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Abstract

Pectins with distinct molecular design were isolated by aqueous extraction at pH
2.0 or 6.0 and were examined in terms of their formation and stabilisation capacity of
modeln-alkaneiin—water emulsions at acidic pH (pH 2.0). The properties and stability of
the resulting emulsions were examined by means of droplet size distribution analysis,
Lifshitz-Slyozov-Wagner modelling, bulk rheology, interfacial composition analysis,
large-amplitude oscillatory surface dilatational rheology, electrokinetic analysis and
fluorescence microscopy. Both pectin preparations were able to emulsify alkanes in water
but exhibited distinct ageing characteristics. Emulsions prepared using pectin isolated at
pH 6.0 were remarkably stable with respect to droplet growth after thirty days of ageing,
while those prepared with pectin isolated at pH 2.0 destabilised rapidly. Examination of
chemical composition of interfacial layers indicated multi-layered adsorption of pectins at
the oil-water interface. The higher long-term stability of emulsions prepared with pectin
isolated at high pH is attributed to mechanically stronger interfaces, the highly branched
nature and the low hydrodynamic volume of the chains that result in effective steric
stabilisation whereas acetyl and methyl contents do not contribute to the long-term
stability. The present work shows that it is possible by tailoring the fine structure of

pectin to engineer emulsions that operate in acidic environments.

Keywords:pectin, emulsions, Ostwald ripening, Lissajous plots, fluorescence
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1. Introduction

Emulsions are increasingly being utilized for encapsulating and delivering
bioactives at targeted locations in the gastrointestinal tract [1]. A wide variety of
lipophilic bioactives, including vitamins (D, E), carotenoids, flavonoids, phytosrerols,
polyunsaturated lipids or flavours have been encapsulated in colloidal sy&dhs
Emulsions as delivery vehicles allow sustained release and protection from degradation
during storage of lipophilic bioactive components that are incorporated into the
hydrophobic core of the lipid droplets. Furthermore, protection of the bioactive from
environmental conditions (e.g., gastric fluids) when it is loaded in the internal phase of
the emulsions is another advantage that may result in more efficient delivery.

Emulsions are most commonly formed using proteins or low molecular weight
surfactants. The problem with such molecules when used as emulsifiers is that they have
limited resistance to the gastric environment (e.g., proteases or low pH). These factors,
among others, alter the surface composition and change the properties of the colloidal
system [7, 8]. It is important, therefore, to control the physical stability within the
stomach as a means to control the rate of release at the desired location (e.g., intestines or
colon). Surface behaviour of emulsions can be tailored using surface-active
polysaccharides with contrasting physical properties. Pectins from okra and sugar beet
have unusual fine structures compared with other common pectin sources (e.g., citrus or
apple), as they are highly acetylated and highly branched with variable amounts arabinan
side chains and ferulic acid residues that ultimately control their functional prop@rties
11]. Using pectin to engineer the oil-water interface could be favourable, as it is resistant

to enzymatic digestion in the upper gastrointestinal tract (e.g., mouth and stomach),
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nonetheless, is digested in the colon by pectinases. This functional characteristic makes
pectin a suitable candidate to protect acid sensitive bioactives during gastric transit [12]
or as a colon drug-delivery vehicle [13]. Other polysaccharide-based systems have been
also tested as delivery methods due to biocompatibility and high potential to be modified
and achieve the required functionality [14, 15].

In our previous investigations, we have tuned the extraction protocols of pectin
from okra pods and obtained polysaccharides with tailored structure (e.g., molecular
weight, branching, methoxyl and acetyl content, etc.) [16]. In the present work, we build
on our previous experimental findings with the aim to understand the behaviour of pectin
at the oil-water interfaces in highly acidic environments. We have, thus, engineered and
characterised pectin-stabilized mhwater emulsions at low pH values (pH 2.0), as a first
step to understand the underlying fundamental mechanisms of emulsion coarsening at pH

values in the vicinity of gastric pH.

2. Materials and methods
2.1 Materials

Pectins were isolated from okra pods [16], labeled as OP2 and OP6 and their
major physicochemical characteristics are shown in Table S1. Sodium azide, citric acid
monohydrate, sodium citrate dihydrate, phendiexadecana)-dodecane, formaldehyde
(37-40%), phosphate buffer saline (PBS) (all analytical grade reagents) were obtained
from Sigma-Aldrich (St Louis, MO). Anti-homogalacturonan antibody LM19 and LM4
(non-pectin specific antibody) were supplied by PlantProbes (Leeds, Riipnized

water was used throughout the experiments.
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2.2 Preparation of emulsions

Preliminary experiments on the optimum concentration of pectin towards
emulsion stability showed that fine emulsions are produced at pectin concentration of
1.5% w/v with dispersed phase volume fractiopef 0.1 f-dodecane on-hexadecane)
and under acidic conditions (pH 2.0). The aqueous phases of the emulsions were prepared
by means of dissolving pectin at 1.67% w/v concentration in citric buffer (10 mM, pH
2.0) at room temperature. Emulsions were fabricated at room temperature in two stages:
a) pre-emulsions were obtained with a high-speed (IKA T18 basic, Ultra-Turrax,
Germany) homogenizer for 2 min and, b) the coarse emulsions were further emulsified
using an ultrasound device (Hielscher Ultrasonics, Model UP 100H) equipped with 7 mm
diameter MS7 tip immersed (two-thirds) in the coarse emulsion and operating at 30 kHz.
Ultrasonic treatment of the emulsions was performed for 40 s with pulsed ultrasound
(30% per second) at 100% amplitude (corresponding to ultrasonic wavesghlZbhe
sonication conditions were chosen in accordance to the preliminary data that showed the

absence of “over-processing”.

2.3 Determination of droplet size distribution

Droplet size distribution was measured immediately after the emulsion preparation
and after 1 h followed by measurements at 1, 10 and 30 days of storage at room
temperature using a Malvern Mastersizer 20@Malvern Instruments Ltd,
Worcestershire, UK laser diffraction particle size analyzer equipped with the small
volume sample dispersion unit Hydro 2000SM (Malvern Ltd, UK). Refractive indices of
n-dodecanen-hexadecane and dispersion medium (citric buffer, 10 mM, pH 2.0) were

set to 1.421, 1.434 and 1.333, respectively. Consequently, droplet size was described
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using the surface-weighted mean diametigp)( volume-weighted mean diametet, )
and span.

The physical properties of-alkanes required for the calculations of theoretical
(o) Ostwald ripening rates in the emulsions were taken from literature [17-19].
Solubility (c,_...) was 2.3x 10° and 9.3x 10® (mol m?®), diffusion coefficient D) was 5.4
and 4.6 (13° x m? s%), molar volume VY, was 2.27 and 2.92 (fox m® mol) and
molecular weightNl,,) was 0.170 and 0.226 (kg rfidlfor n-dodecane and-hexadecane,
respectively. Interfacial tensiong) (were 25.5 or 27.0 mN Tfor n-hexadecane-water
interfaces stabilized by 0.1% w/v OP6 or OP2, and 34.4 or 30.9 thfémm-dodecane-
water interfaces stabilized by 0.1% w/v OP6 or OP2, respectively. Interfacial tension

measurements were performed as described in section 2.5.

2.4 Interfacial composition analysis

Interfacial composition analysis was performed by determining protein, pectin
and acetyl contents at the of wibter interface. Emulsions were ultracentrifuged at
60000«g for 1 h (Optima L-100K ultracentrifuge, rotor 50.2 Ti, Beckman Coulter, USA)
until equilibrium phase separation conditions were achieved and serum was collected
using a syringe. The interfacial composition was evaluated as the protein, pectin or acetyl
concentration difference between the pectin solutions, (agueous phase before
emulsification) and serum solutions. Protein was measured with Bradford analysis using
Quick StartvBradford Protein Assay kit. The quantification of adsorbed pectin was
expressed as total carbohydrates in pectin solution and serum phase using the phenol-
sulphuric method [20]. The acetyl content was determined with the hydroxamic acid

method in the pectin solution and serum phases [21]. Interfacial protein and pectin
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concentrations (I', mg m?) were calculated as protein or pectin concentration difference
between the biopolymer solution and serum phase divided by the specific surface area

(SSA) of the oil droplets:

_ mg of adsorbed protein or pectin
SSA x mL of alkane in emulsion (1)

where specific surface area (SSAY. mL™ was obtained by the result analysis report of

the instrument.

2.5 Interfacial rheology

The interfacial tension of the-hexadecane- on-dodecane- water interfaces
stabilized by 0.1% w/v OP2 and OP6 was measured using a profile analysis tensiometer
(PAT-1D, SINTERFACE Technologies, Berlin, Germany) at°@0 Then-alkane-water
interfaces were equilibrated for 2 h and subjected to large-amplitude oscillatory
dilatational deformations. The amplitude sweeps were performed stepwise from 2-50 %
strain at a frequency 0.1 Hz. Lissajous plots were constructed by plotting the surface
pressurenr = y—yo, Wherey, was interfacial tension before the oscillation, versus

deformation (A-Ao)/A., where A= 20 mnt was the area at zero deformation.

2.6 Pectin immunolocalization at the o/w interface

Anti-homogalacturonan antibody LM19 [22] (PlantProbes, Leeds, United
Kingdom) was used to localize pectin at the alkane-water interface and LM4 (non-pectin
specific antibody) was used as a negative control.

Pectin aqueous phases with OP2 (1.67% w/v) were prepared in 10 mM PBS, pH
7.4. A drop of OP2 solution was placed on a microscopy slide and dried using Bunsen

burner. Dried sample was fixed using 10% formalin solution buffered in 10 mM PBS.
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Following the washing step, samples were blocked with 5% BSA in 10 mM PBS. The
immunolabeling of pectic epitopes started with incubation of the samples with the
primary antibody (LM19 was used as 5-fold dilution of a hybridoma supernatant)
overnight at £C followed by a washing step in PBS (three times for 5 min). LM19 was
visualized using secondary labelling with anti-rat IgG coupled to fluorescein
isothiocyanate (FITC) (Sigma-Aldrich, St. Louis, USA). The secondary antibody was
diluted 1:5 in PBS and incubation was performed for 2 h at room temperature.

In order to use the probes fior situ immunolocalisation of pectin at the alkane-
water interface OP2-stabilized emulsions (1.5% w/v) were prepared using high-speed
homogenizer (IKA T18 basic, Ultra-Turrax, Germany) for 2 min. Monoclonal antibody
LM19 (100uL, diluted 1:5) was added to 0.5 mL of coarse emulsion and left overnight at
4 °C. Subsequently, the secondary antibody IgG-FITC (illQGdiluted 1:5) was added
and emulsions were incubated for 2 h at room temperature. Emulsions were then
centrifuged at 1410@ for 25 min (MiniSpin Plus, Eppendorf, Hamburg, Germany) in
order to separate the droplets from the continuous phase. Immunostained emulsion
droplets (diluted 1:10) and OP2 solutions were visualized using an Olympus 1X70
microscope (Olympus, Optical Co. Ltd, Tokyo, Japan) equipped with epifluorescence
illumination and using 10x and 40x oil immersion objectives. FITC was excited at 490
nm and emitted signal was collected between 528 and 538 nm. Image acquisition and
analysis were performed with SoftWoRx software (Applied precision Inc.). The
measurements were performed in duplicates in three different emulsion preparations

yielding a total of six replicates for each sample.
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3. Results and discussion

3.1 Emulsification capacity of pectin and ageingoifulsions

n-Hexadecanéa-water emulsions were stabilized by either pectin isolated at pH
2.0 (OP2) or pectin isolated at pH 6.0 (OP6). The change in droplet size distribution
curves and the average droplet sizes were monitored for a period of 30 days (Table 1,
Figures 1, 2). Both samples demonstrated good emulsification capacity producing
emulsions wittds ;> in the range of 1.7 3.0um (Table 1). Emulsions fabricated with OP6
demonstrated bimodal, broader droplet size distributions and were composed of droplets
of larger diameters than those fabricated with OP2 pectin (Figures 1, 2, Table 1). These
observations are in a good agreement with interfacial tension measurements where a
faster decrease of interfacial tension was observed in for OP2 (Figure S2).

Zero-shear viscosity of OP6 solutions at the concentrations used in the continuous
phases was greater compared to OP2 counterparts (Figure S1). This impedes the
induction of cavitation phenomena [23] during fabrication of OP6-stabilized emulsions
resulting in bimodal droplet size distributions (Figure 1). Instability in bimodal colloidal
dispersions is usually controlled by the higher modes resulting in the predominance of
coalescence as the major destabilisation mechanism [24]. However, OP6-stabilized
emulsions did not exhibit any appreciable development of coalesdatigeed second
peak during ageing as indicated by the droplet sizes and span of droplet distributions
(Figure 1, Table 1). These observations are in a good agreement with the rheological
measurements (Figure Slhat do not show any appreciable changes in viscosity curves
indicating limited microstructural reorganisation (e.g., flocculation) during the period of

thirty days.Coalescence typically increase the polydispersity and accelerate the rate of
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coarsening [25], as it is easily observed in OP2-stabilized emulsions. Emulsions prepared
with OP2 destabilised rapidly and demonstrated a marked increase in average droplet
size, withd, 3 rising from 2.4 to 10.@um within 1 h of storage (Figure 2). Considerable
destabilisation occured after one day of storage and continued unabated for thirty days
(Figure 2, Table 1). Additionally, the rheological measurements of OP2-stabilized
emulsions (Figure S1b) revealed a considerable increase of zero-shear viscosity during
ageing that is attributed to depletion flocculation caused by pectin desorption from the
interface during coarsening.

Overall, OP6-stabilized emulsions exhibited remarkable stability during ageing as
opposed to the OP2-stabilized counterparts. Contrasting stabilities of this magnitude
pronounce that differences in the fine stucture and conformation at low pH of the isolated
polyelecrolytes play predominant role in the emulsification capacity. In the following
sections we delve further into the molecular mechanisms of instability in an effort to shed

light on the structureersusfunction relation of these intricate biopolymers.

3.2 Examination of destabilisation mechamgsm

In this part of the investigation, we start by employing the Lifsi§tgozow
Wagner (LSW) theoretical framework [26] to assess the potential role of Ostwald
ripening in the evolution of droplet size. In a typical Ostwald ripening scenario, at
asymptotically long times, the change in number droplet diameter cubed is a linear

function of time and is given by:

64yDc __ V't

4] ~d}, == e ]=mr
2

10
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wheret is the time,d; is the surface mean diametek §) after timet, di-o is the initial

surface mean diameter,is the interfacial tension of the oil-water interface,is the
diffusion coefficient of the oil through the aqueous (continuous) phase, is the

solubility of the oil in the aqueous phas&,is the molar volume of the oiR is the gas
constant,T is the absolute temperature as@dis the Ostwald ripening rate. Brownian
motion-induced coalescence also results in a linear correlation of droplet growth rate as a
function of time [27] but is not expected to influence the destabilisation of the dispersions
of the present study due to the predominance of gravity as evidenced by the droplet sizes
(1.7-3.0 um). The examination of coarsening mechanisms was performed under
conditions where one type of instability dominates over the other in order to monitor its
progress more accurately. Preliminary data have shown that an increase of pectin
concentration beyond 1.5% w/v did not result in further reduction of droplet diameter,
indicating saturation of tha-alkane-waterinterface. A sufficient surface coverage of
droplets with emulsifier ensures that coalescence (i.e., collision-induced coalescence)
does not dominate the destabilisation kinetics and enables monitoring of Ostwald
ripening with minimum interference from coalescence at the early stages of the
coarsening process. The changeds,) vs. time of n-hexadecan&-water emulsions
was monitored for 1 h with 5 min intervals and demonstrated a linear increake)df (
with time (Figure 3). We plotted thi ; radius rather than the number mean radikig) (
as is dictated by the theory, since the surface mean diameter can be more accurately
determined by laser light scattering [28].

Droplet size did not develop appreciably for OP6-stabilized emulsions throughout

the observation period making it difficult to ascribe the changes to Ostwald ripening. In
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contrast, OP2-stabilised emulsions exhibited considerably steeper slope than their OP6
counterparts indicating higher experimental rate of droplet growth (Table 2). The
linearity of (ds2)* vs. time plots cannot be solely utilized in the assessment of instability
mechanisms in such complex colloidal systems and the possible origins of emulsion
coarsening can be further established with changes in the alkane chain length [17, 29, 30].
The solubility of alkanes in water vary considerably with molecular weight thus
influencing Ostwald ripening rates (Equation 2). In order to address the above, OP2 and
OP6 stabilized emulsions were fabricated witiodecane and theik », ds 3, droplet size
distributions and experimental coarsening rates were compared with those prepared with
n-hexadecane (insets of Figures 1, 2, Table 1, Figure 3 and Table 2). Analysis)f (
vs. time plots and calculation of experimental growth rates| for OP6-stabilized
emulsions show modest changes in emulsion coarsening rate within 1 h (Figure 3, Table
2). Conversely, emulsions fabricated with OP2 demonstrate appreciable increase in
coarsening kinetics on replacimghexadecane with-dodecane (Figure 2 (inset), Figure
3 and Table 2) suggesting the occurrence of Ostwald ripening in the first hour of ageing
for OP2 stabilized emulsions. Moreover, theoretical modeling of droplet growth rate has
shown that the change in ripening rates is several orders of magnitude higher for
dodecane tham-hexadecane, something that was not reflected by the experimental
growth ratesdexy) (Table 2).

Taking everything into account, it has been shown that pectin-stabilized
emulsions evolve under complex destabilisation mechanisms that could be characterized
by Ostwald ripening in conjunction with coalescence. Pectin fine structure controls the

interplay between these two mechanisms as greater degree of branching of OP6 (HG/RG

12
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ratio, Table S1) hinders droplet growth and provides long-term stability. Typically, high
molecular weight polysaccharides are weakly adsorbing biopolymers and undergo intra-
and intermolecular rearrangements at the interface during storage. As droplet size
develops, conformational rearrangement at the interface results in thinning of the
interfacial film and formation of thermally activated "holes" that extend across the
interfacial membranes. These microstructural modifications eventually lead to the
emergence of coalescence. Other schools of thought interpret the interplay between
Ostwald ripening and coalescence using the molecular permeation theory [31] or focusing
on the process of molecular exchange of oil molecules upon droplet collision [32]. Such
destabilisation mechanisms are frequently reported for biopolymer- [30, 33] or synthetic
polymer- [25] stabilised alkane emulsions where the coarsening mechanism is ascribed to
Ostwald ripening-induced coalescence.

It starts emerging that the structural features of these biopolymers control the
remarkable variations in the temporal evolution of coarsening. Examination of the
interfacial composition will further elucidate what are the key structural features

responsible for these striking differences in their stability.

3.3 Interfacial composition analysis

The interfacial activity of pectin and ability to stabilize emulsions are attributed to
the molecular weight, methoxyl and acetyl content, degree of branching, presence of
ferulic groups and proteinaceous components in the biopolymer backbone [34-36]. Table
3 shows the interfacial composition of OP2 and OP6-stabilizeexadecan@-water
emulsions revealing that comparable amount of acetyl was adsorbed at the interface in

both systems. These results are also in a good agreement with the chemical composition
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data that report marginal differences in the concentration of acetyl groups (Table S1).
Since both biopolymers have similar amounts of acetyl adsorbed at the interface as well
as absence of ferulic acids these two parameters do not seem to be responsible for the
differences in emulsification capacity and emulsion stability.

Protein surface coverage of OP6-stabilized emulsions was 1.6 g value
five-times higher than that of the OP2-stabilized emulsions (0.3 #)gPnotein content
is comparable in both samples (Table S1) and differences in protein adsorption suggest
that accessibility of the protein to the interface and its amino acid composition influence
the emulsification properties of the present samples. Previous studies also reported that
the pectin fraction adsorbed at the interface was significantly enriched in protein and
played a key role in emulsion stabilizing capacity [36-38]. However, protein surface
coverage alone cannot explain the striking differences in the stability of emulsions, as it
will be discussed below. The surface coverage with pectin in OP6-stabilized emulsions
was 9.4 mg i whereas OP2 systems had considerably lower pectin interfacial load (3.3
mg m?). Surface coverage with pectin in OP6-stabilized emulsions was higher than
previously reported for sugar beet pectin [36, 38] (~ 7.5 rifyy an the same polymer
concentration and comparable with depolymerized citrus pectin (~ 9.87nEp&j.

Comparison of the amount of adsorbed protein and pectin indicates that the
interfaces are dominated by the presence of pectin. This is further supported by the
negativel-potential values at pH 2.0 for both emulsions denoting that-thexadecane-
in-water interface has similar electrical properties to that of the continuous phase (Figure
S4). Low{-potential values for fresh OP2 and OP6 stabilized emulsions also indicate that

electrostatic repulsions do not have significant effect on the overall stability of the
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dispersions. As a consequence, the proteinaceous components, as an integral part of the
samples, anchor pectin at theallkane-water interface, the polysaccharides protrude out
into the continuous phase and provide an effective steric barrier [36, 37]. Multilayer
adsorption has been previously reported for the naturally occurring polysaceharide
protein complexes, such as arabic gum and sugar beet pectin [39]. Furthermore, the
higher pectin interfacial load in OP6-stabilized emulsions and higher degree of branching
of OP6 (Table S1) denote the presence of more effective steric barrier than in OP2-
stabilized emulsions. These results are in a good agreement with ageing data of OP6-
stabilized emulsions that showed negligible droplet growth with time in comparison to

the OP2 counterparts (Figures 1, 2; Table 1).

3.4 Interfacial rheology at the n-alkane-water ifeéee

The analysis of interfacial composition suggests that a thin biopolymer film is
formed in emulsions stabilized with OP2 that could lead to mechanically weak interface.
On the other hand, emulsions stabilized with OP6 demonstrated higher interfacial loads
resulting in formation of thicker interfacial layers that hinder droplet growth. Therefore,
n-alkane-water interfaces stabilized by OP2 or OP6 were subjected to large-amplitude
oscillatory dilatational deformations in order to evaluate the mechanical rigidity of the
adsorbed layers. Lissajous plots of surface pressustisdeformation were constructed
in order to analyse the nonlinear dilatational behaviour (Figure 4). The Lissajous plots for
both pectin stabilizech-alkane-water interfaces were asymmetric indicating that the
responses of the interfaces in extension were different than in compression. At the limits
of the experimental amplitudes, the surface pressure in compression was almost twice as

high (~15.0x 10° N m™) as the surface pressure in extension (=81®° N m™) with

15
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differences being more pronounced witadodecane. The shape of the curves indicated
that upon compression the surface displays strain hardening behaviour, whereas in
extension the interface displays strain softening behaviour [40]. The softening is more
pronounced in the interfaces stabilized by OP2, than in those stabilized by OP6. This
particular shape of the Lissajous plots indicates that the pectin molecules are not forming
a highly interconnected and elastic network at the alkane-water interface, as is often
observed in pure protein stabilized interfaces. The latter typically display strain-hardening
behaviour both in compression and extension. This again shows that the protein matter in
the system does not play a dominant role in the stability of the emulsions. The shape of
our plots is more typical for weakly aggregated two-dimensional (2d) gels or 2d soft
glasses. Upon compression the adsorbed protein-pectin complexes become jammed,
which leads to the observed strain hardening. Upon extension the surface fraction of
pectins decreases and the structure loses connectivity, resulting in the observed softening.
Similar behaviour has been previously observed for protein fibrils and was also attributed
to the structural rearrangements of biopolymer macrostructures at the interface due to the
applied deformation [41, 42]. The dependence of Lissajous plot shape on the deformation
amplitude was further examined fothexadecane-water interfaces stabilized by OP2 and
OPG6 (Figure S3). These observations indicate that interfaces stabilized by OP6 were more
resistant to deformation in comparison to those stabilized with OP2. The variations in
viscoelastic properties of the interfaces are attributed to the structural and conformational
differences of the samples. OP6 is composed of polymer chains with higher degree of
branching and occupy lower hydrodynamic volumg]dgs < [n]or? than the OP2

counterparts indicating the formation of more compact structures (Table S1). These
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results combined with the interfacial composition analysis (Table 3) give strong evidence
that thicker interfaces are formed with OP6, with higher values for their dilatational
moduli, which impede Ostwald ripening and coalescence resulting in prevention of

droplet coarsening.

3.5 Pectin immunolocalisation at the alkane-warn¢eriface.

In the last part of the investigation we provide tangible evidence of the presence
of pectin at the droplet interfaces by fluorescence immunolocalisation. Figures 5 and
Figure S5 show maximum intensity z-projected images of the morphology of OP2
solutions and emulsions. Figures S5a-c correspond to the micrographs of controls that
included OP2 solution, OP2 solution with anti-rat IgG coupled with FITC and OP2
solution with a negative control, respectively. A weak signal was spread evenly over the
polymer sample and can be attributed to the intrinsic fluorescence emission of pectin. It
has been previously reported that pectin demonstratedlaotescence at around 530-

550 nm [43]. Figure S5d shows that LM19 binds to the HG domains of OP2 as evidenced
by the presence of small entities (arrows). The binding specificity of LM19 antibodies in
pectin solutions was established with indirect immunostaining, a methodology that is not
achievable with the dispersed systems. Therefore, direct immunostaining was used to
localize pectin at alkane- water interfaces (Figure 5a, b and Figure S5h)-SRebtiized
emulsions do not show any fluorescence emission whereas those emulsions containing
fluorescent dye exhibit a weak signal due to possible aggregation of IgG-FITC (Figure
S5e-g). Figure 5 a, b provides evidence that pectin adsorbs at the dnogitsice

providing complete coverage of the droplet interface with pectin revealing the clear
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predominance of pectin over protein at the interface of the emulsions. It should be
stressed that images were z-projected and therefore, they demonstrate the network (in
case of solutions) and droplet (in emulsion) in three dimensions from top to bottom of the

image plane (Figures 5, Figure S5).

4. Conclusions

The influence of molecular architecture of pectin on emulsifying capacity has
been investigated by means of an array of complimentary physical and chemical analyses.
It has been shown that pectin exhibits interfacial activity and stabilises emulsions by
formation of elastic protein-polysaccharide bilayers that prevent droplet growth. Protein
component, which is inevitably present, is not the predominant factor responsible for
emulsion formation and stabilisation.

Remarkable long-term stability of emulsions was achieved only with pectin
extracted at high pH values (pH 6) due to the highly branched nature and low
hydrodynamic volume of its chains that contribute to effective steric stabilisation whereas
acetyl and methyl contents do not contribute to the long-term stability. On the contrary
emulsions stabilised with pectin extracted at low pH (pH 2) destabilise rapidly following
a complex mechanism that has been identified as combination of Ostwald ripening at the
initial stages followed by coalescence. The present work uncovered the link between the
fundamental molecular properties of pectin with its interfacial functionality, as a first step

to engineering bioresponsive emulsions that can operate at low pH environments.
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Tables

Table 1. Influence of pectin type and ageing on the average droplet diameserand
ds3) and span im-dodecane and-hexadecane emulsions formed with 1.5% (w/v) OP2
and OP6.

Sample Time ds 2 (um) dg 3(num) Span

Ci2Hae CieHaa CioHz6 CieHas Ci2Hz6 CieHsa
OoP2 Fresh 18+0.1 17+0.1 2.6+0.1 24£0.1 2.0£0.0 1.8+£0.0
1h 51+0.2 4.1+01 11.9+04 10.0+£ 0.4 2.5+0.0 2.7+£0.0
lday 57+£0.1 4.6+0.2 522+14 345+17 7.0£0.2 7.5£0.2
10days 7.0+1.3 55+1.1 1225382 107.9%21.2 11.0+1.6 114+ 2.6

30days 8.7+1.3 6.0+0.2 162.4t30.8 132.%#0.9 3.0£0.3 3.6+£0.2

OP6 Fresh 28+05 3.0+03 7.6+2.6 7.3£1.9 2.9+0.5 3.0£0.1
1lh 3.3£08 3.1+05 11.2£26 74+1.1 2701 25+0.1
lday 50+0.1 3.2+0.4 11.8+0.9 7.7+£0.4 2.2+0.2 24+0.3

10days 9.1+0.2 4.1+41 19.2+1.3 10.5£2.1 2201 24+£0.3
30days 8.9+0.2 45+0.4 20.7+0.9 11.4+1.2 2.2+0.1 24+0.1

Table 2. Theoretical ¢n) and experimentakdeyp) rates of Ostawld ripening for various
oil-in-water emulsions.

Sample OoP2 OP6
n-alkane type CiHog CieHz4 CioHoe CieHaa
o (m® st) 10%° 9.9 0.049 11.1 0.047

Wexp (M* s7) 107 26.0 (4 10°) 21.0 ¢3 10°) 2.6 6 10% 2.5 (0.2210°)

 Theoretical ratedy,) of Ostwald ripening was calculated with Eqg., 2 using the physical
parameters mentioned in section 2.3 and corrected by a faetat.75 that reflects the
dependence of the coarsening rate on the dispersed phase volume graciidn[44]

® Experimental rate calculated based from data shown in Figure 3
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564

565 Table 3. Weight percentage and amount of adsorbed protein, pectin and acetyl at the oil-
566 water interface of fresh w/r-hexadecanemulsions stabilized with OP2 or OP6¢at

567 0.1, pH 2.0.

568

Sample OP2 OP6

Adsorbed acetyl (%) 9.7+ 0.4 9.1+ 0.6
Adsorbed protein (mg 1) 0.3+ 0.1 1.6+ 0.5
Adsorbed protein (%) 17.1+£6.0 49.5+ 15.6
Adsorbed pectin (mg 1) 3.3+0.2 9.4+ 0.2

Adsorbed pectin (%) 14.2+1.1 16.3+ 5.7
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Figure captions

Figure 1. Droplet size distribution curve development afhexadecan&-water
emulsion stabilized with OP6 at 25 °C for thirty days of ageing. Inset shows droplet size
distribution curves oh-dodecanen-water emulsion stabilized with OP6 at 25 °C for
thirty days of ageing.

Figure 2. Droplet size distribution curve development afhexadecan&-water
emulsion stabilized with OP2 at 25 °C for thirty days of ageing. Inset shows droplet size
distribution curves oh-dodecanen-water emulsion stabilized with OP2 at 25 °C for
thirty days of ageing.

Figure 3. Dependence ¢ -)° vs. time) of Ostwald ripening rates erhydrocarbon type
in OP2 or OP6 stabilized emulsions at pH 2.0 (25 °C).

Figure 4. Lissajous plots for an-hexadecane-, and b)}dodecane-water interfaces
stabilized by OP2 and OP6. Droplet area 20%nstrain amplitude 50%, frequency 0.1
Hz.

Figure 5. Fluorescent images of 1.5% wivwlodecanen-water OP2-stabilizedmulsions
at pH 7.4a) middle plane and b) z-projected images.
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