOQ- limit of quantification measured respectively
as 3x and 10x standard deviation of the y-intercept of the regression line divided by slope (Shrivastava &
Gupta 2011)

3.3.3.1.2 Analysis of hydrolysates

The analysis of the heparin standard confirmed the absence of free sulfate in the starting

material, consequently, the subsequent detection of anions was associated with the

hydrolytic desulfation of molecule. The hydrolysed sulfate anions were detected in heparin

samples treated under the following conditions: 40 °C: pH 1 - 2,60 °C: pH 1 - 3 and 80 °C:

pH 1 - 4. Illustrative chromatograms of maximum detection (pH 1/ 80 °C) and lack of

detection (pH 5/ 80 °C) are presented in Figure 3.15 a and b, respectively. The results of

ion chromatography resemble the results of Azure A staining, discussed in section

3.3.2.1.3, which also suggested desulfation (through the change of dye intensity, as in

Figure 3.7) for the same samples. On the other hand, no anions were detected in the

samples exposed to 40 °C: pH 3 -6, 60 °C: pH 4 - 6 and 80 °C: pH 5 — 6, which with respect

to earlier results, is consistent with negligible changes in My (as in 3.3.1).
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Figure 3.15 The illustrative chromatograms of sulfate anion, detected in heparin samples
hydrolysed at a) pH 1/ 80 °C, with peaks corresponding to chosen time points (6, 12, 24,
48 and 168 h) and b) pH 5/ 80 °C. The large chloride peak in a) corresponds to buffering
salt (KCI + HCI), while in b) it represents free anion detected in initial sample. Sample
concentration equal to 10 ppm.

Besides sulfate and free chloride (eluted from starting material or buffering system), no
other anions were detected in acid hydrolysed samples, at any of the studied temperatures,
although, as mentioned at the beginning of this section, the earlier study of Liu et al. (2014)
suggested the possibility of detection of acetate anions in acid treated heparin samples. The
deacetylation of heparin is a process that requires an action of very harsh conditions (strong
acids like H>SOs4 or HNOs3 at 100 °C) (Bienkowski & Conrad, 1985; Hook, 1974;
Riesenfeld & Roden, 1990). Therefore, the observation of acetate anion in sample treated
by 0.1 M HCI, like in Liu’s (2014), is puzzling and difficult to explain. Yet, absence of
acetate in this study is understandable and linked to the conditions being insufficient to
break the bond between molecule and acetate group, even after a prolonged incubation at

pH 1 and 80 °C.

Once plotted, as in Figure 3.16, the concentration of detected sulfate had an increasing
trend in function of time and temperature. To be more specific, at pH 1/ 40 °C, the anion
concentration increased at fairly consistent rate, while at pH 2 / 40 °C sulfate was detected
at single time-point of 48 h (Figure 3.16a). At pH 1 - 3/ 60 °C and pH 1 - 4/ 80 °C, the
anion concentration increased rapidly for the first 12 hand successively slowed down until
the reaction was terminated (Figure 3.16b-c), apart from pH 1/ 80 °C, which featured an
additional concentration increase after 24 h. The analysis of further hydrolysed samples
(end point: 168 h), showed that at these conditions, desulfation could be divided into three
stages, i.e.:0-24 h, 24 - 96 h, and 96 - 168 h (Figure 3.16d).
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Figure 3.16 Measured concentration of sulfate anions of thermally stressed heparin at a)
40 °C, b) 60 °C and c-d) 80 °C plotted as a function of time at pH 1 - 6. The vertical error
bars (not visible) represent standard deviation from concentrations, calculated from peak
area via calibration curve method. e pH 1, e pH 2, « pH 3, e pH 4, e pH 5, e pH 6

The hydrolytic scission of different sulfate groups (i.e., these from positions NS-, 20S-,
60S-) is most probably associated with different reaction mechanisms characterised by
specific reaction rates. Perhaps, the variation in Figure 3.16d could be regarded as a direct
consequence of changes between the desulfation rates of individual groups, probably
liberated in order. The last assumption would be in agreement with earlier studies focusing
on heparin stability, discussed in introduction to this chapter (see 3.1) (Danishefsky et al.,
1960; Inoue & Nagasawa, 1976; Jandik et al., 1996). Thus, to investigate further, the chosen
hydrolysates were subjected to detailed NMR analysis, described further in section 3.3.4.
The hypothesis regarding the different reaction rate accounted for a basis of the Kinetic

approximation presented in section 3.4.

3.3.3.2 The influence of desulfation on molecular weight of heparin

Acknowledging the prominent sulfate loss, discussed in section above (3.3.3.1), the relation
between desulfation and molecular weight of heparin was examined. The samples

hydrolysed > 48 h, at pH 1/ 80 °C had a tendency to glycosidic scission (as discussed in
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sections 3.3.2.1.4 & 3.3.2.3.3), hence, the hydrolysates aliquoted during the prolonged
processing (48 h<) were excluded from calculations. Attention was directed towards
samples that demonstrated depolymerisation resistance, i.e., these hydrolysed at pH 2 - 3/
all temperatures and pH 1/ 40 and 60 °C, which still have demonstrated a considerable
molecular weight loss (as discussed in 3.3.1). The aim of the undertaken estimation was to
answer if under these conditions desulfation could be accountable as the sole source of

heparin molecular weight change.

The concentrations of hydrolysed sulfate (Csuitae; ppm or mg/dm?), detected via HPAEC-
CD, as well as calculated molecular weight of hydrolysed sulfate (Msurtate; g/mol) are

summarized below in Table 3.5 (chosen examples).

Table 3.5 Hydrolysed sulfate data of chosen acid-treated heparin samples.

Hydrolysed Sulfate Data

. 40 °C 60 °C 80 °C
l(_Z:eplarl n Csulfate Msulfate Csulfate Mosulfate Csulfate Msuifate
Hydrolysates (ppm)*  (g/mol)  (ppm)*  (g/mol)  (ppm)*  (g/mol)

6h 54 + 15P 216 364 +17 1457 590 + 17 2361
12 h 93 +26 371 519+21 2075 730 + 24 2918

.
S 4n 121420 484 532425 2125  852£27 3406
48h  210+18 840 671+21 2685 1092+28 4368
6h n.d. nat 101+18 402 305+19 1223
~  12h n.d, na. 18919 756 46316 1855
S un n.d, na. 271+25 1085 58418 2337
48h  59+16 236 425+26 1700 685+21 2739
6h n.d, na. 3114 127 12317 493
. 12h n.d, na. 47+19 190  182%16 728
S 24h n.d, na. 51+19 204  241+17 963
48 h n.d, na. 9815 392  406+20 1622

2 Concentration calculated by calibration curve using peak area in ppm (parts per million) unit, that is
equivalent to 1 milligram of inorganic sulfate anion per litre of solution (mg/dm?); b Error calculated
from standard deviation of triplicated reading; ©n.d.= not detected; 4 a.= not applicable
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The Msuitate (g/mol) were calculated to estimate the influence of sulfate loss (in g/mol) upon
total molecular weight of heparin (also in g/mol units). This was assessed by substitution

of the concentrations of detected sulfate (Csuitaie; ppm or mg/dm?) in equation 3.1, i.e..

g ) % Csulfate (ppm or mg/dm3)

3 3.1
mol Cinitia (ppm or mg/dm3)

Msulfate = MW,O Hp (

where Mw,o equals average weight molecular weight of untreated heparin sample (Mw,0 Hp
~ 20,000 g/mol) and Cinitia €quals initial concentration of chromatographically analysed

hydrolytic sample of heparin (Cinitiar = 5000 ppm or mg/dm?;for details see protocol in 2.7).

The molecular weights of hydrolytically released sulfate (Msuitate; g/mol) (Table 3.5) were
further subtracted from the average weight molecular weight of heparin subjected to
specific conditions at hydrolytic time of 0 h (Mwt=0 Hpnya ; g/mol), ” (measured via size

exclusion chromatography, see 3.3.1), i.e.:

Calculated M\, = M, ;—oHppyqa (%) — Msuirate (%) 3.2
The values of “calculated My” and “measured My” (measured via size exclusion
chromatography, see 3.3.1) of selected hydrolytic samples are summarised in Table 3.6.
The numbers were statistically compared using non-parametric Wilcoxon matched pairs
signed rank test. In this non-parametric statistical approach, the differences between each
set of matched data were computed and ranked, while the difference medians were tested
against zero. As the p values of all paired data were greater than 0.05 (p > 0.05, per pH, per
temperature), it was concluded that overall medians did not vary, therefore the values of
matched My, pairs were not significantly different. Consequently, it was deduced that under
hydrolytic conditions of pH 1 - 3, 40, 60 and 80 °C, over 48h, desulfation could account
for most of the observed decrease in molecular weight of heparin. As shown in Table 3.6,
at pH 1/ 80 °C/ 48 h, the detected Csuirate equalled 1092 ppm, which accounts for ~ 1/5 of
total concentration of initial sample (Cinitia = 5000 ppm). Thus, although electrophoretic
and chromatographic studies (see sections 3.3.2.1.4 & 3.3.2.3.3) showed the presence of
mono-/oligosaccharides in samples aliquoted at 24™ and 48" hours of incubation in pH 1/

80 °C, the extent of observed glycosidic scission must been very low. At these points, in
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contrast to desulfation, glycosidic scission must not substantially influence the molecular
weight of heparin. Furthermore, since the acrylamide elution pattern of oligosaccharides
(Figure 3.12) did not precisely match their sulfated oligo-standards, it could be assumed
that severed residues themselves were desulfated, which would additionally dimmish their
impact towards the heparin molecular weight loss, although, following both Azure A
staining (see 3.3.2.1.3) and UV-Vis results (discussed in 3.3.2.2), this would rather concern

N- sulfate than different (O-) sulfate groups.

Table 3.6 Summary of calculated and measured M, of selected heparin hydrolysates.

Calculated My (g/mol) @ x 10* vs Measured My (g/mol) x 10*

Heparin

Hydrolysates 40 °C 60 °C 80 °C
6h 198 vs 184 185 vs 181 1.76 vs 1.63
12 h 1.96 vs 1.77 1.79 vs 1.75 1.71 vs 1.62
% 24 h 195 vs 174 1.79 vs 1.68 1.66 vs 1.61
48 h 1.92 vs 1.65° 1.73 vs 1.60 1.56 vs 1.46°
p? =0.1250 p =0.1250 p =0.2500
6 h 1.99 vs 1.99 1.96 vs 1.85 1.88 vs 1.86
12 h 1.99 vs 198 192 vs 1.79 1.81 vs 1.78
%_ 24 h 1.99 vs 198 1.89 vs 1.76 1.77 vs 1.75
48 h 1.98 vs 1.79 1.83 vs 1.70 1.73 vs 155
p=0.1250 p=0.1250 p=0.1250
6h 1.99 vs 1.99 199 vs 1091 1.95 vs 1.82
12 h 1.99 vs 1.99 198 vs 181 193 vs 1.79
2 24 h 1.99 vs 1.99 1.98 vs 1.80 1.90 vs 1.79
= 48 h 1.99 vs 1.95 196 vs 1.79 1.84 vs 1.70
p = 0.1250 p = 0.1250 p = 0.1250

2 Calculated My, (g/mol) calculated by subtracting the amount of released sulfate anions (g/mol), measured

by HPAEC-CD, from the My of heparin sodium standard, measure by SEC-MALS-RI. b, ¢ pairs of
calculated and measured that M, (g/mol) and demonstrated not significantly effective pairing; 9 calculated
value, if p >0.05, compered data are not significantly different
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3.3.3.3 The effect of sulfate loss on anticoagulant activity of heparin

The anion analysis of heparin hydrolysates showed that acid and temperature treatment
released a substantial amount of sulfate ions from the heparin chain. It has been previously
demonstrated that an alteration in heparin’s sulfation sequence affects its biochemical
activity while, for example, 2/6-O-desulfated heparin has shown antifibrotic and anti-
inflammatory properties (Lundin et al., 2000; Mulloy et al., 2015; Sugaya et al., 2008), the
removal of N- and 3-O-sulfate had had negative consequences to heparin anticoagulation
activity (Jorpes & Bergstrom, 1939; Mulloy et al., 2015; Skidmore et al., 2008).
Consequently, the effect of sulfate loss observed in this study upon the anticoagulant

activity of heparin was questioned.

The close collaboration with Dr Edwin A. Yates (University of Liverpool) created an
opportunity to test the anticoagulation properties of heparin acid hydrolysates. The
examined samples were carefully chosen, to maximise diversity of sulfation pattern, i.e.:
pH 1/ 80 °C/ 48 h; pH 2/ 40 °C/ 48 h; pH 3/ 60 °C/ 12 h; pH 4/ 80 °C/ 6 h; pH 5/ 40 °C/ 24
h; pH 6/ 60 °C/ 48 h. The analysis was kindly performed by the practitioners of The Royal
Liverpool University Hospital. The samples were tested against results of Activated Partial
Thromboplastin Time (aPTT) and Partial Thromboplastin Time (PTT).

The aPTT and PTT are routine tests performed for patients who have experienced an
unexplained bleeding or thrombosis, are long term users of heparin or sometimes as a
presurgical screening (Rountree et al., 2020). Both tests examine how fast the patient’s
blood produces clots, as measured in seconds. The aPTT assess the activity of the intrinsic
and common pathways of coagulation that usually takes around 35 s (Screening Tests in
Haemostasis: The APTT, n.d.), while PPT focuses on intrinsic pathway, with a clotting time
of approximately 15 s (Partial Thromboplastin Time (PTT) Test: MedlinePlus Medical
Test, n.d.). The aPTT and PTT can be adjusted to confirm the anticoagulant properties of
heparin, since the addition of active GAG will delay the clotting time.

As presented in Figure 3.17, both aPTT and PTT tests demonstrated that anticoagulation
properties of samples hydrolysed between pH 2 and pH 5 (chosen aliquots, specified in

figure caption) aligned with intact standard. The activity of pH 6 sample, in both assays,
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appeared to be around 10-fold weaker that this of heparin standard. The pH 1 hydrolysate

did not show anticoagulant action in either test, so consequently, has not been plotted.

Among all samples submitted to anticoagulation check, only heparin hydrolysed at pH 1/
80 °C completely lost its activity. In fact, the activity of samples subjected to milder
conditions (besides pH 6), did not change to any significant extent. With reference to
desulfation, the aPTT and PTT assays showed that anticoagulation atrophy is generally a
result of very drastic sulfate loss (like in pH 1/ 80°C). To understand what type of sulfate
(N- or O- or combination) so radically influenced the activity, the sample was analysed
further. On the other hand, the modest desulfation, fortunately, would not really jeopardise

the anticoagulation performance that should ensure the safety of the drug.
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Figure 3.17 The results of a) Activated Partial Thromboplastin Time (aPTT) and b) Partial
Thromboplastin Time (PTT) tests of heparin acid hydrolysates, showing the change in
clogging time (s) (delay of clogging time) due to addition of GAG (mg/ml). The blue line
marks the normal clogging time that for a) aPTT test is ~ 35 s, and b) PTT test is ~ 15 s.
Plot markers, i.e.: ®- heparin standard; m- pH 2/ 40 °C/ 48 h; A-pH 3/60°C/ 12 h; ¥ - pH
4/ 80 °C/ 6 h; ¢- pH 5/ 40 °C/ 24 h; o- pH 6/ 60 °C/ 48 h are overlapping due to negligible
differences between the anticoagulation times of tested samples. Courtesy of The Royal
Liverpool University Hospital.

3.3.34 Concluding remarks

The anion analysis of the hydrolytic samples helped to establish that applied conditions
were sufficient to release the covalently bonded sulfate from the heparin chain. The
desulfation was particularly evident during the reaction carried at pH 1 - 3, especially at 80
°C. In fact, the statistical analysis showed that between pH 1 and pH 3, at all three studied

temperatures, the reduction of molecular weight of heparin was primarily caused by
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hydrolytic sulfate loss, rather than chain scission. Once to a significant extent (like at pH
1/ 80 °C), the desulfation could jeopardise the anticoagulant activity of heparin. The change
of desulfation rate (over time) at harsher conditions (pH 1/ 80 °C/ up to 168 h) suggested
that the process could involve different sulfate groups. To further investigate the last

assumption, the hydrolysed samples were subjected to NMR analysis.

3.34 Inside look at acid-catalysed, hydrolytic desulfation of heparin, its
selectivity, and a follow up to molecule chain fragmentation

NMR spectroscopy has become one of the most comprehensive techniques for examining
the detailed structure of glycosaminoglycans (see for example: Mulloy et al., 2012; Pomin,
2012, 2014b, 2014a; Rudd et al., 2019). It also offers an opportunity to follow structural
alteration of the polymer chain, by either monitoring the modifications in spectra, like
changes of chemical shifts of *H and 3C signals in perspective to standard spectra, or by
the appearance of new peaks (see for example: Panagos et al., 2016; Tgmmeraas &
Melander, 2008; Yates et al., 1996). In case of heparin, the positions of *H and *3C signals
are sensitive to the neighbouring groups like hydroxyl, carboxylate and amine, glycosidic
oxygen, and O- or N-sulfate (Pomin, 2012, 2014b). In particular, the positions of **C nuclei,
adjacent to hydroxyl and amine groups are displaced downfield, that is, to higher chemical
shift values because of substitution with sulfate groups, which are strongly electron-
withdrawing. Logically, the removal of a covalently bound sulfate from these (hydroxyl

and amine groups) results in their upfield move, towards lower chemical shift values.

The NMR shift patterns of heparin signals have been systematically studied and considered
variants of each combination of sulfation and desulfation at IdoA and GIcN residues (see
for example: Mulloy et al., 1993; Taylor et al., 2019; Yates et al., 1996). The redeployment
of characteristic signals has been acknowledged (and assigned), following the
sulfation changes. Here, the signals library created by earlier studies was treated as a tool
to recognise the desulfation order of hydrolysed heparin readily from the NMR spectra. The
desulfation profile of heparin, sketched in section 3.3.3.1, characterised the changed in
desulfation rate (which probably mirrored removal of different sulfate groups) during the
hydrolysis at pH 1. Therefore, this sample was used to model the desulfation order of

molecule.
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3.34.1 Standard spectra acquirement and analysis

The one-(*H/*3C) and two-dimensional (HSQC) spectra of heparin standard are presented
in Figure 3.18 and Figure 3.19, respectively. The spectra were acquired at the beginning
of analysis, according to protocol described in section 2.8.4. The signals were labelled
based on the comparative assignments of Keire et al. (2013) and Mauri et al. (2017).
Generally, the heparin polysaccharide signals are divided into three NMR spectral groups
that correspond to anomeric (5.0- 5.7 ppm), aliphatic (2.9- 4.5 ppm) and acetamidomethyl
(1.9- 2.2 ppm) regions (see for example Monakhova & Diehl, 2018; Pomin, 2014b). Here,
the glucosamine and iduronate characteristic regions has been highlighted in 2D spectrum
of Figure 3.19, as these are crucial to track desulfation associated rearrangements discussed
further in this section. At the same time the intensity of B-glucuronate and linkage region
in Figure 3.19b is associated with high resolution of two-dimensional NMR reading (in
comparison with one-dimensional in Figure 3.19a) and should not be considered as vital
reference point for structure related discussion. The structure and chemical shift details of
numbered peaks are given in Table 3.7. The spectra were treated as a reference for the
following desulfation study, approached by comparative analysis between chemical shifts

of chosen standard and hydrolysed signal.
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Figure 3.18 One dimensional a) proton (*H) and b) carbon (**C) NMR spectra of heparin
standard in D20 acquired according to protocol described in section 2.8.4. The details of
labelled peaks are given in Table 3.7. The standard spectra were treated as a reference for
following desulfation study (based on chemical shift differences between chosen peaks).
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Figure 3.19 Two-dimensional HSQC spectra of heparin standard, also used as reference
for the following desulfation study. Picture a) and b) represents anomeric and aliphatic
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Table 3.7 Details of NMR signals of heparin standard, shown in Figure 3.18 - Figure 3.19.

o Carbon o cture ki i o Carbon g cture 3 -
number? (ppm)  (ppm) number (ppm)  (ppm)
o-Glucosamine units o-lduronic acid units
1 Al Awsex(G) 556 1003 | 7 -1 ls-(Ansex) 521 102.0
2 A-1 Ans 3s,6x 551 99.0 8 I-1 l20H-(Aes) 5.00 104.7
3 A-1 Ans-oRed 543 937 | 9 I-1 lon-(AsoH)  4.94  104.3
Ansex-(l2s)
4 A-1 +Anac-(G) 538 994 |10 I-5 ®las 479 722
5 A-1 Ans,ex-(1) 5.36 98.2 |18 1-2 %lps 4.34 78.7
6 A-1 Ans 5.31 99.8 | 20 1-3 ¥as 4.20 72.0
Any 3x,65 OF
17 A-6 Anx s 4.38 69.1 |21 1-4 *las 411 78.8
Any 3x 65 OF
19 A-6 Anx 6x 4.28 69.1 | B-Glucuronic acid + linkage region
1G-(Gal) +
22 A-5 Ans 65 4.02 719 |11 G-1 'Gal-(Gal) 466 106.3
24 A-2 AnAc6x 392 565 |12 G-1 'G-(Anszs)  4.63  103.7
25 A6 Ans s0H 38 624 |13 G-l 1G-(Ans) 460 1045
26 A-4 Ans 65 3.76 789 | 14 G-1 'Gal-(Xyl) 453 104.1
27 A-3 Ans 6x 3.67 724 |15 G-1 1G-(Anac) 450 105.0
28 A-2 Anszsex 345 594 |16 Xyl-l  Xyl-(Ser)  4.48 105.2
30 A-2 Ans 6x 3.27 60.6 | 29 G-2 G + ?Ass 3.39 75.6
31 A-2 Anac 2.04 247 | 23 Ser 4.00 57.4

N°- peak number on NMR spectrum; 2 carbon number of monosaccharide unit; ® structure of
monosaccharide unit (+ linkage region, if applicable); ¢ chemical shift value on proton spectrum; ¢chemical
shift value on carbon spectrum; A- glucosamine residues; I- iduronic acid residues, G-glucuronic acid
residues; S- sulfated; Ac- acetylated; X=H* or SOs7;Y=H* or Ac” or SOg3’; Ser- serine
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3.34.2 NMR- based model of heparin desulfation order and selectivity

The one- (*H/ 3C) and two-dimensional (HSQC) spectra of heparin pH 1 hydrolysates,
aliquoted at 40/ 60 °C: 24 and 48 h, as well as at 80 °C: 24, 48, 96 and 168 h, were compared
with spectra of heparin standard, presented in section 3.3.4.1. The data used for

comparative analysis, discussed in following sections are summarized below, in Table 3.8.

Table 3.8 °C and *H chemical shifts of heparin standards and pH 1 hydrolysates.

'H/ 3C chemical shift (ppm)

Peak? A-1 A2 A3 A4 A5 A6 A6 -1 12 13 14 15
l2s- ANY(3X,65) l2s-
Ansex) Ansex) Ansex) Anses) Anses) Anx@eoH) OF Anxex)  ANsEX) l2s l2s l2s l2s
Heparin |5.38 3.27 3.67 3.76 4.02 3.85 4.28-4.38 521 4.34 4.20 4.11 4.79
standard 994 606 724 789 71.9 nd. 691 102.0 78.7 72.0 78.8 72.2
541 3.40 366 3.75 4.01 3.84 4.27-4.38 521 4.35 4.37 4.10 4.90
O|24h 1937 569 725 792 719 nd. 691 102.0 78.7 654 78.8 69.9
o
~ 48 h 541 3.40 368 3.75 4.01 3.84 427 521 4.35 4.37 410 4.90
93.7 56.9 725 79.2 718 nd. 69.1 1020 755 65.4 78.6 69.9
on b 541 3.40 396 3.80 4.02 3.85 429 496 4.36 4.36 4.19 4.90
E’ 93.8 57.0 71.1 79.2 722 nd. 688 1047 756 656 77.2 70.0
o
@ 48 h 542 3.40 396 3.80 4.02 3.85 429 495 4.37 4.37 419 4.90
93.8 57.0 71.1 79.2 722 nd. 688 1047 756 656 77.2 70.0
onh 5.42 3.40 396 3.80 4.03 3.85 429 495 4.36 4.34 417 4.88
93.8 57.0 71.0 79.2 742 623 688 104.7 756 65.6 77.2 70.0
48 h 5.40 3.37 3.86 3.75 3.96 3.82 429 495 4.34 434 417 4.88
@) 93.8 57.0 71.0 794 742 623 689 1047 755 655 77.0 69.7
o
= - 542 3.37 388 383 3.97 3.86 427 496 4.35 4.34 418 4.88
93.9 57.2 712 795 743 624 688 1047 75.6 65.7 77.2 69.9
542 3.37 388 383 3.97 385 427 496 4.35 4.34 417 4.89
168Nl 941 572 713 707 744 624 688 1052 756 65.7 77.2 69.9

 numbers next to monomer signal mark the carbon number; n.d.— not detected in **C spectrum, but
observed in 2D HSQC; various colours mark most prominent changes in 40 ° C, 60 ° C and 80 ° C NMR
spectra
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3.3.4.2.1 NMR confirmed lability of N-linked sulfate of heparin

In 1996, Yates et al. (1996) presented a comprehensive study of NMR spectra of heparin,
discussing the changes of chemical shifts in reference to the species of different sulfation
patterns. Therein, the discharge of an N-linked sulfate group from the glucosamine unit
caused the upfield shift at the carbon from which the anionic group was detached (A-2), as
a result of decreased deshielding effect (Yates et al., 1996). Following the A-2
displacement, the I-3 signal was free to resonated further upfield (that was a consequence
of terminated interaction between the hydroxyl at position3 of IdoA and the N-sulfate of
GIcNS) (Yates et al., 1996). Therefore, both A-2 and I-3 signals can serve as indicators of
N-desulfation.

When comparing standard heparin with the pH 1/ 40 °C/ 24 h sample, as in Table 3.8, the
partial upfield shift from 72.0 to 65.4 ppm (A= 6.6 ppm) and partial downfield shift from
4.20 to 4.37 ppm (A= 0.17 ppm) were noted respectively in '*C and 'H spectrum for signal
I-3. Additionally, the I-5 signal started to move upfield, from 72.2 to 69.9 ppm (A= 2.3
ppm) in carbon and downfield from 4.20 to 4.37 ppm (A= 0.17 ppm) in proton (Table 3.8,
yellow highlight). The positions of A-1 and A-2 signals started to shift upfield as follows:
99.4— 93.7 ppm (A= 5.7 ppm), 60.6— 56.9 ppm (A= 3.7 ppm) in '3C, while in 'H signals
of these moved only by 0.03 and 0.13 ppm downfield, respectively for A-1 and A-2 (Table
3.8, yellow highlight). The spectrum of pH 1/ 40 °C/ 48 h sample resembles the pH 1/ 40
°C/ 24 h spectrum, with an additional upfield change of I-2, from 78.7 to 75.5 ppm (A= 3.2
ppm) in 1*C and little downfield move of 0.01 ppm in 'H, it is presented in Figure 3.20.

Following the discussed literature (Yates et al., 1996), the move of A-2 and I-3 peaks
marked the beginning of heparin N-desulfation. Clearly, the N-desulfation was the only
degradative process observed at these conditions. Therefore, it could be assumed that the
change of molecular weight of heparin, observed at pH 1/ 40 °C (discussed in section
3.3.1), was completely due to sulfate loss. Furthermore, the presented results provide
experimental evidence of heparin susceptibility to N-sulfate loss in hydrolytic conditions,
initially founded on proximate studies and indirect analysis (Danishefsky et al., 1960; Inoue
& Nagasawa, 1976; Jandik et al., 1996).
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Figure 3.20 The NMR spectra (HSQC) of heparin hydrolysed at pH 1/ 80 °C/ 48 h ( )
over the standard sample (black). The green arrows and grey region mark the shift of peaks
in &) anomeric and b) aliphatic regions, which reflects (the beginning of) N-desulfation of
the molecule under applied conditions.
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3.3.4.2.2 Unexpected order of reactivity of O-linked sulfates of heparin

The analysis of samples hydrolysed at pH 1/ 60 °C showed that signals A-1, A-2, 1-2, 1-3
and 1-5 were completely shifted to the positions discussed in the paragraph above
(3.3.4.2.1) after 24 h of processing (Table 3.8, orange highlight). The ‘shift termination’ of
peaks associated with N-desulfation (as discussed in 3.3.4.2.1) suggested completion of N-
desulfation process. Following this assumption, the pH 1/ 60 °C spectra were checked
against a N-desulfated heparin standard. The resemblance between compared spectra and
match between the *H/ 3C positions of the glucosamine and iduronate peaks (Table 3.8,
orange highlight), indicated that hydrolytic degradation at pH 1/ 60 °C indeed led to

completely N-desulfation of heparin, after 24 hours.
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Figure 3.21 The NMR spectra (HSQC) of heparin hydrolysed at pH 1/ 60 °C/ 24 h (orange)
over the N-desulfated standard (blue), showing the resemblance of spectra in a) anomeric
and b) aliphatic regions.

The analysis of pH 1/ 60 °C sample revealed another interesting phenomenon. The change
of 1-1 signal, which started to move downfield in 3C from 102.0 to 104.7 ppm (A= 2.7
ppm), and upfield in *H from 5.21 to 4.96 ppm (A= 0.25 ppm) (Table 3.8, orange highlight),
marked beginning of O-desulfation at carbon 2- of IdoA (Yates et al., 1996). At the same
time, as shown in Figure 3.22, the *H/ *3C positions of signal A-6 remained unchanged
(Table 3.8). This suggests that under applied conditions 2-O-desulfation is in preference to

6-O-desulfation. To highlight the importance of this finding, it should be recapped that until
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now, the hydrolytic desulfation of heparin was generalised as OS<<NS (Danishefsky et al.,
1960; Inoue & Nagasawa, 1976), with confidence that O-desulfation follows 20S< 60S
order, as in solvolytic environments (Baumann et al., 1998; Kariya et al., 2000; Nagasawa
etal., 1977). In fact, the selectivity of hydrolytic process leaned towards 2-O-sulfate rather
than to 6-O-sulfate.

To get more perspective at 6-O-desulfation, the spectra of pH 1/ 80 °C hydrolysate were
analysed. The previous studies demonstrated that loss of 6-O-sulfate is associated with the
major chemical shift of A-6 and A-5 carbon signals (Taylor et al., 2019; Yates et al., 1996)
The '*C spectra comparison of heparin standard and pH 1/ 80 °C, indeed, exposed the
upfield changes from 69.1 to 62.3 ppm (A= 6.9 ppm) at positions A-6 and downfield move
of the A-5 signal, from 71.9 to 74.2 ppm (A= 2.3 ppm). The proton positions of both peaks
moved upfield by 0.03 and 0.06 ppm, respectively (Table 3.8). As illustrated in Figure
3.23, the progressive movement of I-1 signal (102.0 — 104.7 ppm), marking the continuing
2-O-desulfation, was also observed. This suggests that the acid-catalysed, hydrolytic 6-O-

desulfation is not conditional upon 2-O-sulfate loss, and therefore, not selective.

The selectivity of hydrolytic O-desulfation of heparin needs to be discussed further. To do
so, the integral ratios of chosen signals were studied. The following analysis showed that,
at pH 1/ 60°C, the approximate integrals ratio of I-1 signals, I»s : lon, is 6.7:1, while the
ratio of integrated A-6 signals, Ae¢s: Aon, 1s 4.1:1. Therefore, at these conditions, heparin
exhibits preference towards hydrolytic secondary sulfate (2-O-S-) loss. In comparison, at
pH 1/ 80 °C, the same estimation favours 6-O-sulfate by 1.5 greater fold than at 60 °C.
Furthermore, the pH 1/ 80 °C conditions triggered glycosidic scission, which would
additionally compromise the judgment of the O-desulfation order. In addition, the results
of UV-Vis analysis (summarised in section 3.3.2.2) suggested that the cleaved units might
still hold O-sulfate groups. Nevertheless, the presented findings demonstrated that the acid-
catalysed hydrolytic desulfation of heparin is strongly dependent upon the applied
conditions and should certainly not be considered to follow the same mechanism as

solvolytic degradation.
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Figure 3.22 The NMR spectra (HSQC) of heparin hydrolysed at pH 1/ 60 °C/ 48 h (orange)
over the standard sample (black). The green arrows and grey region mark the shift of peaks
in a) anomeric and b) aliphatic regions. The shift of A-1 and A-2 marks completed N-
desulfation, while changes of I-I reflect 2-O-desulfation.
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Figure 3.23 The NMR spectra (HSQC) of heparin hydrolysed at pH 1/ 80 °C/ 48 h (red)
over the standard sample (black). The green arrows and grey region mark the shift of peaks
in @) anomeric and b) aliphatic regions. The shift of A-6 marks the beginning of 6-O-
desulfation, while I-1 reflect continuous 2-O-desulfation. The new peak signed and circled
in @) probably reflects C-1 of severed glucosamine unit.

110



Chapter 3- STABILITY OF HEPARIN IN ACIDIC ENVIRONMENTS

In addition, a new peak of coordinates 5.48 ppm/ *H; 94.8 ppm/ *C was observed in pH 1/
80 °C/ 48 h spectrum, as circled in Figure 3.23. Bearing in mind that these conditions are
sufficient to initiate glycosidic scission (see 3.3.2.1 and 3.3.2.3), the signal may represent
C-1 of free glucosamine (Pomin, 2012; Tommeraas et al., 2001). As shown in Figure 3.23,
this was the ‘only’ new signal characterised in the NMR spectrum, while the elution profile
of ion chromatography indicated the presence of other residues in pH 1/ 80 °C/ 48 h sample
(see Figure 3.12). Yet, the prolonged hydrolysis at pH 1/ 80 °C created an opportunity to
check if the NMR profile would reflect further degradation (observed by electrophoresis in
3.3.2.1 and chromatography in 3.3.2.3) of polymeric chain. However, it would be
challenging to distinguish the low levels cleaved oligosaccharides, since their NMR spectra

most probably resemble the original heparin spectrum (Guerrini et al., 2005).

3.3.4.2.3 Inside look at continuous desulfation and degradation of heparin

In electrophoretic and quantitative anion analysis (discussed in sections 3.3.2.1.4 and
3.3.3.1, respectively) samples aliquoted at 96 h and 168 h were associated with the most
characteristic changes, i.e., in electrophoresis, these were identified with depolymerisation
limits, based on elution profiles; in anion chromatography, these were thought as
boundaries between different, released sulfate groups. Therefore, both samples were chosen
to further investigate the desulfation and degradation progress of pH 1/ 80 °C hydrolysed
heparin. As previously, the NMR spectra of each sample were compared with heparin
standard. The outcome of HSQC comparison is presented in Figure 3.24 and Figure 3.25,
respectively for 96 h and 168 h hydrolysates.

The aliphatic regions of both samples still very much resembled the original heparin
(Figure 3.24 and Figure 3.25). Of course, the signals were shifted to the positions
reflecting changes in sulfation pattern (discussed in previous sections). Surprisingly, the A-
6 signal was still observed at it original (68.8 ppm/ 3C) and shifted (62.4 ppm/ 3C)
locations, confirming the ongoing 6-O-desulfation (Figure 3.24 and Figure 3.25).
Furthermore, I-1 signal that mirrored the continuing 2-O-desulfation was also observed. On
the other hand, glycosidic scission would be expected to occur at the reducing end of
polymeric chain, and logically, be reflected by changes in anomeric region. In fact, as

marked in yellow in Figure 3.24 and Figure 3.25 it was the case in both samples.
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Considering the location of new peaks, depolymerisation most probably resulted in short
oligosaccharides, composed of glucosamine and iduronate residues of different sulfation
profiles. Slow O-desulfation, pictured via NMR (and UV-Vis in section 3.3.2.2) suggests
that some of cleaved units could still hold 2-O- and 6-O-sulfate groups Furthermore, the
degradation could alter the iduronate units, which would explain low ratio of GIcN to IdoA
observed during the monosaccharide analysis discussed in section 3.3.2.3. However, this

assumption requires more detailed analysis.

112



Chapter 3- STABILITY OF HEPARIN IN ACIDIC ENVIRONMENTS

i

a |

A ’3 I
[l
i1
I

D A

- /\5_,\_,4/ \\’xﬂf M A

'é' i
0 |

b, alrew reducing end? '
Q@
N s

I
T T T T T T T T

: -

56 54 52 5.0 F2 [ppm]
b ' 0 @ »
. [
— = A-6504 '&'a
“@ ' [
\ /’ A ¢
lgj o 4
- R A6
}ut T@H—""
. w aﬁ: ",
| ; w 'y !
[ 0 . ' 0 0
RAL
R ﬁ
| 4‘5 - F2[p;nr]

Figure 3.24 The NMR spectra (HSQC) of heparin hydrolysed at pH 1/ 80 °C/ 96 h (red)
over the standard sample (black). The green arrows mark the continuous 2-O-desulfation
in @) anomeric and 6-O-desulfation in b) aliphatic regions. In a) the new, unidentified peaks
are highlighted in yellow square, while signed and green-circled probably reflects C-1 of

hydrolytically liberated GIcN unit.
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Figure 3.25 The NMR spectra (HSQC) of heparin hydrolysed at pH 1/ 80 °C/ 168 h (red)
over the standard sample (black). The green arrows mark the continuous 2-O-desulfation
in @) anomeric and 6-O-desulfation in b) aliphatic regions. In a) the new, unidentified peaks
are highlighted in yellow square, while signed and green-circled probably reflects C-1 of
hydrolytically liberated GIcN unit.
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3.3.4.2.4 NMR model of hydrolytic desulfation of heparin - concluding remarks

Although Danishefsky et al. (1960) and Inoue/Nagasawa (1976) established the hydrolytic
priority of heparin to N-desulfation over the O-desulfation in acidic pH (Danishefsky et al.,
1960; Inoue & Nagasawa, 1976), the order of the latter has not been fully studied. Based
on solvolytic degradation, examined in more detail (for general summary see Baumann et
al., 1998; or Bedini et al., 2017), the hydrolytic sulfate loss at acidic pH was believed to
follow 20S<60S<<NS order. However, the NMR analysis presented herein, demonstrated
that O-desulfation order of heparin dissolved in aqueous media is strongly dependent upon
applied conditions (both pH and temperature), and if brought to any ordered equation, it
should rather be written as 60S<20S<<NS. Furthermore, NMR analysis provided an
experimental evidence of N-desulfation priority. It was also shown that N-sulfate group
could be completely removed from heparin chain, without jeopardising the glycosidic
bonds (at pH 1/ 60 °C). Although this alteration would most probably lead to loss of
anticoagulant activity (as discussed in 3.3.3.3), which may be attractive for those who seeks
to create heparin substitutes of such reduced anticoagulation power. In contrast to N-group,
the 2-/6-O-sulfates exhibited low lability to applied conditions, and even when exposed to
harsh environments (pH 1/ 80 °C) over the long periods of time (up to 168 h) were still
detected in heparin chain. This creates the potential to adjust heparin structure and design
compound of different (to anticoagulant) functionality. Considering the reviewed order of
desulfation and significance of sulfate loss towards the character and functionality of the
molecule, the desulfation process should certainly be included in mechanism of hydrolytic
degradation of heparin in aqueous acidic environments. Hence, Figure 3.26 presents a

refinement to the mechanism previously suggested by Jandik et al. (1996).
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Figure 3.26 Proposed mechanism of hydrolytic degradation of heparin in acidic
environments based on the conclusions drawn from the experimental study presented in
Chapter 3. The individual sulfate groups liberated at each characteristic stage of the
mechanism, were highlighted in yellow. The last stage of the mechanism assumes two
pathways: one targeting the GICN/GICNS-(1— bond and resulting in GlcN monomer and
heparin oligomers (left) and one that assumes the additional scission of IdoA and further
degradation of monomeric-units (right). The bracket left after the final arrow indicates the
(probable) subsequent degradation of the polymer chain. R=H or SO3™ (conditional upon

applied factors).
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3.34.3 A second (NMR) glance at pharmacological activity of hydrolysed heparin

The results of anticoagulation tests (discussed in section 3.3.3.3) demonstrated that the
activity of samples hydrolysed between pH 2 and 6 (various aliquots) was not affected by
applied conditions. Samples hydrolysed at pH 6/ 60 °C/ 48 h showed 10-fold weaker
responses to both aPTT and PTT tests than other samples (Figure 3.17). To investigate if
the lowered activity was a consequence of structural alterations, triggered by this particular
environment, the pH 6 sample was subjected to NMR analysis (according to protocol
described in section 2.8.5). The comparative analysis of NMR spectra (heparin sample vs.

hydrolysate, spectrum not shown) did not display any structural changes in pH 6 sample.

However, as illustrated in *H spectra in Figure 3.27, citric acid, characterised by doublet
of doublets in 2.7 - 2.5 pm region (Human Metabolome Database, n.d.-b) was detected in
tested sample, regardless desalting performed primarily (as per protocol in section 2.4.3.3)

to each anticoagulant activity check.

The traces of citric acid are the results of insufficient desalting of hydrolytic sample,
buffered at pH 6 in citrate buffer (details of hydrolytic buffer systems are given in 2.2.3.4).
The aPTT and PTT procedures refer to activity in time. Therefore, measured from the
moment of addition of calcium cations (which catalyse clotting pathway) to the
experimental samples, the presence of citrate anions, which would be expected to chelate
calcium and prevent spontaneous clotting, has therefore most probably resulted in an
underestimation of the response of both tests (Partial Thromboplastin Time (PTT) Test:
MedlinePlus Medical Test, n.d.; Screening Tests in Haemostasis: The APTT, n.d.). Thus,
the decreased activity of samples subjected to pH 6/ 60 °C/ 48 h is a result of incomplete

sample clen-up during the preparation, rather than any change within the heparin structure.
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Figure 3.27 Proton NMR spectrum of pH 6/ 60 °C/ 48 h sample, which showed low(er)
anticoagulant activity in aPTT and PTT study, with zoomed in doublet of doublets typical
of citric acid.

3.4 THE KINETIC APPROXIMATION OF HYDROLYTIC DEGRADATION
OF HEPARIN IN ACIDIC ENVIRONMENTS

341 Introduction

Once described, kinetics is a powerful tool that can be used to control or manipulate a
chemical reaction. In order to do so, one will have to understand the rate with which the
reaction proceeds as well as the influence of factors, such as the reaction temperature,
concentration of reactants, action of catalysts or the nature of reaction medium (Sun, 2004;
Tanford, 1961). The study of reaction kinetics usually goes hand in hand with the
elucidation of the reaction mechanism, especially in case of degradation studies (Bauer et
al., 2012; Loftsson, 2013; Sinko, 2011). In case of macromolecules, like polysaccharides,
it is hard to specify their exact behaviour in a studied system, particularly if the degradation
of heterogenous compounds is considered. Consequently, the kinetic description of many
macromolecules could not be distinguished at all, or in best case scenario, would be
approximated to random scission (Bradley & Mitchell, 1988; Karlsson & Singh, 1999;
Melander & Tgmmeraas, 2010; Morris et al., 2009; Temmeraas & Melander, 2008)
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The objective of this section is to formulate a kinetics approximation for degradative
reactions of heparin, catalysed by acidic pH in aqueous systems. The platform for this task
were results discussed in section 3.3 of this chapter. Considering system complexity, the
“approximation” concept needs to be emphasised, while the presented model should be
considered as theoretical. Yet, to strengthen the presented idea, chosen data were plotted
Figure 3.28 and Figure 3.29 according to standard kinetic law, as demonstrated in section
3.4.3. The ‘lack of kinetic fit” emphasised that the standard kinetics approach was not
appropriate to accurately describe degradative process of heparin, observed in acidic

environments.

3.4.2 Proposed kinetic model of hydrolytic degradation of heparin in acidic
environments

To support the estimation of Kinetic equation describing the hydrolytic degradation of
heparin in acidic environments, it was found useful to summarise the changes discussed in

section 3.3 in a schematic reaction flow.

Firstly, the cationic dye staining (summarised in 3.3.2.1.3), sulfate anion analysis
(discussed in 3.3.3) and comprehensive NMR study (discussed in 3.3.4.2.1) helped to
establish the primary lability of N-sulfate groups of heparin to aqueous acidic
environments. In fact, it has been shown that heparin, subjected to pH 1/ 60 °C, could be
completely N-desulfated (for details, see section 3.3.4.2.1). Thus, the N-desulfation was
proposed as a first stage of degradative mechanism, presented in Scheme 3.1. N-desulfation
has been considered as a “completed” reaction, hence, it was kinetically separated (to

simplify the estimation) and summarised in scheme 3.1.:

ke
Heparin — Heparin_ys Scheme 3.1

where, k-ns is the N-desulfation rate constant of heparin.

Before approaching the kinetic estimation, the following assumptions were noted. Firstly,
as discussed in section 1.4.4, the hydrolytic reaction was run so largely in excess of solvent
(water) that its concentration was considered constant in given system and the system itself

was described by “apparent” or “pseudo” first order. Ergo, the further discussed rate
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constants should be considered as “observed”. Secondly, the studied system was buffered,
with the pH controlled over the reaction time. Therefore, the general acid-base catalytic
impact of buffering species was neglected (as discussed in 1.4.4.2.3). On the other hand,
considering the specific acid-base catalysis (discussed in 1.4.4.2.1), the estimated rate
constants would be strongly dependent upon the concentration of protons, and therefore
pH, as shown in equation 1.30. Finally, the reactions of discussed schemes were treated as

homogeneous.
Following the kinetic assumptions, the rate of N-desulfation of heparin in Scheme 3.1, was

summarised as:

d[Hep]
dt

= —k_ps - [Hep] 3.3

where k-ns is a pseudo- N-desulfation rate constant, while Hep is the concentration (or other
easily measurable characteristic properties, e.g., molecular weight) of heparin at the
reaction time t. By integrating the equation 3.3 in line with rearrangements presented from

equation 1.10 to equation 1.12, it can be written as:

[Hep]tz —k ot or [Hep],
[Hep]o NS [Hep]o

= exp(—k_pst) 3.4

and changing the notation to match Scheme 3.1, i.e.: Hept — Hep-ns ; Hepo — Hep, the
equation 3.4 can be re-written as:

In [Hep]—zvsz koot [Hep]_ns
NS [Hep]

= exp(—k_yst) 3.5
[Hep] p NS

If the rate constant k-ns is known, the equation 3.5 could be used to predict how the
concentration (or molecular weight) of heparin is changing with respect to time t.
Furthermore, as discussed in section 1.4.4.4, the reaction rate was assumed to follow the
Arrhenius dependence of temperature. Thus, using the Arrhenius relation, shown in

equation 1.22, equation 3.5 can be re-written to include the influence of temperature:

120



Chapter 3- STABILITY OF HEPARIN IN ACIDIC ENVIRONMENTS

it e (170 (52)1)

where T is temperature (K), Eais activation energy (J/mol), A is called the frequency factor

and R is the universal gas constant (8.314 J/K-mol).

NMR analysis of acid hydrolysed heparin, discussed in section 3.3.4.2.2, showed that the
process following N-desulfation is 2-O-desulfation. At the same time, it was shown that the
selectivity between 2-O-desulaftion and subsequent 6-O-desulfation was relatively low
(3.3.4.2.2). Therefore, it could be assumed that the 2-O-desulfated and 2/6-O-desulfated
products would be simultaneously present in the studied system. Furthermore, none of these
reactions were completed before an actual depolymerisation of glycosidic bonds between
the elementary units of heparin, caused by prolonged acid treatment, as shown in section

3.3.4.2.3. In essence, the state of such system could be written as:

k_;
H . — Heparin_ys_»s
eparin-ns k_25-6s ] kq ]
—— Heparin_ys_,s5_¢s — degradation products

Scheme 3.2

where k-5 is a pseudo-2-O-desulfation rate constant, k-2s.6s is a pseudo-2/6-O-desulfation

rate constant and kg is a pseudo-degradation rate constant.

Without doubt, the sequence of reactions summarised in Scheme 3.2 is extremely
complicated to be kinetically described. Obviously, none of the above reactants would
reach their concentration maximum in examined system. Rather, the concentration of N-
desulfated heparin, Heparin -NS, would only decrease, the concentrations of N-2-O-
desulfated heparin, Heparin -NS-2S, and degradation products would only increase, while
the concentration of N-2/6-O-desulfated heparin, Heparin -NS-2S-6S, would be exposed to
both changes.

Focussing only on desulfation, presented in Scheme 3.2, the kinetics of these reactions
could be described via parallel model (Loftsson, 2013; Yablonsky et al., 2010; Zhou et al.,
2016, this work 1.3.3), i.e.:
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d[Hep]_ys

T = —(k_zs + k_35-6s) - [Hep]_ns 3.7

d[Hep]_ns—2s

dt = k—ZS ' [Hep]—NS 38

d[Hep]_ns—2s-6s
dt

=k_2s-6s " [Hep]-ns 3.9

To solve equation 3.6, the integration and differential calculus as in equations 1.10 - 1.12

apply, which gives:

[Hep]_ns = [Hep]_nso exp(—(k_zs + k_35_65)t) 3.10

The substitution of equation 3.10 to 3.8 allows to solve the latter, i.e.:

d[Hep]_ys—
alepl-ns-2s _ k_ps - [Hep]_ns
dt
d[Hep]_ns-2s

I =k_zs- {[Hep]—NS,O exp(—(k_ps + k—zs—es)t)}

[Hep]-Ns-2s [Hep]-Ns-2s 3.11

f d[Hep]_ys—25 = f k_ss- {[Hep]—zvs,o exp(—(k_ps + k—zs—ss)t)} dt

0 0

k_ss
k_zs+ k_35_6s

[Hep]-ns—2s = [Hep]_ns,o (1 —exp(=k_zs + k_p5-65)t)

similarly, equation 3.9 gives:

k_ss_
25-65 3.12

[Hep] -ns—-2s-65 = [Hep]—NS,O ——————— (1 —exp(—k_ps + k_35_¢5)t)
k_zs+k_25-6s

and therefore:
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[Hep] _ns-2s _ k_zs
[Hepl_ns—25-6s  Kk—25-65

3.13

Through the equation 3.12, the changes of reaction rates could be estimated accordingly to
reagents concentrations, and vice versa, concentrations could be calculated based on known

reaction rate.

The equations 3.7 - 3.9 apply if desulfation is the sole process in hydrolytic system.
However, the NMR studies of heparin sample degraded in acidic pH 1 and 80 °C for longer
than 48 h showed that N-2/6-O-desulfated products were a subject of further degradation,
as shown in Scheme 3.2. To include this step in kinetic approximation, the equation 3.8
would be change accordingly (Loftsson, 2013; Yablonsky et al., 2010, this work 1.3.3):

d[Hep]_ns—zs-
dIZS = = (k—2s5-6s * [Hep]-ns) — (ka * [Hep]-ns-25-6s) 3.14

and

d[P]
ar ka - [Hep]-ns-25-6s 3.15

where P equals to concentration of degraded products.

The value of [Hep -NS] was substituted from equation 3.10 (Einbu & Varum, 2008) , thus
the equation 3.14 solves as:
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[Hep] _ns—2s-6s

f [Hep]_ns-25-65 =

0

[Hep_ps] [Hep_Ns—25-65]
f (k_2s—¢s " [Hep]_ys)dt — f (kq - [Hep]-ns-2s-65) dt 316
0 0 .

[Hep_ns—2s-65] =

(k_2s—6s " [Hep_ys]o) - (1 — exp((kd —k_ 3526 — k—Zs)t)>
k_zs + k_25_62 — ka

exp(—t-kq) + <[H€P—Ns—zs—es]o +
As the lower part of Scheme 3.2, that includes degradation product, follows the steps of
consecutive reactions, i.e.: [Hep -NS] — [Hep -NS-2S-6S] — [P], the relation between the

concentrations of reagents could be related (Loftsson, 2013; Yablonsky et al., 2010):

[Hep_ns] = [Hep_ys] + [Hep_ns—2s-6s] + [P]; thus

3.17
[P] = [Hep_ns] — [Hep_ns] — [Hep_ns—-25-6s]

The relation 3.17 allows the omission of the complicated integration and differential
calculus of equation 3.15. Instead, the concentration of degradative products [P] could be
estimated by subtraction of values of [Hep-NS] and [Hep-NS-2S-6S], calculated via
equations 3.10 and 3.16, respectively, from the initial concentration of [Hep-NS]. With
known [P], the degradation rate constant kq can be determined according to equation 3.15.
Additionally, to estimate the influence of temperature towards any of discussed steps, the

equations 3.10 - 3.16 could be re-written with Arrhenius relation, as in example 3.6.

Before closing the section concerning kinetics of acid catalysed hydrolytic degradation of
heparin, the short note regarding the Scheme 3.2 is required. Although such presentation of
hydrolytic reactions may not be perfectly accurate, it was considered as the best theoretical

match. If, for example, all reactions would be written in consecutive flow, i.e.:
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. k_zs . k_2s-62 . ka
Heparin_ys —— Heparin_ys_,s —— Heparin_ys_,s_¢s — degraded product

Scheme 3.3

This suggests that 6-O-desulfation is conditional upon 2-O-desulfation. Furthermore,
Scheme 3.3 implies that the 2-O-desulfated and 6-O-desulfated products would reach
concentration maximum prior to following step (Loftsson, 2013; Sinko, 2011; Yablonsky
et al., 2010; Zhou et al., 2016), which according to analysis summarised in section 3.3.4 is
not true. Under applied conditions, 2-O-desulfation and 6-O-desulfation of heparin were
continuous processes (3.3.4). The flow presented in Scheme 3.2 allows such an assumption

and give a chance to estimate how the concentrations of one species influence the others.

Furthermore, to simplify calculations, the relation between 2-O-desulfated and 6-O-
desulfated product was summarised in Scheme 3.2. As mentioned (for details, see
3.3.4.2.2), loss of 6-O-sulfate group follows 2-O-desulfation, but is not selective. Of course,

the extra step could be added to Scheme 3.2:

k_2s .
— Heparin_ys_»s

Heparin_yg i Scheme 3.4

25—6S

k_25-6s . kq .
Heparin_ys_,s_¢s — degradation products

To solve this relation matrix modelling would be required (Korobov & Ochkov, 2011b,
2011a). As the parallel reactions of Scheme 3.2 also assume the relation between 2-O-
desulfated and 6-O-desulfated heparins (according to equation 3.13), at this point of
experimental approach it was found satisfying.

3.4.3 The choice of Kinetic plots in a proof-of-concept verification of presented
kinetic approximation of acid hydrolysed heparin

Without a doubt the kinetics approximation of hydrolytic degradation of heparin in acidic
environments, presented in previous section 3.4.2, does not represent the simplest model.
Faced with the complicated estimations that require further modelling and deeper numerical
analysis one could question if the observed rearrangements, summarised in section 3.4.2,

would not fit simpler kinetic equations. The easiest way to extract rate laws of
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intramolecular processes, like degradation, is certainly the graphical method. If the
collected data, plotted as a function of time according to tested rate law, are linear, it means
that assumed kinetic model of investigated system fits the rate law hypothesis (Loftsson,
2013; Sinko, 2011; Tanford, 1961; Zhou et al., 2016).

Taking into account the excess of water the hydrolytic reaction of heparin was assumed to
follow the pseudo-first order kinetic law. If the degradation of heparin in acidic aqueous
solutions (desulfation and following depolymerisation) could be described by single rate
law equation, it would take a form of equation 1.12, which once plotted with experimental
data, would be a straight line. As the change of molecular weight of heparin over time
reflected all the degradative processes (desulfation and depolymerisation), it could be used

to test above hypothesis. Accordingly, equation 1.12 could be re-written as:

In My pep, = —kopst +1n My, ep, 3.18

where Mw,nept equals molecular weight of heparin at the reaction time t and My Hepo equals
initial molecular weight of heparin (at reaction time t = 0). To create the plot, the equation

3.18 could be written as:

In MW,Hept = _kobst + In MW,HepO

1 3.19
y=-mx+b

Following the above hypothesis, molecular weight data of hydrolysed heparin collected
via SEC-MALS-RI (see 3.3.1) were applied for Kinetic plots presented in below figures.
Yet, it should be taken in to account that molecular weights of heparins analysed by size
exclusion chromatography were estimated with relatively high measurement error (see
Figure 3.3), therefore presented plots should be treated as approximated estimations of
limited accuracy. Nevertheless, as shown in Figure 3.28, the plot of natural logarithm of
molecular weight of heparin, measured after hydrolysis at pH 1/ 80 °C/ from up to 168 h,

and presented as a function of time is far from being a linear function. The shape of the plot
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suggests that description of hydrolytic degradation of heparin via single first-order kinetics

equation, like in 3.19, would be inadequate estimation.
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Figure 3.28 The natural logarithm of molecular weight of heparin, measured after

hydrolysis a) pH 1/ 80 °C over 168 h, plotted as a function of time according to first-order
kinetics equation. Figure b) shows the magnification of the first 48 h in a).

To test if the shape of the plot in Figure 3.28 was not a result of an incorrect assumption
regarding the reaction (pseudo-first) order, the data were also plotted following the pseud-
second order kinetics (for mathematical principals of second-order law see for example

Bauer et al., 2012; Loftsson, 2013), the equation of which was rearranged as:

1
——— = kopst +
MW,Hept ops MW,H@PO
L 3.20
y=mx+b

However, as presented in Figure 3.29, changing the order rate did not improve plot shape.
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Figure 3.29 The fraction of molecular weight of heparin, measured after hydrolysis at pH
a)1/ 80 °C/ 168 h, plotted as a function of time according to second-order kinetics equation.
Figure b) shows the magnification of the first 48 h in a)

The deviation from linearity in Figure 3.28 strengthens the hypothesis regarding the
approximated kinetics presented in section 3.4.2, and prior to a full test of equations 3.10 -
3.17 against the numerical data, which would be an interesting task for future study, can
serve as proof-of-concept of assumed kinetic model of heparin degradation in acidic

environments.

3.4.4 Concluding remarks

The kinetic approximation concerning the hydrolytic desulfation (NS-, 20S-, 60S-) and
following glycosidic scission of heparin chain, catalysed by acidic treatment, was designed
according to parallel and consecutive-based reaction scheme. The presented approximation
was based on experimental results; however, it was not tested against the numerical data.
The first-order and second-order kinetic plots for molecular weights of heparin measured
at pH 1/ 80 °C over 168 h were applied to support kinetic hypothesis. Yet, until testing, the
presented models should be as theoretical concept. Due to the complexity of approximated
equations, these ideally would require matrix or graphical modelling against experimental
data that could be approached via Mathcad, Maple or MATLAB software (Einbu & Varum,

2008; Korobov & Ochkov, 2011) and would be an excellent challenge for future work.
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3.5 CHAPTER CONCLUSIONS

This chapter has focused on the physicochemical changes of heparin in aqueous media,
catalysed by acid environments (pH 1 - 6) and temperature (40, 60 and 80 °C), which were

followed over time (up to 168 h) through a variety of analytical techniques.

Heparin appeared to be resistant to glycosidic scission when subjected to hydrolysis at pH
from 1 to 6, at 40 °C and 60 °C. On the other hand, under the following conditions: pH 1 —
2/ 40 °C; pH 1 - 3/ 60 °C; pH 1 — 4/ 80 °C the amount of hydrolytically cleaved sulfate
could alone account for the molecular weight loss of polymer. Actual chain
depolymerisation was initiated around the 24™ hydrolytic hour in pH 1/ 80 °C and
proceeded with time, although at limited rate. The following conditions: pH 3 — 6/ 40 °C;
pH 4 — 6/ 60 °C; pH 5 — 6/ 80 °C did not induce any critical intramolecular changes of
heparin. Thus, when applied in industrial or research applications, these environments can

be considered as safe, regarding stability or functionality of the molecule.

Monosaccharide analysis and NMR spectra of prolonged hydrolysates (pH 1/ 80 °C)
suggested that through the partial chain degradation the glucosamine, iduronate and
unknown oligosaccharide units could be released, of which the first two may undergo
further degradation. Nevertheless, the crucial finding of this study, which marks 60 years
since pioneering work of Danishefsky et al. (1960) on hydrolytic desulfation of heparin,
was to experimentally confirm that desulfation in fact is a primary degradative process of
heparin in aqueous media, with a selectivity strongly dependent upon applied conditions
that could be generally summarised as 60S<20S<<NS.

Furthermore, the processes of hydrolytic desulfation (NS-, 20S-, 60S-) and glycosidic
scission of the heparin chain, catalysed by acidic treatment, were presented via the parallel
and consecutive-based reaction scheme. This allowed the approximation of kinetic model
that could fit the analysed system and be further used to characterise the thermochemical
degradation of heparin for new, pharmacological derivatives. However, the applicability of

estimated model required closer examination against numerical data.
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4.1 INTRODUCTION

Although the anticoagulant and antithrombic properties of heparin have been mostly
utilised in clinical practice (Jaffer & Weitz, 2014; Mulloy, 2012; Onishi et al., 2016), during
the century of use, many additional pharmacological features of the molecule have been
investigated (for detailed review see, for example Limaetal., 2017; Meneghetti et al., 2015;
Mulloy et al., 2015). The thorough analysis has helped to establish the relationship between
the pharmacological response of heparin and its physicochemical parameters, including
molecular weight, conformation, and charge distribution (as discussed in section 1.2.3).
Among these, the charge distribution, more specifically- the distribution of sulfate groups,
has been found to drive the diverse activities of heparin (Raman et al., 2013; Skidmore et
al., 2008). Thus, the strategy to develop heparin derivatives with different pharmacological
properties and to expand its therapeutical profile strongly relies on modification of sulfation
patterns.

The selectivity of hydrolytic desulfation in acidic environments was considered as limited
to N-sulfate (as discussed in introduction to Chapter 3). Hence, the influence of alkaline
conditions on sulfation and general conformation of heparin gained more attention. It has
been reported that alkaline treatments (sodium hydroxide; pH 11- 13) not only alter the
sulfation parameters, but also led to various structural modifications, dependent upon
applied environments. Previous studies revealed that strong alkali (NaOH) causes the
rearrangement of the 2-O-sulfated iduronate (IdoA(2S)) into 2,3-epoxy-a-L-guluronate

(2,3-epiGulA) or desulfated a-L-galacturonate (GalA) or 2-O-desulfation of acid residue
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(IdoA), in relation to applied conditions specified in Figure 4.1 (Casu & Lindahl, 2001;
Jaseja et al., 1989; Rej & Perlin, 1990). Furthermore, it was shown that at high pH, the 3-
O-sulfate group of N,3-sulfated (GIcNS(3S)) and oversalted (GIcNS(3,6S)) glucosamine
exhibit an unusual closure to 2,3-N-sulfoaziridine ring (Santini et al., 1997), as in Figure
4.1. Each of these possible modifications altered the sulfation pattern, conformation and

molecular weight of heparin, which naturally resulted in activity changes.

1doA(25)-1,4-GIcNS(3,68)  0s0,
o
i Ho o)
00C—7" g "0380

NASO;"
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IdoA 2,3-epiGulA GalA 2,3-NS-aziridine

Figure 4.1 Reaction scheme summarising the structural changes of the 2-O-sulfated
iduronate and N,3,6-sulfated glucosamine units of heparin chain, catalysed by various
alkaline conditions. Figure based upon the literature discussed in text above, i.e., (Casu &
Lindahl, 2001; Jaseja et al., 1989; Rej & Perlin, 1990; Santini et al., 1997).

During the development of alkali-catalysed heparin derivatives both iduronate and
glucosamine residues have demonstrated lability to alternative modifications shown in
Figure 4.1. Base hydrolysis of heparin benzyl ester, industrially applied in the production
of low molecular weight products (Enoxaparin), usually leads to the formation of 2,3-
epoxyuronic acid (unsaturated uronic acid) at the non-reducing end (Gray et al., 2008; Lima
et al., 2011; Linhardt, 1992; Linhardt & Gunay, 1999). The same mechanism may also
result in alterations at reducing terminus, which promotes two bicyclic forms of amino-
sugars, i.e., 1,6-anhydro-glucosamine and 1,6-anhydro-mannosamine (Fareed et al., 2005;

Mascellani et al., 2007). The alkali-catalysed epimerisation to 2-deoxy-6-O-sulfo-2-
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sulfamino-D-mannose has also been reported at N,6-sulfated glucosamine (GICNS(6S)) (the
Lobry de Bruyn — van Eckenstein rearrangement) (Yamada et al., 1998), as well as at N-

acetylated terminus (Toida et al., 1996).

Undoubtedly, each of the discussed studies examined the effect of harsh alkaline
environments upon the structural features of heparin and contributed to the general
knowledge about its molecular stability. However, the ‘harsh’ conditions had been the key
to these rearrangements. Besides the research that specifically focuses on such structurally
altered units, the reviewed environments have a limited applicability in purification,
preparation, and storage of pharmacologically active heparin. During the extraction of
heparin from porcine mucosa the maximal pH is around 11, the temperature generally does
not exceed 80 °C and the product would be never left unneutralised prior to lyophilisation
(Linhardt et al., 1990; Van Der Meer et al., 2017). Furthermore, the pH of the final heparin
solution is between 5.0 — 7.5, with maximum storage temperature of 40 °C (LEO Pharma
A/S, 2016; LEO Pharma Inc & LEO Pharma A/S, 2016; Pharmacopeial Forum, 2009).
From the industrial perspective, the stability studies of heparin at less harsh alkaline
environments would be more beneficial, as more relevant to applied manufacturing process.
Also, the extension of studies to milder conditions would complement the stability picture
of heparin in alkaline environments and assess the scope of rearrangements presented in

Figure 4.1.

Considering the discussed analytical gap, in this project the stability of heparin was
examined in alkaline environments at pH7-12, at 40, 60 & 80 °C, as a function of time (up
to 168 h). The choice of analytical techniques summarised in section 4.2, allowed the
investigation of a variety of heparin features. The results of undertaken studies are
presented in section 4.3 and were critically examined with respect to the applied conditions.
The kinetic model describing the studied system is proposed in section 4.4. The major

findings are finally summarised at the end of chapter, in section 4.5.

4.2 SUMMARY OF APPLIED ANALYTICAL METHODS

The complete experimental procedure of alkaline hydrolysis of sodium salt porcine
mucosal heparin (Mw,o = 20,000 g/mol, Mw/Mn = 1.1) is presented in section 2.1, while
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Figure 4.2 below briefly summarises the hydrolytic protocol. The analytical methods
applied to investigate the physicochemical changes caused by hydrolytic conditions are
summarised in Table 3.1 in previous chapter (Chapter 3), while more detailed description

of each technique is given in the Experimental Chapter (Chapter 2).
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Figure 4.2 Graphical illustration of heparin hydrolysis process in alkaline environments.

4.3 RESULTS AND DISCUSSION

4.3.1 The effect of alkaline environments on molecular weight of heparin as a
function of time and temperature

43.1.1 Results of average weight molecular weight analysis

The first analytical step was directed towards understanding the effect of alkaline
environments on molecular weight of heparin, similarly to the previous chapter, which
focused on heparin stability in acidic environments (Chapter 3). The average weight
molecular weight (My) of thermally stressed heparin (40, 60, 80 °C) in alkaline
environments (pH 7 - 12) were followed via size exclusion chromatography (for analytical
details see 2.3). Elution profiles of selected samples are presented below in Figure 4.3. The
collected molecular weights were plotted as a function of time (up to 168 h) in Figure 4.4.,
with averaged uncertainties defined as 95% confidence intervals of triplicated
measurements. Subsequently, the approximate decrease of My (%) were calculated (chosen

hydrolysates), with data summarised in Table 4.1
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Figure 4.3 Elution profiles of heparins hydrolysed at a) pH 7/ 80 °C after 24 h, b) pH 9/
60 °C after 24 h, and c) pH 12/ 40 °C after 24 h. The sample buffer in b) (boric acid buffer
for pH 9) was eluted with mobile phase, thus buffer peak is not visible. Samples were
analysed via size exclusion chromatography with multi-angle-light-scattering detector and
refractive index detector. Presented chromatograms are results of normalized (against the
highest value) refractive index assessment.
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Figure 4.4 Average weight molecular weight of heparin hydrolysed at a) 40 °C, b) 60 °C,
and c-d) 80 °C, plotted as function of time at pH 7 - 12. The averaged uncertainty defines
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The negligible changes of molecular weight of heparin hydrolysed between pH 7 and pH
11, at 40 °C, characterised by almost straight line (over the analysed time) in Figure 4.4a,
marks the stability of molecule at these conditions. The maximal, 15% loss in average
weight molecular weight, observed at this temperature (40 °C), was noted for heparin
subjected to pH 12/ 48 h (Table 4.1).

The incubation at 60 °C led to a steady decrease of molecular weight of heparin over the
studied time, at each of tested alkaline pH, as visualised by Figure 4.4b, with maximum
reaching 19% at pH 12/ 48 h, and approximately 11% loss at the same time-point (48 h)
from pH 7 to pH 11. Interestingly, the temperature increase from 60 to 80 ° C did not
significantly accelerate the molecular weight loss at pH ranging from 7 and 11, increasing
it only by 2% (on average) per-time point (Table 4.1), with a plateau observed between 12
hand 48 h, as in Figure 4.4c. A considerable, 10% drop in molecular weight was observed
after only 0.25 h at pH 12/ 80 °C, as shown in Figure 4.4d and Table 4.1. Afterwards, the
rate of molecular weight loss at these conditions was consistent, with maximum decrease
of 32%, noted after 168 h (Table 4.1).

4.3.1.2 Concluding remarks

In contrast to acidic environments, discussed in section 3.3.1, the alkaline conditions
catalysed steady decrease of molecular weight of heparin. The most significant changes in
molecular weights of polymer were observed at the harshest of applied conditions, i.e., pH
12/ 80 °C, while at pH 1/ 80°C/ 168 h the molecule lost approximately 92% of initial
molecular weight, which was further associated with chain fragmentation and almost total
desulfation (see chapter concluding remarks 3.5), here (pH 12/ 80 °C/ 168 h) only 32%
decrease was observed. In the past similar modest reductions of molecular weight of
heparin (under alkaline environments) was associated with the intramolecular conversion
of iduronate proceeded by desulfation (2-O-desulfation), rather than depolymerisation of
polysaccharide chain (Holme et al., 1996; Jaseja et al., 1989). The following analysis aimed

to examine this theory in the light of applied conditions.
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Table 4.1 Summary of approximate average weight molecular weight decrease (%) of
alkaline hydrolysed heparins (chosen time-points) in respect to the initial heparin standard.

Approximate weight-average molecular weight decrease @

Heparin
Hydrolysates pH 7 pH 8 pH 9 pH 10 pH 11 pH 12
0.25h <1% <1% <1% <1% <1% 2%
o 6h <1% <1% <1% <1% 2% 8%
é 12 h <1% <1% <1% <1% 3% 11%
24 h <1% <1% <1% <1% 3% 13%
48 h <1% <1% <1% <1% 7% 15%
0.25h <1% <1% <1% 3% 4% 6%
o 6h 4% 5% 6% % 9% 13%
Zoo 12 h 6% 7% 9% 9% 11% 16%
24 h 7% 8% 9% 10% 11% 18%
48 h 9% 9% 11% 12% 12% 19%
0.25h 3% 4% 4% 4% 9% 10%
6h 7% 8% 8% 9% 11% 14%
12 h 9% 9% 9% 9% 13% 19%
O | 24h 9% 9% 9% 10% 13% 23%
:oo 48 h 9% 9% 12% 12% 14% 24%
96 h 27%
120 h 28%
168 h 32%

2 Calculated by subtracting Mw (g/mol) of hydrolysate from the My, (g/mol) of initial heparin standard
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4.3.2 The influence of applied alkaline conditions on glycosidic bonds of
polysaccharide — verification of chain fragmentation

43.2.1 PAGE-based reducing-ends assay

PAGE electrophoresis-based reducing-end assays previously confirmed/excluded the
hydrolytic scission of glycosidic bonds of heparin in acidic environments, as presented in
section 3.3.2.1. The main advantage of this straightforward technique was direct indication
of heparin chain depolymerisation from the fluorescent bands illuminated on acrylamide
gel while the cationic dye (Azure A) staining allowed the preliminary assessment of
molecular desulfation of studied samples according to the changes of colour intensity (for
more details, see section 2.4). Both features (depolymerisation and desulfation) of heparin
in alkaline conditions were questioned after the molecular weight analysis (discussed in

4.3.1). Hence, advantage of PAGE-based reducing-ends assay was taken again.

4.3.2.1.1 Fluorescent analysis of alkaline hydrolysates of heparin

Taking the advantage of optimisation process, described in section 3.3.2.1.1, heparin
samples (100 pg), hydrolysed at pH 10 — 12, at 40, 60 and 80 °C (various time-points),
which were characterised by noticeable molecular weight loss (as discussed in section
4.3.1), were ANDSA-labelled, loaded onto the separate gels and submitted to
electrophoresis (for details of electrophoresis see 2.4). Illustrative images of fluorescently
visualized gels are shown in Figure 4.5 and Figure 4.6. As presented in Figure 4.5, no
bands were eluted (besides standards) from gels corresponding to hydrolysis carried at pH
10— 12, up to 48 h, at any of the studied temperatures. Furthermore, the prolonged (to 168
h) incubation at pH 12/ 80 °C also did not result in band visualisation, as shown in Figure
4.6. The collected results suggested that these conditions were insufficient to break the
glycosidic linkages between heparin units to any significant extent, while this was expected
to be true for pH 10 and pH 11 (considering the limited molecular weight loss), the results
collected for prolonged pH 12 hydrolysis were certainly very interesting. The lack of bands,
ergo, the lack of new reducing ends, implies the lack (or very limited) depolymerisation.
Thus, it could be initially assumed that the 32% loss of molecular weight observed at these

conditions was not associated with depolymerisation of polysaccharide chain.
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40 °C

Hydrolysis time-points
Std. 0.25h 1h 3h 6h 9h 12h 24h 48h

60 °C

Hydrolysis time-points

80°C

Figure 4.5 Fluorescent images of acrylamide gels of alkaline degraded heparins.
Comparison of samples aliquoted at various time-points at pH 10, pH 11 and pH 12
degradation, at 40, 60 and 80 °C. Std- standard dp ladder.

Hydrolysis time-points Hydrolysis time-points
Std. H,O 24h 48h 72h 96h 120h 144h 168h Std. H,O 24h 48h 72h 96h 120h 144h 168h

dp 14

dp 10
dp8

dp6

dp4

g ip2

Figure 4.6 Fluorescent image of acrylamide gel, showed in inverted colours, of extended
alkaline hydrolysis of heparin (chosen time- points), caried in pH 12 at 80 °C. Std- standard
dp ladder.
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4.3.2.1.2 Cationic dye staining of alkaline hydrolysates of heparin

Data collected in the first stage of the PAGE assay suggested the limitation of applied
alkaline conditions to catalyse the scission of heparin glycosidic bonds. Earlier analysis
demonstrated the lability of the sulfate groups on heparin to agueous acid environments (as
discussed in 3.3.2.1.3). Thus, the advantage of cationic dye staining (protocol given in
2.4.4.4) was taken to initially assess the desulfation capacity of heparin at alkaline
conditions. However, no considerable changes in colour intensity of cationic dye were
observed for samples hydrolysed at pH 10 — 12, up to 48 h, at all three studied temperatures.
Again, while the results of samples collected at pH 10 and pH 11 were not surprising
(considering the limited molecular weight loss), these of pH 12, especially of prolonged
hydrolysis, were more interesting. As shown in Figure 4.7, the strength of staining was
neither altered over time, nor by temperature. The colour of Azure A was slightly brighter
than the heparin standard between 24 and 168 h (Figure 4.7d), however it did not fade, like
in acidic example presented in Figure 3.7. The colour intensity of Azure A-saccharide
complex mirrors the sulfation content of the latter (Mulloy et al., 2015; Powell et al., 2010),
therefore, its limited change would justify limited sulfate loss. It may therefore be assumed
that alkaline hydrolysis did not alter the sulfation profile of heparin to any significant
extent, which would most probably exclude desulfation as a major factor affecting the
molecular weight of heparin.

4.3.2.1.3 PAGE electrophoresis concluding remarks

The aim of PAGE based reducing-ends assay was to qualitatively assess the extent of
hydrolytic depolymerisation and desulfation of heparin in alkaline conditions. The analysis
was thought of as a first step towards explanation of molecular weight loss of
polysaccharide, demonstrated in previous section 4.3.1. The fluorescent and cationic dye
tagging of hydrolysates exposed the limitation of degradative processes (glycosidic scission
and desulfation, respectively) at the studied alkaline conditions. The collected results return
the attention towards the hypothesis of alkali-catalysed intramolecular changes of heparin
(iduronate, specifically) and their effect upon the molecular weight of heparin, regardless
to depolymerisation (stated at the end of previous section, see 4.3.1.2) (based on Holme et
al., 1996; Jaseja et al., 1989). The following analysis intended to take a closer look at this

theory.
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Hydrolysis time-points Hydrolysis time-points
Std.0.25h 1h  3h 6h 9h 12h 24h 48h Hep. Std.0.25h 1h 3h 6h 9h 12h 24h 48h Hep.
[ N 1 b\ e
p 14
p 10
dp8
Hydrolysis time-points Hydrolysis time-points
Std.0.25h 1h 3h 6h 9h 12h 24h 48h Hep. Std. 24h 48h _60h 72h 96h 120h 144h 168h Hep.

[ d

Figure 4.7 Images of acrylamide gels of heparin hydrolysed at pH 12 at a) 40 °C, b) 60 °C
and c-d) 80 °C (chosen aliquots), stained with Azure A dye; Hep- unhydrolysed heparin
reference standard. Std- standard dp ladder.

4.3.2.2 UV-Vis spectrophotometry

UV-Vis spectroscopy has been used to highlight the scope of alkaline and enzymatic
hydrolysis of GAGs, by measuring the absorbance of electromagnetic radiation at 232 nm,
characteristic for unsaturated iduronate at new reducing terminus of alkali/enzymatically
treated samples (Deakin & Lyon, 2008; Limtiaco et al., 2011; Powell et al., 2010; Ucakturk
et al., 2014). Although the reducing-ends assay indicated the limitation of applied alkaline
conditions towards glycosidic scission of heparin bonds, it cannot be excluded that the
imposition of these environments affected iduronate. Therefore, the absorbance of post-

hydrolytic alkaline samples of heparin was verified.

Samples subjected to UV-Vis examination were chosen upon the considerable molecular
weight loss, according to data summarised in section 4.3.1. Thus, samples hydrolysed at
pH 10 - 12, at 40 °C, 60 °C and 80 °C (various time-points) were checked (according to
protocol given in section 2.5.4). The lack of 232 nm absorbance in any of analysed samples,

even after prolonged hydrolysis at pH 12/ 80 °C, as illustrated in Figure 4.8, suggests
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absence of absorbing units, ruling out the depolymerization and rearrangements of reducing
IdoA to unsaturated specie. The differences between the plotted absorbance spectra are
result of systematic error (instrument acquisition) and magnification rather than the result
of increasing absorbance. The peaks, similar to these observed in Figure 3.8 after the acid

hydrolysis, were not observed after the alkali treatment.
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Figure 4.8 The absorbance spectra of sample hydrolysed at pH 12/ 80 °C over the 168 h.
Each line represents hydrolytic time-point, plotted in ascending manner, i.e.: a) 0.25 (the
lowest), 1, 3, 6, 9, 12, 24, b) 48, 72, c) 96, 144, c) 168 h (the highest). The differences
between the plotted absorbance spectra are result of systematic error and magnification, not
a result of increasing absorbance.

Both the PAGE-based reducing-ends assay and UV-Vis spectroscopy sketched a picture of
heparin as a molecule relatively resistant to applied alkaline conditions. Although the
results of these two experiments presented herein are consistent, it should be remembered
that in the past similar conditions (i.e., 0.1 N NaOH; 60 °C; absorbance increase at 232 nm
observed after ~10 h; see Jandik et al., 1996) had actually prompted depolymerization of
heparin chain (analysed via changes in reducing power of polysaccharide) as well as
unsaturation of IdoA (demonstrated by UV-Vis) (Jandik et al., 1996). Perhaps, the nature
of these changes depends not only on applied pH, but also on the pH maintaining species.
Jandik and co-workers (1996), who reported alkali-catalyzed depolymerization and
changes in 232 nm absorption of heparin used sodium hydroxide, while in presented studies
phosphate buffer was applied to maintain pH 12. Furthermore, a short study carried out
alongside this research project also demonstrated an absorbance increase in a sodium
hydroxide system (pH 12), although at 271 nm (Xiong, Z. (2020). “Effect of pH, salt and
temperature on the conformation of heparin.” UG dissertation, University of Huddersfield,

data not published). As summarized in introduction to this chapter (see 4.1), NaOH is very
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reactive compound, causing heparin chain degradation and series of IdoA rearrangements.
Considering the results collected up to this point, one could assume that heparin is relatively
stable in applied buffering system, or perhaps, the studied environments catalyze different
rearrangements to those studied previously. With an aim to answer these questions, the

alkali hydrolysates of heparin were analysed further.

4.3.2.3 The complete saccharide analysis

Although PAGE electrophoresis and UV-Vis spectroscopy initially ruled out the possibility
of glycosidic scission of heparin chain in aqueous alkaline conditions, both of these
methods provided qualitative data. Taking the quantitative advantage of ion
chromatography, which was previously optimised towards relatively low limit of detection
(general LOD < 0.5 ppm, see 3.3.2.3), the composition of post-hydrolytic samples was
assessed. The technique created an opportunity for quick (autosampler connection) and in-
depth analysis of all of alkali hydrolysed samples (pH 7 - 12, all studied temperatures), to
confirm assumption of heparin resistivity to these conditions. Furthermore, if small units
of severed saccharides diffused out of the PAGE gels and evaded detection, these would be

eluted in chromatograms (if within limit of detection).

4.3.2.3.1 Summary of method optimisation

The detailed summary of method optimisation is given in section 3.3.2.3.1. The mix of
chromatographic standards of Fuc, GalN, GIcN, GIcNS, GIcNAc, GIcNS(3S), GIcNS(6S),
GIcA, GalA and IdoA, at the series of concentrations (0.5 - 100.0 ppm) were run prior to
analysis of alkali hydrolysates (analysed in series, as described in section 2.6), to confirm
the retention times and detection limits. The retention times of particular standards and
calculated values of detection limits generally resembled these given in Table 3.3 (retention

times within previously calculated + range).

4.3.2.3.2 Hydrolysates analysis

The hydrolysates of heparin were analysed to profile the composition of polymer exposed
to alkaline environments (pH 7 — 12) at three different temperatures (40, 60, 80 °C) as a
function of time (up to 168 h). Although previous qualitative methods (PAGE
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electrophoresis and UV-Vis analysis discussed in sections 4.3.2.1 and 4.3.2.2, respectively)
suggested the stability of heparin at these conditions, the HPAEC-PAD analysis has an
advantage of low detection limit for monosaccharides that could potentially be released
from the polysaccharide chain and evade detection using the previous methods, due to their
size or/and amount. Yet, despite the low detection margin, the elution profiled of alkali
hydrolysed samples were blank (except for internal standard of Fuc). Matching the previous
results of PAGE and UV-Vis analysis, even the prolonged processing did not result in the
detection of saccharide units, as shown in Figure 4.9, indicating the lack of heparin chain
depolymerisation. The minor peak, marked by * in Figure 4.9d of the pH 12/ 80 °C/ 168 h
hydrolysis sample, was the only observed change that could potentially demonstrate limited
polysaccharide degradation. With the retention time of ~ 34 min, it could be one of the
uronic acid residues (GIcA or IdoA, judging by RT in Table 3.3), severed from heparin
chain after the alkali catalysed structural rearrangement (discussed in chapter introduction

in section 4.1).
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Figure 4.9 The illustrative elution profiles of heparin hydrolysed at pH 12/ 80 °C over a)
24h, b) 48 h, ¢) 96 h, and d) 168 h. The small, unidentified peak is marked by * in d). The
narrow peak at ~ 27 min marks system peak, characteristic for gradient elution. Fuc-
internal standard.
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4.3.2.3.3 The complete monosaccharides analysis concluding remarks

The alkaline hydrolysates of heparin were analysed via ion chromatography to assess the
probability of glycosidic bond scission between the polysaccharide units. The method was
considered as advantageous in comparison to PAGE electrophoresis and UV-Vis
spectrophotometry, which had earlier suggested stability of heparin chain in alkaline
conditions due to its low detection limit. Notwithstanding the detection limits,
chromatograms of alkali treated samples showed no peaks, indicating that the applied
conditions did not result in heparin chain fragmentation. Although the chromatographic
results were consistent with PAGE and UV-Vis findings (discussed in in sections 4.3.2.1
and 4.3.2.2, respectively), they certainly did not help to explain why the molecular weight
of heparin had decreased in studied environments (as discussed in section 4.3.1). At this
point, it became more clear that the molecular weight loss would be justified by either by
prominent desulfation, as in acid environments (for more details see section 3.3.3), or other
intramolecular changes, as previously suggested by Holme (1996) and Jaseja (1989). Both
hypotheses were addressed in following analysis.

4.3.3 The effect of degradative environments on heparin sulfate groups

Chapter 3 demonstrated that acid-catalysed desulfation could solely affect the molecular
weight of heparin to a significant extent (for more details, see 3.3.3.2). Without having
found an answer to molecular weight loss of heparin treated with alkaline environments,
and after excluding the chain fragmentation (as discussed in previous sections, summarised
in 4.3.2.3.3), the hydrolysed samples were analysed from the perspective of desulfation.
The analysis was carried via ion chromatography, coupled with a conductivity detector,

according to experimental protocol summarised in section 2.7.

43.3.1 Quantitative analysis of inorganic sulfate in post-hydrolytic samples
4.3.3.1.1 Summary of method optimisation

The detailed summary of method optimisation is given in section 3.3.3.1.1. The
chromatographic standards of Acand multi-elemental standard of F-, CI-, Br-, NO*~, PO4*"
and SO4> were analysed at the series of concentrations (0.1 - 0.5 ppm), prior to analysis of

alkali hydrolysates, to confirm the retention times and detection limits of these anions. In
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comparison to standards run before the acid-hydrolysed samples, the retention times of Br~,
NO?*", PO4*~ and SO4* (previously summarised in Table 3.4), changed to 5.7, 6.6, 8.9 and
10.6 (£ 0.1) min, respectively. Changes like these are common and follow strictly from the
instrument operation, especially if the system has not been used for a long time (in this case
the time interval between acid and alkaline measurements was 10 months) (“A Practical
Guide to Ton Chromatography,” 2007; Bahadir, 2013). As earlier, anion calibration curves
presented great linearity (with the lowest correlation coefficient equal to 99.97 % for
PO4*), while the detection limits were generally calculated as lower to these summarised
in Table 3.4 (e.g., SO4? LODacig = 0.08 ppm; LODaikaii = 0.05 ppm). Low detection margin
and good linearity of calibration curves of anion standards as well as very small standard
deviations confirmed fine repeatability of ion chromatography and its applicability in

following analysis.

4.3.3.1.2 Hydrolysates analysis

The detection of sulfate anions was associated solely with the hydrolytic desulfation of
molecule, as the analysis of heparin standard confirmed the purity of starting material
(discussed in section 3.3.3.1.1.). The sulfate anions were detected in heparin samples
hydrolysed under the following conditions: 60 °C: pH 12 and 80 °C: pH 10 - 12. The
illustrative chromatograms of maximum detection (pH 12/ 80 °C) and lack of detection (pH

9/ 80 °C) are presented in Figure 4.10 a and b, respectively.
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Figure 4.10 lllustrative chromatograms of sulfate anion, detected in heparin samples
hydrolysed at a) pH 12/ 80 °C, with peaks corresponding to chosen time points (6, 12, 24,
48 and 168 h), and b) pH 9/ 80 °C. The chloride and phosphate peaks correspond to
neutralisation agents and buffering salts (HCl and NaH2PO4 + NaOH, respectively). Sample
concentration equal to 10 ppm.
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No anions (excluding CI- and PO4* for neutralising agent and buffering salts, respectively)
were detected at 40 °C, at any of applied pHs. Lack of sulfate detection suggest resistance
of anion to these conditions, as well as to pH 7 — 11/ 60 °C and pH 7 — 10/ 80 °C. At 60 °C,
sulfate was detected only at pH 12, while at 80 °C the small quantities of anion were
observed at pH 10 and pH 11. When plotted as a function of time in Figure 4.11, the
concentration of detected sulfate presented an increasing trend of a relatively steady rate,
with pseudo-plateaus observed between 24 and 48 hours at pH 12/ 60 °C (Figure 4.11a)
and pH 11 & 12/ 80 °C (Figure 4.11b). During the prolonged hydrolysis at pH 12/ 80 °C
the concentration of liberated sulfate continued to rise over time, at again, systematic rate
(Figure 4.11b).
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Figure 4.11 Measured concentration of sulfate anions of thermally stressed heparin at a)
60 °C and b) 80 °C plotted for as a function of time at pH 7 - 12. The vertical error bars
represent standard deviation from concentrations, calculated from peak area via calibration
curve method. Triplicated runs. e pH 7, e pH 8 « pH 9, e pH 10, e pH 11, e pH 12

The pseudo-plateaus of desulfation were previously observed at acidic conditions and
associated with liberation of different sulfate groups from heparin chain (i.e., N-, 20-, 60).
This assumption was confirmed by NMR analysis of acid hydrolysed samples (discussed
in 3.3.3.1). However, in this (alkaline) case, the characteristic behaviour of desulfation rate
should be explained with the support of previous research. It had been established that at
harsh alkaline conditions (pH > 11), the 2-O-sulfated residues of iduronic acid (IdoA2S)
undergoes almost quantitative desulfation, while other sulfate groups of heparin (i.e., NS-,
60S-) remain intact (Baumann et al., 1998; Casu, 1985; Jaseja et al., 1989). The 20S-

concentrated desulfation, dependent upon high pH would explain both lack of sulfate
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detection at pH < 11 and the limited change of colour intensity of Azure A (see 4.3.2.1.2),
which has stronger affinity toward N-sulfate, and therefore would not fade if N-sulfate was
not severed from heparin (Ehrlich & Stivala, 1973; Finch, 1999; Powell et al., 2010). The
observed pseudo-plateaus most probably reflect the slow kinetics of the 2-O-desulfation
process rather than the ‘point’ of change between different liberated sulfate groups, like in
case of acid hydrolysis. To examine this hypothesis chosen alkali hydrolysates were further

looked at via NMR spectroscopy.

4.3.3.2 The influence of desulfation on molecular weight of heparin

Following estimations presented in acid- hydrolysed section 3.3.3.2, the concentrations of
alkali- hydrolysed sulfate (Csuifate; ppm or mg/dm?), detected via HPAEC- CD, was used to
calculate molecular weight (Msurrate; g/mol). Both values, relatively modest in comparison

to results of acid hydrolysis (see Table 3.5), are summarised in Table 4.2.

Table 4.2 Hydrolysed sulfate data of chosen alkali-treated heparin samples.

Hydrolysed Sulfate Data

60 °C 80 °C
pH 12 pH 11 pH 12
ithtes Gt G e G b
9h 40 + 24° 159 62 + 27 246 129+ 34 513
12 h 58 + 24 232 78 £ 25 309 197 + 32 779
24 h 08 + 22 388 112 + 39 442 246 + 35 976
48 h 100 + 21 397 119 + 29 473 264 + 25 1047
72 h 274 £41 1085
96 h 328 £ 53 1299
120 h 341 + 30 1352
144 h 404 £ 36 1601
168h 433 £ 37 1714

b Error calculated from standard deviation of triplicated reading; © n.d.= not detected:; 9h.a.=not applicable
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As previously, the weight of sulfate (Msuirate) Was estimated as a fraction of initial molecular
weight of heparin (Mw,o Hp =~ 20,000 g/mol), according to equation 3.1. Following the
procedure presented in acid- hydrolysis section (see 3.3.3.2), the molecular weights of
alkali- released sulfate (Msurrate; g/mol) (Table 4.2.) were further subtracted from the
average weight molecular weight of heparin subjected to specific conditions at hydrolytic
time of 0 h (Mw,t=0 Hpnyd ; g/mol), (measured via size exclusion chromatography, see 3.3.1),

according to equation 3.2.

The calculated My and measured My of selected hydrolytic samples are summarized in
Table 4.3. The numbers were statistically compared using non-parametric Wilcoxon
matched pairs signed rank test. Statistically compared pairs of calculated and measured Mw
of pH 12/ 60 °C and pH 11/ 80 °C sample were not significantly different (p > 0.05) and
demonstrated significantly effective pairing (Table 4.3). Consequently, at these conditions,
desulfation could be considered as the sole source of molecular weight loss of heparin.

On the other hand, the same statistical operation indicated that pairs of calculated and
measured My, of pH 12/ 80 °C sample differed significantly (p < 0.05). The higher number
of variables (nine for pH 12/ 80°C, compared to four for pH 11/ 80°C) certainly affected
the power of the p-value, but nevertheless, the strong differences between calculated and
measured My of pH 12/ 80 °C samples are clear, regardless the statistical test (Table 4.3).
Accordingly, it may be assumed that at applied conditions other processes and not just
desulfation were responsible for the molecular weight changes in heparin. Given the results
of previous analysis (reducing-ends assay, absorbance and monosaccharide profiles of
hydrolysates, discussed in section 4.3.2), these could be indeed associated with structural
rearrangements along the molecular chain rather than its scission (Holme et al., 1996; Jaseja
et al., 1989). The NMR spectroscopy was the final analysis chosen to address this
hypothesis.

4.3.3.3 Concluding remarks

The anion analysis of alkali hydrolyses demonstrated that desulfation of heparin, triggered
to the point exceeding the chromatographic limit of detection (LODsos®> = 0.05 ppm), was
susceptible to relatively harsh conditions, i.e., pH 12/ 60 °C/9 h <; pH11/ 80 °C/9 h <; pH
12/ 80 °C/1 h <. Considering the strength of applied conditions and recalling the argument
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of specific 2-O-desulfation of IdoA2S (dependent upon raised temperature and pH < 11),
it was assumed that observed anions originated from the C-2 of iduronate. Furthermore, the
statistical analysis showed that at pH 12/ 60 °C and pH 11/ 80 °C the reduction of molecular
weight of heparin could be accounted for hydrolytic sulfate loss, while this was not the case
at pH 12/ 80 °C. In light of previous analysis, which pointed out the resistance of heparin
glycosidic bonds to applied alkaline conditions, and excluding the influence of desulfation,
the molecular weight loss was thought to be associated with structural rearrangements
along the polysaccharide chain. To finally test affinity of C-2 to sulfate loss and potential
of IdoA to structural modifications, the chosen alkali hydrolysates of heparin were

subjected to NMR analysis.

Table 4.3 Summary of calculated and measured M, of selected heparin hydrolysates.

Calculated My (g/mol) 2 x 10* vs Measured My, (g/mol) x 10*

60 °C 80 °C
Heparin Hydrolysates pH 12 pH 11 pH 12
9h 1.97 vs 1.70 196 vs 1.74 193 vs 1.70
12 h 196 vs 1.66 195 vs 1.73 190 vs 1.61
24 h 194 vs 1.63 194 vs 1.72 1.88 vs 1.53
48 h 194 vs 161 193 vs 171 1.88 vs 1.52
p°=0.1250 p=0.1250

72 h° 1.87 vs 1.50
96 h 1.85 vs 145
120 h 1.85 vs 142
144 h 182 vs 141
168h 181 vs 1.35

p = 0.0039

2 Calculated My, (g/mol) calculated by subtracting the amount of released sulfate anions (g/mol), measured
by HPAEC-CD, from the M, of heparin sodium standard, measure by SEC-MALS-RI;  calculated value,
if p >0.05, compered data are not significantly different; ¢ prolonged hydrolysis time-points, i.e., 72 — 168
h, applicable for pH 12/ 80 °C only
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4.3.4 Inside look at alkaline-catalysed, hydrolytic degradation of heparin; final
confirmation of iduronate modifications and desulfation

In the first part of this study the great potential of NMR spectroscopy to fingerprint acid-
catalysed modifications at molecular level of heparin has been presented. By monitoring
the chemical shifts of *H and 3C signals of hydrolysates, in perspective to polysaccharide
standard spectra, the scope and order of heparin desulfation at acidic conditions has been
established (for details, see section 3.3.4). Following the success of previous analysis, a
similar approach has been used to ascertain potential of heparin iduronate towards alkali-
catalysed modifications and desulfation, which was indicated by the presence of free sulfate
groups (summarised in 4.3.2.3.3 and 4.3.3.3).

Previous NMR spectra (presented in e.g., Desai et al., 1993; Holme et al., 1996; Jaseja et
al., 1989; Rej & Perlin, 1990) served as the basis for following, comprehensive analysis of
alkali treated heparin. The most prominent changes in the molecular weight and sulfation
profiles of heparin were observed at pH 12. Therefore, this sample was used as a starting

point to determine the possible intramolecular modifications.

4.3.4.1 Standard spectra acquirement and analysis

The detailed description of standard spectra acquisition and assignment is presented in
section 3.3.4.1. The one-(*H/*C) and two-dimensional (HSQC) spectra of the heparin
standard were acquired prior to the study of hydrolysates, according to protocol described
in section 2.8.4. The spectra were treated as a reference for the following desulfation and
modification study, approached by comparative analysis between chemical shifts of chosen
NMR signals.

4.3.4.2 NMR- illustrated 2-O-desulfation of iduronate as initial step of alkali-catalysed
degradation of heparin

The one- (*H/ *3C) and two-dimensional (HSQC) spectra of pH 12 hydrolysates of heparin,

aliquoted at 40 and 60 °C, at 24 and 48 h were compared with these of heparin standard.

Ilustrative spectra of pH 12/ 40 °C and pH 12/ 60 °C samples are presented in Figure 4.12

and Figure 4.13, respectively. As illustrated, the only clear difference between standard

(black) and hydrolysates (pink/ purple) spectra was appearance of a ‘stretched’ signal under
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the I-1 (Figure 4.12 and Figure 4.13), which marks the continuous desulfation of IdoA(2S)
(Casu, 1985; Fraidenraich y Waisman & Cirelli, 1992). Besides this one peak, there is a
clear resemblance between anomeric and aliphatic regions of both spectra (standard vs.
hydrolysates, Figure 4.12 and Figure 4.13). Consequently, 2-O-desulfation was
recognised as the sole intramolecular process happening at studied conditions. Ergo,
treatment of heparin with pH 12, at 40 and 60 °C, up to 48 h, catalyses IdoA(2S) desulfation

without breaking the glycosidic bonds between the heparin units.

As the spectra acquired at 24 h and 48 h at each temperature were identical (40 °C/ 24 h =
40 °C/ 48 h, etc.), the time gap between collected samples seemed not to alter additional
modifications. This explains the pseudo-plateaus observed during both molecular weight
(Figure 4.4), and in case of pH 12/ 60°C sample, sulfate analysis (Figure 4.11). None of
sulfate was detected during ion chromatography analysis of pH 12/ 40 °C sample (as
discussed in section 4.3.3). Thus, it may be assumed that desulfation observed at these
conditions via NMR (of a greater sensitivity than chromatography), had only just been
initiated and did not exceed the chromatographic limit of detection.
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Figure 4.12 The NMR spectra (HSQC with 3C projection) of heparin hydrolysed at pH
12/ 40 °C/ 24 h (pink) over the standard sample (black). The glucosamine and iduronate
regions, with most important peaks are circled in both a) anomeric and b) aliphatic regions.
The stretched signal under I-1 of hydrolysate marks the continuous desulfation of Id0A(2S).
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Figure 4.13 The NMR spectra (HSQC with *3C projection) of heparin hydrolysed at pH
12/ 60 °C/ 24 h (purple) over the standard sample (black). The glucosamine and iduronate
regions, with most important peaks are circled in both a) anomeric and b) aliphatic regions.
The stretched signal under I-1 of hydrolysate marks the continuous desulfation of Id0A(2S).
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4.3.4.3 NMR illustrated modifications of iduronate residue of heparin at alkali-
catalysed hydrolysis

The chemical shift data for heparin at pH 12/ 80 °C/ 24 h <, is summarised in Table 4.4,
were accessed with the aid of a HSQC spectra where the *H/*3C projection are presented in
Figure 4.14 and Figure 4.16. The changes observed in the aliphatic and anomeric regions
of both figures indicated that during the hydrolysis of heparin under these conditions
(specified in figure captions) the iduronic acid moiety was altered.

The acquisition of spectra at pH 12/ 80 °C/ 24 h in Figure 4.14, enabled observation of 2-
O-desulfated residues of iduronic acid at 5.23/ 105.1 ppm (*H/*C chemical shifts) (Jaseja
et al., 1989). Furthermore, the appearance of a 5.23/ 99.1 ppm signal (Figure 4.14)
suggested that desulfated 1doA species were linked to an anomeric carbon of GICNS (Casu,
1985; Fraidenraich y Waisman & Cirelli, 1992). At the same time, the sulfoamino group (-
NH2S03%) of glucosamine remained intact. Had the hydrolytic cleavage of glucosamine
sulfate occurred, the A-1 signal would have moved downfield in proton spectrum by only
0.01 ppm and upfield in carbon as 99.4 — 93.7 ppm (Yates et al., 1996; this work, section
3.3.4.2.1). The observed signal A-1 has moved downfield in proton spectrum from 5.38 —
5.47 ppm, as well as in carbon 99.4 — 101.3 ppm (Figure 4.14; Table 4.4). The change of
chemical shift of A-1 was possible as the shielding effect of IdoA(2S) decreased together
with its desulfation (Fraidenraich y Waisman & Cirelli, 1992; Jaseja et al., 1989). The 6-
O-desulfation would have been detected by major upfield chemical shift of A-6 and A-5
carbon signals, i.e.: 69.1 — 62.3 ppm and 71.9 —74.2 ppm respectively (Taylor et al.,
2019; Yates et al., 1996; this work, section 3.3.4.2.3), while clearly that was not the case in
discussed example (Figure 4.14; Table 4.4). The observation of 2-O-desulfated iduronate
in Figure 4.14 indicates that some moieties of desulfated acid retained stereochemical
orientation (Desai et al., 1993), while the portion of desulfated species gave a rise to a.-L-
galacturonate (Casu & Lindahl, 2001; Jaseja et al., 1989; Rej & Perlin, 1990). The
appearance of galacturonic units was marked by new signals in anomeric region, i.e.: 5.16/
101.6 ppm designated G-1 and 5.16/ 99.0 ppm that reflected the G-1 — (A-1) linkage
(Figure 4.14; Table 4.4) (Fraidenraich y Waisman & Cirelli, 1992; Jaseja et al., 1989). The
chemical shifts of other new signals were found in aliphatic region at 4.02/ 78.6 ppm, 4.48/
80.5 ppm and 4.67/74.4 ppm, recognised as G-2/3, G-4, G-5, respectively (Figure 4.14;
Table 4.4).
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Figure 4.14 The NMR spectra (HSQC with *H/ *C projection) of heparin hydrolysed at
pH 12/ 80 °C/ 24 h (purple) over the standard sample (black). The glucosamine, iduronate
and new, galacturonate peaks are circled in both a) anomeric and b) aliphatic regions.
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Table 4.4 °C and *H chemical shifts of heparin standards and pH 12 hydrolysates.

tH/ 13C chemical shift (ppm)

Heparin pH 12/ 80 °C pH 12/ 80 °C
Peak 2 Standard 24h—48h° 48 h < References
A1 5.38 5.38 — 5.47° 5.38 — 5.47
99.4 99.4 — 101.3 994 — 101.3
AD 3.27 3.26 3.26
60.6 61.2 61.2
A3 3.67 3.67 3.67
724 72.6 726 Yates et al.(1996)
A-4 3.76 3.70 3.70
78.9 78.9 78.9
A5 4.02 4.02 na
71.9 71.9 n.a.
A-6 4.28 - 4.38 4.28 - 4.38 4,28 - 4.38
69.1 69.0 69.0
-1 5.21 5.23 5.23 Yates et al.(1996)
I-Loes— (A-1) 99.1 Fraidenraich (1992)
-1 102.0 101.8 101.8 Jaseja et al. (1989)
I-Laes 105.1 Jaseja et al. (1989)
G-1 5.16 5.16
[G—l - (A—l)} 99.0 Fraidenraich (1992)
G-1 101.6 101.6 Jaseja et al. (1989)
I-2 4.34 4.35 4.35 Yates et al.(1996)
78.7 71.3 71.3
G-2/3 4.02 4.02 Jaseja et al. (1989)
78.6 78.6
1-3 4.20 421 4.21 Yates et al.(1996)
72.0 72.0 72.0
1-4 411 411 4.11 Yates et al.(1996)
78.8 78.6 78.6
G-4 4.48 4.48 Jaseja et al. (1989)
80.5 80.5
I-5 4.79 4.79 4.79 Yates et al.(1996)
72.2 72.1 72.1
G-5 4.67 4.67 Fraidenraich (1992)
74.4 74.4 Jaseja et al. (1989)

2 number next to signal stands for carbon number of saccharide unit; ° details of alkali hydrolysates of
heparin; ¢ arrow marks visibility of both peaks at original and shifted position; ¢ not assigned; A-
glucosamine residues; I- iduronic acid residues, G-galacturonic acid residues;
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In Figure 4.15 of pH 12/ 80 °C/ 96 h sample the definition of galacturonate signals was
enahanced in comparition to these in Figure 4.14. Thus, prolonged hydrolysis at pH 12/ 80
°C must resulted in more prominent inversion of stereochemistry at the positions C-2 and
C-3 of desulfated iduronate (Jaseja et al., 1989). Upon the approximate integral ratio of
IdoA:GalA signals of spectrum pH 12/ 80 °C/ 168 h in Figure 4.16, i.e.: 1-1:G-1 =1.0:2.5;
I-5:G-6 = 1.0:2.6; 1-2:1-3:G-2/3 = 4.8:1.0:26.7; it was concluded that nearly all iduronate
units were modified (i.e., desulfated and of changed stereochemistry). At the same time,
the sulfated glucosamine residues (NS-, 60S-) remained unaltered (Figure 4.15 and Figure
4.16), ergo, were considered as resistant to applied conditions. Furthermore, no alteration
in any of discussed spectra have indicated the glycosidic scission. This allowed to exclude

depolymerisation of heparin chain at applied conditions.

It is noteworthy that two uronic acid stereoisomers, namely o-L-iduronate and o-L-
galacturonate were formed exclusively after or rather as a result of the alkaline hydrolysis
of 2-O-sulfated a.-L-iduronate of heparin. In neither of investigated sample the 2,3-anhydro
intermediate was captured. Earlier studies presumed that reactions promoting similar
exclusive conversion required prolonged heating of heparin in 0.1 M NaCOs under the
reflux (Holme et al., 1996; Rej & Perlin, 1990). The specificity of discussed rearrangement
was considered as a result of earlier desulfation of iduronate moietythat was clearly initiated
prior to structural modifications (as presented by NMR spectra of aquired at lower
temperatures Figure 4.12, Figure 4.13 and signals in Figure 4.14). Previous studies
suggested that desulfation mechanism of IdoA(2S) is based upon the intramolecular
displacement of 2-O-sulfate that paradoxically is a vital step in 2,3-anhydride formation
(Casu & Lindahl, 2001; Jaseja et al., 1989; Rej & Perlin, 1990). Perhaps the application of
buffering system catalysed the IdoA(2S) desulfation in other (than intramolecular
displacement) mechanism that through the kinetically favoured 2-O-desulfation decreases
the probability of anhydride closure. On the other hand, the 2,3-anhydride rearrangement
could simply happen at extremely fast rate, making impossible to capture its signal via
applied NMR analysis. Nevertheless, simple heating of heparin in common phosphate
buffer clearly led to almost selective hydrolysis of iduronate, and even though the reaction
period was considered as a drawback, the processing in phosphate buffer should be

recognised as a potential for researchers seeking similar modifications of heparin.
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Figure 4.15 The NMR spectra (HSQC with *H/ *C projection) of heparin hydrolysed at
pH 12/ 80 °C/ 96 h (violet) over the standard sample (black). The glucosamine, iduronate
and new, galacturonate peaks are circled in both a) anomeric and b) aliphatic regions.
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Figure 4.16 The NMR spectra (HSQC with *H/ *C projection) of heparin hydrolysed at
pH 12/ 80 °C/ 168 h (violet) over the standard sample (black). The glucosamine, iduronate
and new, galacturonate peaks are circled in both a) anomeric and b) aliphatic regions.
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4.3.4.4 NMR analysis of heparin samples treated with milder alkaline conditions

The comprehensive NMR analysis of heparin samples hydrolysed at pH 12, at all three of
studied temperatures, revealed the lability of molecule to 2-O-desulfation and
stereochemical rearrangements of iduronate. Both modifications clearly affected the
molecular weight of heparin, as presented using various analytical techniques, discussed
throughout this chapter. The changes in molecular weight of heparin were also observed
after the hydrolysis of molecule at milder alkaline conditions, i.e., pH 7- 11, at 60 °C and
80 °C. Among these, pH 10 and pH 11 were recognised as the most important, decreasing
the heparin molecular weight by 12 % and 14 %, respectively (percentage calculated after
processing in these pHs for 48 h/ 80 °C, as in Table 4.1). Although anion analysis
demonstrated that treatment of heparin with pH 11 at 80 °C led to sulfate cleavage, which
had a significant consequence towards the molecular weight of polysaccharide (discussed
in section 4.3.3), this was not observed at pH 10/ 60 & 80 °C and pH 11/ 60 °C.
Furthermore, none of the above conditions were associated with chain depolymerisation
(as discussed in section 4.3.2.), which would normally serve as an argument to explain the
molecular weight loss of polysaccharide. Therefore, the pH 10/ 60 & 80 °C and pH 11/ 60
& 80 °C hydrolysates of heparin were analysed by NMR, to get a closer look at possible

chain degradation.

As illustrated in Figure 4.17 a and c, no visible, structural changes were observed after the
treatment of heparin sample with pH 10 and pH 11 at 60 °C. In case of hydrolysis at these
pHs at 80 °C, the ‘stretched’ signal in Figure 4.17 b, marking the ongoing 2-O-desulfation
(similar as in pH 12/ 40 and 60 °C; Figure 4.12 and Figure 4.13, respectively), was noted.
This observation matched the results of anion analysis, discussed in section 4.3.3, that
identified sulfate in pH 10 and pH 11/ 80 °C hydrolysates.

The desulfation of heparin at pH 10 and pH 11, at 80 °C would be considered as a major
cause of molecular weight loss. In-depth analysis of chosen samples did not identify any
apparent degradative processes that could alert the molecular weight of heparin at milder
conditions, like pH 10 or pH 11 and 60 ° C, the observed 12% decrease need to be looked
at from the perspective of measurement uncertainty, acknowledge by error bars in

molecular weight plots in Figure 4.4.

160



Chapter 4- STABILITY OF HEPARIN IN ALKALINE ENVIRONMENTS

(] g 1] g
- c b :
| "
-8 8
8 ; 2
8 0
G A-1 a A1y
0 D ¢ g . 8
é I-1 A 11
! - .’
L3 3 3
% 2-O-desulfating ‘ =
0 L
vvvvvvvvv T T T T g 77— 77—
56 54 52 50 F2 [ppm] 56 54 52 5.0 F2 [ppm)
c |
| ]
|
‘ f ‘i‘ I 1
1 | I
| L b
|‘|.~" g v l."f e | ',""' M
f 1 | ’. , | J
l | l‘ i | f ||‘
| I | It
- | Y | Y l
I | Wl i L ol W I
I f | "" ‘.“.‘{ | "/I.l UL f ‘ |
! I J \ Jilk V Bl WA ", I\ .‘
\ " {1/ \
o0 17 B AR U A TES), (PO Y, il v s N N .
t
| I } \ ‘
| | N h'
I I | (| |
, I |l (h \i |
r | ITHE VIR N L ‘
II{ | | ‘\‘ |'I'~]" I\l Wb N‘ | | |
I\ | | PV ) W, A ! A I
A ! A : L 1 A \ oA u,’ W I} ) | \
ot A M Ny J WA o~ W\ P AN
55 50 a5 40 3s 30 25 p|‘>m

Figure 4.17 The anomeric regions of a) e pH 10/ 60 °C; e pH 11/ 60 °C hydrolysates and
b) e pH 10/ 80 °C; e pH 11/ 80 °C hydrolysates over the heparin standard in HSQC NMR
spectra. ¢) The complete NMR spectra of e pH 10/ 60 °C, e pH 11/ 60 °C hydrolysates and
heparin standard in proton multi-display.

4.3.4.5 NMR analysis of alkali hydrolysed samples - concluding remarks

The NMR spectroscopy was used to fingerprint the modifications at the molecular level of
heparin, catalysed by hydrolytic alkali treatment. Monitoring of chemical shifts of *H and
13C signals of hydrolysates, in comparison to polysaccharide standard spectra, showed the
lability of 2-O-sulafte of iduronate at pH 10 and pH 11/ 80 °C and pH 12/ 40 and 60 °C.
The prolonged processing at pH 12/ 80 °C led to more prominent 2-O-desulfation with a
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following stereochemical modifications of a-L-iduronate to a-L-galacturonate, according
to reaction scheme given in Figure 4.18. The acquired spectra did not contain signals
characteristic for 2,3-ahydro intermediate. The exclusive formation of above two uronic
acid stereoisomers was hypothesised to be a result of a mechanism omitting anhydrite-
associated intramolecular displacement, unique for the applied conditions. However, it
could be that the buffer environment catalysed the 2,3-ahydro rearrangement so rapidly that
it was impossible to capture via the applied NMR methodology. The presented reasoning
is of course only hypothetical, but it certainly opens a new door to future discussion around
heparin stability in alkaline conditions, especially that the alteration associated with (N- or
60-) desulfation of glucosamine residues or glycosidic scission were not observed in any
of discussed spectra, which excludes the affinity of both processes to applied alkaline

conditions.

0S0y° 0S80y’

o] o]
OH O o pH 12/ 80°C/ <48 h ooc OH™O o
HO > HO

“00C
,1%’/0 0805 NASO;” 71(77’/0 OH NASO,

IdoA(2S)-1,4-GIcNS(68) _ IdoA-1,4-GIeNS(6S)

pH 12/80°C/ 48 h < _.*"continous heating

o 080y’
° o]
OH  Ho
HO
71(771/0 NHSO;

GalA-1,4-GIeNS(6S)

Figure 4.18 Reaction scheme showing the intramolecular changes of major disaccharide
unit of heparin, observed in this study, after hydrolysis in pH 12 at 80 °C.
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4.4 THE KINETICS APPROXIMATION OF HYDROLYTIC DEGRADATION
OF HEPARIN IN ALKALINE ENVIRONMENTS

441 Introduction

Following the kinetics approximation for the hydrolytic degradation in acidic
environments, a similar procedure was applied for heparin treated with alkali solutions. The
reasoning was based on reaction scheme, summarising the major findings of section 4.3,

with the same assumptions (as in 3.4) regarding the pseudo- order and specific catalysis.

4.4.2 Proposed kinetic model of hydrolytic degradation of heparin in alkaline
environments

On the basis of results collected via the multi-analytical protocol, mainly- the NMR
screening (summarised in 4.3.4), the major findings of section 4.3 included pH 12 catalysed
2-O-desulfation of IdoA of heparin, with following stereochemical rearrangements (IdoA
— GalA). At the same time, the remaining sulfate groups (NS-, 60S-), as well as glycosidic
bonds between heparin units were not affected, ergo, characterised by great stability (under
the applied alkaline conditions). Also, the desulfation and modification of iduronate
bypassed the anhydrous intermediate (as discussed in 4.3.4.3). Therefore, the alteration of

heparin observed in alkaline conditions could be summarised via straight-forward scheme:

k_ k
Heparin N Heparin_,g =, Heparing Scheme 4.1

where ks is a pseudo- 2-O-desulfation rate constant, kg is a pseudo-rate constant associated
with stereochemical rearrangements of iduronate (IdoA — GalA).

Scheme 4.1 assumes the consecutive order of alkali-catalysed, degradative reactions of
heparin. Indeed, considering the nature of summarised rearrangements (see 4.3.4), one
could expect that the concentration of 2-O-desulfated heparin (Heparin -2S) would reach
maximum over time and concentration of heparin with galacturonate unit (Heparin G)
would depend on the reaction step (Loftsson, 2013; Sinko, 2011; Wyman & Yang, 2017;
Yablonsky et al., 2010). Consequently, the series of reactions summarised in Scheme 4.1

can be kinetically expressed as:
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d[H
[d:p] — _k—ZS . [Hep] 4.1
d[Hep_,
D -2] (s THep]) — (kg - [Hep—c) 42
d[H
AP _ ke -Hep_a] +3

Equation 4.1 solves by integration and differential calculus, as equations 1.10 - 1.12, which

gives:

[Hep]
[Hep]o

[Hep] = [Hep]o exp(—k_55t) = = exp(—k_,st) 4.4

Following the rearrangement presented in equation 3.6, the fractional form of equation 4.4

can be re-written to include the influence of temperature upon the examined reaction:

e, = (4o (7)) a5

To solve the equation 4.2, the substitution of 4.4, integration and differential calculus is
applied, which gives (Loftsson, 2013; Wyman & Yang, 2017; Yablonsky et al., 2010):

% = (k_as [Hep]) — (k¢ - [Hep_ys])
ko 46
[Hep_,s] = [Hep]o ke —kps) {exp(—k_;st) — (exp(—kgt))}

And finally, recalling the relationship between the concentrations of reagents of
constitutive reaction, presented in equation 3.17, the [Hep G] of equation 4.3 can be simply

calculated by subtraction, using equations 4.4 and 4.6, which gives:
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[Heplo = [Hep] + [Hep_,s] + [Hepg] = [Hepg] = [Heplo — [Hep] — [Hep_;s]

ke exp(—k_sst) — k_3 EXp(—th)> 4.7

[Hepg] = [Hepy] - <1 ke —k_ss

Both equations can be further re-written, as equation 4.5, to include the influence of

temperature upon the considered processes.

4.4.3 The choice of kinetic plots in a proof-of-concept verification of presented
kinetics approximation

As in section 3.4.3, the molecular weights of heparin hydrolysed at pH 12/ 80 °C/ over 168
h were plotted as functions of time, following the simple pseudo-first order (according to
equation 3.19) and pseudo-second order (as in equation 3.20) rate equations.

As presented in Figure 4.19 and Figure 4.20, the fits of both pseudo-first order and pseudo-
second-rate order equations, respectively, are not linear. Ergo, the description of alkali
catalysed degradation of heparin via single rate equations would be inadequate. The
observed rearrangements would require more complex kinetic models. As mentioned
earlier in section 3.4.3, until the adequate examination of equations 4.4 - 4.7 against the
numerical data, the demonstrated plots can serve as proof-of-concept of assumed kinetic

models of heparin degradation in alkaline environments.
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Figure 4.19 The natural logarithm of molecular weight of heparin, measured after

hydrolysis at pH 12/ 80 °C/ 168 h, plotted as a function of time according to first-order
Kinetics equation.
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Figure 4.20 The fraction of molecular weight of heparin, measured after hydrolysis at pH
12/ 80 °C/ 168 h, plotted as a function of time according to second-order kinetic-equation.

4.4.4 Concluding remarks

The kinetics approximation concerning the hydrolytic desulfation (20S-) and following
rearrangements of iduronate to galacturonate stereoisomer, catalysed by alkali treatment of
heparin, was designed according to parallel reaction scheme. The presented approximation
was based on experimental results; however, it was not tested against the numerical data.
Yet, the non-fitting of first-order and second-order Kkinetic plots for the molecular weight
loss of heparin measured at pH 12/ 80 °C over 168 h served as a proof of presented concept.

Considering the complexity of estimated equations, matrix or graphical modelling (via

166



Chapter 4- STABILITY OF HEPARIN IN ALKALINE ENVIRONMENTS

analytical software like Mathcad, Maple or MATLAB) against experimental data would be
necessary (Korobov & Ochkov, 2011) that could be considered an excellent task for future

work.

4.5 CHAPTER CONCLUSIONS

This chapter has focused on the physicochemical changes of heparin in agueous medium,
catalysed by alkaline environments (pH 7 - 12) and temperature (40, 60 and 80 °C) that

were followed overtime (up to 168 h) through a variety of analytical techniques.

It has been demonstrated that main processes affecting the heparin molecule at alkaline
conditions are 2-O-desulfation and stereochemical rearrangements of iduronate. Among
these two, 2-O-desulfation was major result of processing at milder conditions, i.e.: pH 10
— 11/ 80 °C and pH 12/ 40 & 60 °C, while the stereochemical rearrangements followed
more prominent 2-O-desulfation at the harshest of studied conditions, i.e., pH 12/ 80 °C.
As these conditions compromised the heparin stability, the question regarding the
pharmacological functionality of the molecule was raised. Taking the opportunity kindly
created by LEO Pharma A/S (Ballerup, Denmark), chosen hydrolysates of heparin were
subjected to anticoagulant activity test. The test results discussed in APPENDIX B have
demonstrated reduction in anticoagulant activity of pH 12/ 80 °C/ 48 h alkali hydrolysed
heparin to % with respect to heparin standard. Bearing in mind complete anticoagulant
activity loss caused by acid-catalysed N-desulfation of heparin (discussed in section
3.3.3.3), it may be assumed that changes upon the iduronate unit of heparin have less impact
on anticoagulant activity of the molecule. From the practical point of view the presented
findings may be of great interest for those seeking heparin derivatives of decreased
anticoagulant functionality. As neither depolymerisation of polysaccharide chain, nor
hydrolytic scission of glucosamine sulfates (NS-, 60S-) were observed during the alkaline
treatment, there perhaps would be an opportunity to design new heparin pharmaceuticals

via iduronate-concentrated alkali modifications.

On the other hand, the following conditions: pH 7 — 12/ 40 °C; pH 7 — 11/ 60 °C; pH 7 — 9/

80 °C did not induce any critical intramolecular changes of heparin. Thus, when applied in
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industrial or research applications these environments can be considered as safe with regard

to stability or functionality of the molecule.

Furthermore, two uronic acid stereoisomers, i.e., a-L-iduronate and o-L-galacturonate
were exclusively formed during the prolonged alkaline hydrolysis of heparin in pH 12
phosphate buffer at 80 °C without the production of 2,3-anhydro intermediate (usually
observed in pH-similar treatment as discussed in chapter introduction in 4.1). Considering
that until now this exclusive rearrangement was observed only under reflux conditions, the
straight- forward hydrolytic reaction could present a potential to simplify the process
aiming similar modifications of the heparin molecule. It could, for example, be used to
design galacturonate-enriched product, especially that some early studies suggested
enhanced antithrombotic activity, lowered the risk of hemorrhage and reduced anti-

coagulating activity of such heparins (Piani et al., 1993, 1995).

Finally, based on the results of comprehensive study of heparin degradation in aqueous
alkaline solutions a theoretical kinetics approximation was presented. Such a detailed
kinetic model could be useful to characterise the thermochemical degradation of heparin in
hydrolytic conditions, to produce new pharmacological derivatives or effectively avoid

unwanted rearrangements.
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5.1 CONCLUDING REMARKS

This work has focused on the degradative reactions of pharmacologically active heparin in
acidic (pH 1 —6) and alkaline (pH 7 — 12) hydrolytic systems at elevated temperatures (40,
60 and 80 °C). The changes induced by applied conditions were studied over time (up to
168 h), with the aim of sketching a comprehensive picture of the stability of the molecule
that could further serve as platform for pharmaceutical scientists and heparin
manufacturers. Considering the complexity of heparin polysaccharide, a great deal of work

and detailed analytical studies were required to reach the set target.

Acidic environments appeared to be an effective medium for hydrolytic desulfation of
heparin, the order of which was established as 60S<20S<<NS. The conclusions regarding
desulfation order of heparin were mostly based on NMR spectroscopy. This approach
highlighted the great potential of NMR in the analysis of the stability of complex,
heterogeneous macromolecules that could be of particular importance in pharmacological

research.

The hydrolytic sulfate loss has been linked with molecular weight reduction of heparin to
the point of statistical significance. Furthermore, the extent of acid desulfation of heparin,
N-desulfation in particular, has been reflected by the loss of anticoagulant activity of the
molecule. The hydrolytic desulfation of heparin (although not prominent) was noted as
early as at pH 3/ 60 °C. Considering that different stages of industrial purification (e.qg.,

bleaching) requires more aggressive environments, the presented findings should
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particularly interest heparin manufacturers as the quality of finished product could be

affected by an unoptimized process.

The hydrolytic scission of glycosidic bonds connecting the elemental units of heparin have
been a parallel process to 2/6-O-desulfation. Both reactions have been observed at the later
stage of processing and at the harshest of studied conditions (i.e., pH 1/ 80 °C/ 24 h <). The
rate of 2/6-O-desulfation and glycosidic scission increased with time. Whereas the
selectivity of first one was fairly difficult (but not impossible) to establish, the order of
second one was certainly random. Nevertheless, the presented results opened the doors for
further studies that should be of particular interest to those seeking heparin-derived

products of altered anticoagulant functionality.

Alkaline solutions created a relatively stable environments for heparin as neither
depolymerisation of polysaccharide chain nor hydrolytic scission of glucosamine sulfates
(NS-, 60S-) were observed during the applied treatment. The recognised modifications
were iduronate-concentrated and susceptible to harsh conditions. In contrast to acid-
catalysed N-desulfation, none of discussed alkaline modifications altered the anticoagulant
activity of heparin to a significant extent. From a practical perspective, the alkaline
conditions could be perceived as ‘safer’ in industrial and pharmacological processing.
Furthermore, during the undertaken studies the exclusive rearrangements of iduronate to
galacturonate were observed. The studied conditions create a potential for controlled
stereochemical rearrangements of heparin that could be taken as an advantage by those
interested in heparin products with activities other than anticoagulant activity.

Connecting all the pieces from this complex analytical puzzle, a more complete
understanding of the mechanism and kinetics of heparin degradation in acidic and alkaline
aqueous environments was elucidated. Overall, the discussed study demonstrates the
influence of applied conditions upon the stability of heparin, but also the strength of
carefully selected analytical techniques to create a (more) complete and certain picture of

heterogeneous, sulfated macromolecules.
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5.2 FUTURE WORK

Considering the wide range of heparin applications, conditional upon the structure of the

molecule in aqueous conditions, results in almost infinite possibilities for future work.

Following the findings of this study, it could be of commercial interest to extract
consecutively desulfated heparin compounds and test their pharmacological functionality.
The galacturonate-enriched products also require a more extensive analysis, especially
considering that a thorough search of relevant literature revealed that many have focused
on conditions catalysing the iduronate modifications, while few have investigated their
impact towards heparin functionality. Furthermore, the preliminary kinetic model opens
the door for more detailed study of thermochemical degradation of heparin in hydrolytic
conditions that could be useful in designing new pharmacological derivatives. At first,
however, it would be crucial to test presented model against numerical data. This could be
approached by matrix modelling in analytical software like Mathcad, Maple or MATLAB.
As the presented molecular weight results were affected by relatively high measurement
error (following from application of SEC-MALS-RI method), it would be beneficial to

collect new data, via more accurate method, like ultracentrifugation or quantitative NMR.

Recalling the literature review in the introduction to this work, both sulfation degree and
iduronate dynamics have a powerful impact towards the confirmation and shape of heparin.
As both of these features, next to the sulfate distribution, are essential to sustain heparin
interactions with proteins, it is nearly certain that desulfation, as well as iduronate
rearrangements, would influence the macromolecular interactions. As already presented,
the reduction in anticoagulant activity was a consequence of these changes. To investigate
deeper the scope of both alterations the analysis focusing on hydrodynamic properties of

heparin in acidic and alkaline environments would be desirable.

Finally, the hydrolytic stability research was partially inspired by industrial purification
process of heparin, for the most part carried in water, but also by the character of
pharmacological drug (water suspension). Considering variety of stressing conditions
applied during the industrial treatment, e.g., oxidation, precipitation, bleaching, speed-

drying, etc., each component of this system would create a potential study environment.
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APPENDICES

APPENDIX A SEC-MALS-RIOUTPUT OF PROLONGED ACID HYDROLYSIS
OF HEPARIN

The average weight molecular weight of hydrolysed samples of heparin was studied using
SEC-MALS-RI. However, due to the chain polymerisation proceeding with time, the
measurements of samples subjected to hydrolysis at pH 1/ 80 °C from 120 h onwards was
impossible, as the sample peak was partially covered by the buffer peak, as illustrated
Figure A- 1. The molecular weight for these samples was mathematically estimated.
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E sample peak / = i sample peak /
5 \ =
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Figure A- 1 Elution SEC-MALS-RI chromatograms of samples hydrolysed at pH 1/ 80 °C
for a) 12 h, showing good separation of sample and buffer peaks and b) 120 h, where the
separation of peak and buffer was impossible. Both profiles show normalised data collected
by the refractive index detector.
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APPENDIX B ACTIVITY TEST OF HYDROLYSED SAMPLES OF HEPARIN

Taking the opportunity kindly created by LEO Pharma A/S (Ballerup, Denmark), chosen
hydrolysed samples of heparin discussed in this study were subjected to anticoagulant
activity test. Although the industrial requirements prevent disclosing test details, the
collected results were shared and are presented in Figure B- 1. As noted, the activity results
of acid hydrolysed samples performed in LEO Pharma match the results of aPTT and PTT
studies discussed in section 3.3.3.3, confirming that N-desulfation of heparin significantly
affect the anticoagulant functionality of the compound. The analysis of bio-synthesised N-
desulfated standard of heparin (Figure B- 1), was also deprived of anticoagulant activity
upon the sulfate loss, which doubly confirms the presented findings. On the other hand, the
activity of pH 12/ 80 °C/ 48 h alkali hydrolysed sample, which was characterised ‘by’
ongoing 2-O-desulfation and initial IdoA rearrangements to GalA in NMR studies (section
4.3.4.3), decreased to 4 of this of heparin standard (Figure B- 1), but did not completely
disappear. This suggests that changes upon the iduronate unit of heparin have less impact
on anticoagulant activity of the molecule, but also create an opportunity for those interested
in heparin derivatives of decreased anticoagulant functionality.
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Figure B- 1 Results of activity test of chosen heparin hydrolysates, kindly performed by
analytical scientist of LEO Pharma A/S (Ballerup, Denmark).
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