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ABSTRACT

Pickering emulsions have possibilities for optimizing transport of nutraceuticals, pharmaceuticals and
other bioactive compounds in human physiology. So-called ultra-stable Pickering emulsions can often
get destabilized in the gastric digestion regime if the particles are proteinaceous in nature. The present
study seeks to test how the interfacial structure can be engineered via synergistic particle-particle
interactions to impact gastric coalescence of Pickering emulsions. In this study, we designed plant-
based protein particle stabilized oil-in-water emulsions (PPM-E, with 20 wt% sunflower oil,) via pea
protein microgels (PPM at 1 wt%). The PPM hydrodynamic diameter = 250 nm. /n vitro gastric
digestion of PPM-E confirmed droplet coalescence within 30 min of pepsin addition. Supposedly
surface active cellulose nanocrystals (CNCs, at 1-3 wt%) were added to PPM-E at pH 3.0, to see if
could act as a barrier to interfacial pepsinolysis, due to the CNC and PPM being oppositely charged
at this gastric pH value. A combination of confocal microscopy, zeta-potential and Langmuir trough
measurements suggested that CNCs and PPMs might form a combined layer at the O/W interface,
owing to the electrostatic attraction between them. CNCs at > 2 wt% inhibited pepsinolyis of the
adsorbed PPM film and thus droplet coalescence. However, increasing concentrations of CNC also
increased the bulk viscosity of the PPM-E and eventually caused gelation of the emulsions, which

would also delay their gastric breakdown. In conclusion, tuning bulk and interfacial structure of



Pickering emulsions via synergistic interactions between two types of particles could be an effective
strategy to modify enzymatic breakdown of such emulsions, which would have important applications

in pharmaceuticals, foods and other soft matter applications.

INTRODUCTION

Pickering emulsions stabilized by biocompatible particles have aroused significant research interests
recently owing to their extraordinary stability against coalescence due to their high desorption
energies of the order of several thousands of k3T (where kg is Boltzmann constant and 7 is temperature)
as opposed to < 5 kgT for surfactant-stabilized emulsions and few hundreds of k37 for biopolymer
stabilized emulsions.! >3 % %678 Of more interest here is that emulsions stabilized by rigid solid
particles via the Pickering stabilization mechanism or soft solid particles, which are often referred to
as Mickering emulsions” * which have been used as novel vehicles to modulate lipid digestion in the
human gastrointestinal (GI) tract to allow delivery of lipid soluble active compounds for
pharmaceutical and food applications. This is largely attributed to the ability of these particles to be
resistant against competitive displacement by surface active agents in human physiology such as bile
salts.! In particular, proteinaceous particles from animal sources have shown abilities to retard lipid
digestion in the intestines in the presence of pure lipase and bile salts, i.e., bypassing gastric digestion
by preventing displacement by bile salt, such as in the case of emulsions stabilized by whey protein
microgel (WPM) particles with or without heat treatment' and lactoferrin nanoparticles (LFN).> 11 12
In addition, non-proteinaceous particles such as chitin nanocrystals (CN),'* have also shown abilities
to retard lipid digestion by preventing displacement of particles by bile salt, as well as creating a

network of chitin nanocrystals in the bulk phase, slowing down the transport of the enzyme to the oil-

water (O-W) interface.

Although Pickering stabilization has shown promise in influencing digestion in the intestinal phase

in a highly artificial environment - where a gastric phase has been by-passed, Pickering stabilizers



made from protein '> 4116 do not thrive in the preceding gastric regime, due to digestion by pepsin,
and therefore will probably not offer any modulation of lipid digestion in vivo. For instance, protein
particles, e.g. WPM,! LFN,'> and karifin nanoparticles (KFN),!” can be hydrolyzed by pepsin under
the usual acidic gastric environments (pH 1.0 to pH 3.0), causing a rupture of the interfacial
particulate film, leading to aggregation or coalescence of the droplets. Thus, a more protective
interfacial architecture is required in the gastric phase in the case of Pickering emulsions stabilized

solely by protein-based particles.

Regarding more complex interfaces, recent studies have shown success on improving the stability of
O/W emulsions during in vitro gastric digestion via the formation of multilayers consisting of protein
gel particles and polysaccharides. For instance, examples include the co-operative effects of LFN +

carrageenan, alginate or pectin !> 121518

, as well as between soy protein nanoparticles (SPN) and
TEMPO-oxidized bacterial cellulose (TOBC) !®. Layers coating the primary proteinaceous particle-
stabilized interface, formed from polysaccharide-based particles such as cellulose nanocrystals
(CNC), can act as an additional interfacial barrier, protecting the protein at the interface from being
hydrolyzed by the gastric enzymes. This might be due to unique properties of CNC, in that is highly

resistant to any human digestive enzymes and also the ability of CNCs to form particle networks in

the continuous phase, which may slow down the transport of pepsin to the interface.!°

In recent times, there has been a huge increase in the academic and commercial interest in exploiting
and creating plant-based particles to design Pickering emulsions to replace animal-based proteins,
due to their more ‘vegan-friendly’, ‘environment-friendly’, lower allergenicity and lower cost, e.g.

).2% For instance, Shao and Tang 2!

zein particles,'? kafirin particles,'” soy protein nanoparticles (SPN
created pea protein particles (PPP) at pH 3.0 and investigated the release of bioactive molecules from

PPP-stabilized emulsions during lipid digestion. However, the required preparation of PPM at pH 3.0

limited the use of such emulsions during gastrointestinal lipid digestion. In the following study, a



new range of thermally-crosslinked pea protein microgels were created that can be used to stabilize
O/W emulsions at a range of pH values: the stability of these emulsions was investigated here during
in vitro gastric digestion. Furthermore, in order to provide the required improved stability for protein-
stabilized systems?’, a more complex interfacial structure was created by adding in CNCs
(unmodified). Since the CNCs used were manufactured via sulfuric acid treatment, this introduces
some sulfate groups and therefore some negative charge and increased hydrophilicity 2> ?*. This
results in the CNCs and PPMs having opposite charge at gastric pH values, so that they should form
complexes at the interface and provide an additional barrier to the pepsin breaking down the primary
PPM stabilizing film. Although several studies have shown mixed plant protein-polysaccharide
particle interfaces can influence the rate of lipid digestion in a simulated digestion conditions 2°, there
have been relatively few reports of the effect of combining plant protein particle + unmodified CNC
particles '® 2. A combination of sizing, zeta-potential measurements, microscopy across several
length scales (confocal laser scanning microscopy and cryo-scanning electron microscopy (cryo-
SEM), sodium dodecyl sulfate polyacrylamide gel electrophoresis analysis (SDS PAGE), bulk
rheology and Langmuir trough experiments have been employed to understand the gastric fate and

stability of O/W  emulsions stabilized by both set of particles: PPM + CNC.

MATERIAL AND METHODS

Materials. Pea protein concentrate (Nutralys S85X) containing 85% protein was provided by
Roquette (Lestrem, France). Cellulose nanocrystal powder (CNC), which contained 100% sulfated
CNC was purchased from CelluforceTM (Quebec, Canada). Sunflower oil was purchased from the
local supermarket (Tesco, UK). Pepsin (P7000) with measured enzymatic activity of 650 U/mg was
purchased from Sigma-Aldrich (Dorset, UK). Mini-protein TGX gels, ProtoBlue safe colloidal
Coomassie G-250 stain and all chemicals for sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) were purchased from Bio-Rad Laboratories, UK. All the chemicals,

including sodium azide, Nile Red and Nile Blue, were of analytical grade and purchased from Sigma-



Aldrich (Dorset, UK) unless otherwise specified. All solutions used were prepared using Milli-Q
water which was purified by a Milli-Q apparatus (Millipore Crop., Bedford, MA, USA) with an ionic

purity of 18.2 MQ-cm at 25°C.

Preparation of pea protein microgel particles (PPM). Pea protein microgel particles (PPM) were
prepared using a process previously described by Zhang and coworkers.?” Briefly, pea protein
concentrate (12.54 wt% protein) was dispersed in 20 mM phosphate buffer at pH 7.0 for 2 h and then
the protein dispersion was heated at 90 °C for 60 min to form pea protein hydrogels and cooled to
room temperature followed by storage at 4 °C overnight. The hydrogels were then mixed with
phosphate buffer (1:1 w/w) at pH 7.0 and then pre-homogenized using a kitchen blender (HB711M,
Kenwood, UK) for 5 min at level 3. The aqueous dispersion of the macrogel particles was
subsequently homogenized using two passes through a two stage valve homogenizer (Panda, GEA
Niro Soavi Homogeneizador Parma, Italy) at a pressure of 250/ 50 bar. The resulting microscopic
PPM dispersion contained 6.28 wt% protein. Sodium azide (0.02 wt%) was added to prevent
microbial growth. The PPM dispersion was diluted with phosphate buffer to 1.25 or 3.33 wt% protein

before the emulsion preparation.

Preparation of O/W emulsions

PPM-E emulsions at pH 7.0 were prepared by homogenizing 20.0 wt% sunflower oil with 80.0 wt%
PPM the latter containing 1.25 wt% protein, at pH 7.0. The mixture of oil and aqueous phases was
pre-homogenized using a Silverson rotor-stator type mixer (L5SM-A, UK) at 8000 rpm for 5 min. The
pre-emulsions were homogenized by two passes through the Panda homogenizer (GEA Niro Soavi
Homogeneizador Parma, Italy) at 250/ 50 bar pressure. PPM-E + CNC emulsions were prepared as
for PPM-E as above, but using 3.33 wt% protein in 60 wt% aqueous phase + 40 wt% oil, then
adjusting the pH to pH 3.0 and mixing in a CNC dispersion (2-6 wt% in Milli-Q water at pH 3.0),

waiting for 3 h, finally resulted in PPM-E + CNC emulsions containing 20 wt% oil, 1 wt% PPM



(i.e.,the same as PPM-E) + 1 to 3 wt% CNC. In the following we denote the CNC concentration in
the PPM-E + CNC systems with a subscript, e.g., PPM-E + CNC, o, for the system containing 1 wt%

CNC.

In vitro gastric digestion. The PPM dispersion, PPM-E and PPM-E + CNC were digested using a
digestion protocol designed by Minekus, et al. 2® Briefly, 10 mL of PPM dispersion (1 wt% protein)
or emulsion sample (20 wt% oil, 1 wt% protein) at pH 3.0 was mixed with 10 mL of simulated gastric
fluid (SGF), which contained 0.514 g L' KCI, 0.123 g L' KH2PO4, 0.042 g L"! NaHCO3, 0.06 g L™!
NaCl, 0.0004 g L™! MgCl2(H20)s, 0.0009 g L™! (NH4)2CO3 and 2000 U mL™! pepsin at pH 3.0 to
simulate fed-state gastric digestion conditions. The mixture was incubated for 2.5 h at 37 °C using a
shaking water bath (100 rpm, Grant Instruments Ltd, Cambridge, UK). To understand the changes in
the physicochemical properties or structure of the microgel particles or droplets during the digestion,
aliquots were collected at 0, 1, 5, 30, 60, 90, 120 and 150 min for size, zeta-potential, microscopy and
SDS-PAGE analysis, and viscosity measurement. In the data collected during the digestion, “0 min”
refers to the control sample, i.e., the mixture of sample and SGF buffer without any added pepsin.
For size and zeta-potential measurement, samples were measured immediately once collected from
digested mixture. It is worth mentioning that the protocol’s recommended oral phase was not used in
this study, because the systems do not contain any starch and thus were not expected to have any

pesinolysis digestion.

Measurement of PPM and emulsion droplet size. Particle sizes of aqueous dispersions of PPM as
function of digestion time were determined via dynamic light scattering (DLS) at 25 °C using a
Zetasizer Nano-ZS (Malvern Instruments, Malvern UK) in a standard PMMA disposable cuvette. The
samples before and after gastric digestion were diluted 200 times in SGF buffer (pH 3.0). The

hydrodynamic diameter (D) of the PPM was calculated using the Stokes—Einstein equation (D, =

kgT
37T7]Dt

), where, D is the translational diffusion coefficient, kg is Boltzmann's constant, 7' is temperature



in Kelvin, and 7 is dynamic viscosity of the aqueous dispersion of PPM. The refractive index of PPM

was set at 1.52 with an absorbance of 0.001, as previously reported by Zhang, et al. %’

Droplet size distributions of emulsions before and after digestion were determined via static light
scattering (SLS) at 25 °C using Malvern MasterSizer 3000 (Malvern Instruments Ltd, Malvern,
Worcestershire, UK). The samples were diluted to give an obscuration of between 4 and 6%.

Refractive indices were set at 1.46 for sunflower oil and 1.33 for the aqueous medium, respectively.

Tndf
and
xn; d?)

The average droplet size of the emulsion was reported as da3 (the volume mean diameter,

Tnid}
Zni d-z
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d3> (surface mean diameter, ) where, n; is the number of droplets with a diameter, d..

Measurement of zeta-potential. Zeta-potentials of PPM dispersions, PPM-E and PPM-E + CNCi.3
before and after digestion were measured using a Zetasizer Nano ZS (Malvern Instruments,
Worcestershire, UK). Before adding into a folded capillary cell (DTS1070 cell, Malvern Instruments
Ltd., Worcestershire, UK), samples were diluted to 0.01 wt% particle concentration or 0.008 wt%

droplet concentration using SGF buffer at pH 3.0.

Microscopy. Cryogenic scanning electron microscopy (cryo-SEM) was used to visualize the adsorbed
PPM and the arrangement of CNC at the interface of PPM-E or PPM-E + CNC;.3, respectively. To
avoid influence by oil crystallization during the freezing step, >*2%2° heptane was used as the dispersed
phase instead of sunflower oil. A droplet of the emulsion sample was filled into a copper holder before
being flash frozen in liquid nitrogen at —180 °C. The samples were exposed to —95 °C for 5 min and
then coated with 5 nm of platinum. Images were captured using a FEI Quanta 200 F ESEM with a

Quorum Polar Prep 2000 cryo system at —135 °C.

To perform microstructural characterization of PPM-E and PPM-E + CNCi.; before and after

digestion, confocal laser scanning micrographs (CLSM) were captured using a Zeiss LSM 700



confocal microscope (Carl Zeiss Microlmaging GmbH, Jena, Germany). Approximately, 5 mL of
sample was mixed with100 pL of Nile Red (2% w/v in dimethyl sulfoxide), 500 puL of Fast Green
(10% w/v in Milli-Q water) and 100 pL Calcofluor White to stain the oil, proteinaceous particles and
CNC, respectively. Nile Red, Nile blue and Calcofluor White were excited at 514 nm, 633 nm and
410 nm, respectively. About 200 pL of xanthan gum (1 wt%) was added into the stained samples of
the PPM-E and PPM-E + CNCi.; to reduce the Brownian motion of the oil droplets. The prepared
samples were placed onto a microscope slide with cavity, covered with a cover slip and observed with

a 63x (oil immersion) objective lens.

Rheology. The apparent viscosity (1) dynamic elastic modulus (G") and dynamic loss modulus (G"")
of the freshly prepared PPM-E and PPM-E + CNC,.3 were determined at 25 °C using a Kinexus Ultra
rheometer (Malvern Instruments Ltd, Malvern, UK). The apparent viscosities were recorded as a
function of shear rates ranging from 0.1 to 1000 s!. Strain amplitude sweep tests were carried out
with a shear strain range of 0.01-100% at 0.1 Hz frequency. Frequency sweep tests were then
determined with an angular frequency range of 0.01-10 s™! at a strain amplitude of 0.1% (i.e. in the
linear viscoelastic regime). In order to characterize the flow type of the emulsions, the apparent
viscosity curves were fitted using the Ostwald-de Waele model, n,(y) = Ky™ !, where y is the

shear rate, K is the consistency index and 7 is the flow behaviour index.

Electrophoresis of proteins and their digestates. The protein and peptides compositions of the
aqueous dispersions of PPM after hydrolysis by pepsin were determined via sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). Approximately, 50 pL of the PPM + SGF mixture
after gastric digestion at different times (0, 1, 5, 10, 30, 60, 120 and 150 min) were mixed with 40 uL
of SDS sample buffer (62.5 mM Tris-HCI, 2 wt% SDS, 25 wt% glycerol, 0.01 wt% bromophenol
blue, pH 6.8) and 10 pL of dithiothreitol solution (DTT, 50 mM in final concentration), and heated at

95 °C for 5 min. Exactly, 5 pL of protein molecular weight (Myw) markers and 10 pL of each of the



samples were loaded into pre-cast Mini-PROTEAN 8-10% TGX Gels in a Mini-PROTEAN 11
electrophoretic unit (Bio-Rad Laboratories, Richmond, CA, USA). After running the gel at 200 V for
about 30 min, the gel was placed in a fixing solution (a 50:40:10 vol% ratio of Milli-Q water:
methanol: acetic acid) for 2 h, and stained for 2 h with Coomassie Blue solution, which consisted of
90% ProtoBlue Safe Colloidal Coomassie G-250 stain and 10% ethanol. The gels were imaged using
a ChemiDoc™ XRS + System with image LabTM Software after de-staining overnight in Milli-Q

water.

Langmuir trough monolayer experiments. Langmuir trough monolayer experiments were carried
out to understand the interaction between PPM and CNC at the interface, as described in a recent
work measuring particle-particle interactions at the air-water (A-W) interface °. Although these
experiments were carried out at the A-W and not the oil-water (O-W) interface, they still should have
revealed more information about the nature of the interactions at the surface of the emulsion droplets.
The surface pressure was measured using a roughened mica Wilhelmy plate (3—5 cm in width),
suspended from a force transducer (Maywood Instruments, Basingstoke, UK) at the center of a
polytetrafluoroethylene (PTFE) trough. Buffer (pH 7.0 or pH 3.0) was added to the trough until the
plate dipped into the A—W interface. The A-W interfacial area in the trough was reduced to the
smallest possible and a vacuum line used to suck away the surface of the aqueous phase until the
surface pressure © was < 0.1 m N m! and this remained < 0.1 m N m™! on subsequent re-expansion
(to the maximum trough area) and re-compression. For PPM experiments, a drop of an aqueous
dispersion of PPM (0.46 wt% protein concentration) in a 100 ul syringe was slowly formed at the tip
of the syringe and slowly lowered to touch the A-W interface, following by raising of the syringe tip.
This was repeated until 100 puL of the PPM dispersion was spread. Suspensions of CNC alone (0.04
wt% CNC) were spread similarly. In all cases each 100 ul spreading process took 1 to 2 min and =«
versus area isotherms were measured 10 min after spreading. For experiments with PPM and CNC

together, in one type of experiment 0.46 wt% PPM alone (at pH 3.0) was spread first, as above, then



after 10 min 100 pl of a 0.04 wt% CNC dispersion at pH 3.0 was spread at top of the PPM film.
Mixed dispersions of PPM and CNC were also spread (see later). Spread films were compressed at a
constant low speed!> 3> 33 to measure the isotherms. In general, each spread film was compressed and

expanded at least 2 times to check for reversibility, with all experiments conducted in triplicate.

Pepsin activity assay. In order to determine the effect of the presence of CNCs on pepsin activity,
hemoglobin was used as reacting protein. * 500 ul hemoglobin dispersion (2% w/v) with or without
1-2 wt% CNC at pH 2.0 was incubated in a shaking water bath at 37°C for 3 to 5 min to achieve
temperature equilibration. Then 100 uL of pepsin solutions of different concentrations (5, 10, 15, 20,
25 and 30 pg/mL) were added into the hemoglobin or hemoglobin + CNC dispersions. After
incubation for 10 min, I mL TCA (5% w/v trichloroacetic acid) was added to stop the activity of
pepsin. Finally, the reacted solution was centrifuged at 6000 g for 30 mins to collect a clear solution
for absorbance measurement, at 280 nm, known as the Azgo Test. Hemoglobin or hemoglobin + CNC

dispersions without pepsin were used as blanks. The pepsin activity is calculated via equation 1.

A280 Test X1000

Units/mg = K

Equation 1

Where, At is the duration of the reaction, i.e. 10 mins and X is the concentration of pepsin.

Statistical analyses. All measurements were done three times on triplicate samples prepared on
separate days and were reported as the mean and standard deviation (n = 3 x 3). The statistical
analyses were conducted using one-way (ANOVA) and the significant difference between samples

were considered when p < (.05 using Tukey test.

RESULTS AND DISCUSSION

Characteristics of aqueous dispersions of PPM. Pea protein microgel particles (PPM) dispersed in
phosphate buffer at pH 7.0 were characterized to understand their properties before being used as

Pickering emulsifiers. As shown in Figure 1a, DLS revealed a monomodal PSD (PSD) of PPM with



a single peak in the size range of 100-1000 nm, with a mean hydrodynamic diameter (dn) of 250 nm
and a low polydispersity index (PDI ~ 0.2), in line with previous reports.?’ The PPM at pH 7.0 had a
negative charge with a measured C-potential (about -40 mV), since the pH of the PPM was above the
isoelectric point (pI = 5.0).2” The negatively-charged PPM suggests that the particles dispersed rather
evenly in the aqueous solution without any visual separation due to the high particle-particle

electrostatic repulsive forces.

In vitro gastric digestion of aqueous dispersions of PPM. It can be observed from Figure 1b that dy
of PPM + SGF mixture at pH 3.0 without pepsin has similar values to those of fresh prepared PPMs
at pH 7.0 (~250 nm) (Figure 1a). Interestingly, PPM at pH 3.0 with SGF had a larger size value, i.e.
2-3 um, where data by DLS should be interpreted cautiously.?’ Figure 1b shows that the zeta-potential
of PPM at 0 min digestion was positive (+25 mV) due to the protonation of the ionizable groups at
27, 35

pH 3.0. This zeta-potential value was slightly lower than that measured previously in water,

presumably due to the presence of the SGF ions.
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Figure 1. (a) PSD of pea protein microgel particles (PPM) at pH 7.0 with inset table showing the
hydrodynamic diameter (dh), polydispersity index (PDI) and zeta-potential. (b) and (c) Evolution of
the mean du (m), PDI (D) and zeta-potential (m), respectively, of PPM at pH 3.0 after in vitro gastric
digestion at different time points (0-120 min). The insets in (c) are images of aqueous dispersions of



PPM before and after 120 min of gastric digestion, respectively. Time 0 min represents the PPM +
SGF mixture at pH 3.0 without the addition of pepsin. Error bars represent standard deviations.

In the presence of SGF containing pepsin, dn of PPMs dramatically increased (from 0.25 to 7 um,
Figure 1b) within the first 60 min, comparing with the dn of PPMs at 0 min (p < 0.05). This marked
increase in the particle size of PPM with correspondingly high PDI values can be attributed to protein
particle aggregation due to proteolysis, resulting in their eventual sedimentation, as evidenced by
Figure 1c. Interestingly, dn decreased slightly to 4 um in the later stages of digestion (post 90 min),
possibly due to the eventual breakdown of these aggregates by pepsin.*® The zeta-potential of PPM
rapidly reduced to ~5 mV within the first 30 min of digestion, and decreased to nearly zero at longer
times (Figure 1c¢), partly explaining the increase in dn because of a decrease in electrostatic repulsion

between the particles.
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Figure 2. SDS-PAGE electrogram of aqueous dispersions of PPM at pH 3.0 after in vitro gastric
digestion at different times (0-150 min). Lane M represents the protein markers of 10-250 kDa My
range.

In order to better understand the gastric stability of PPM, the hydrolysis patterns of microgel particles

containing 1 wt% protein were obtained using SDS-PAGE analysis, shown in Figure 2. In agreement



with the evolution in dh and zeta-potential, PPM appeared to be digested immediately. All the major
pea protein bands, especially convicilin (My = 77.9 kDa), legumin (My, = 22.3, 23.1 kDa), vicilin
My =47.3, 35.0, 28.7 kDa) and minor sub units (My = 37.0, 33.1, 31.8 kDa) disappeared within 30
min of digestion, except convicilin (Myw = 72.4 kDa) and vicilin subunits of Mw = 20 and < 14.2
kDa). Both convicilin (My = 72.4 kDa) and vicilin sub units (Myw =20 and <14.2 kDa) showed slow
digestion and remained in significant proportions after 30 min and faint bands were visible even after
150 min digestion. According to the report by Laguna, et al. 22 post in vitro gastric digestion of pea
protein isolate (PPI), only 20% of vicilin major sub units (My = 35.0 kDa) remained after 30 min in
SGF containing pepsin, even with the much higher protein concentration used (i.e. 5 wt%). One might
attribute the slower digestion in PPM compared to PPI due to the greater difficulty the enzyme has in
penetrating into the microgel particles and accessing all the available substrate sites.>’” Opazo-
Navarrete, et al. *® compared pea protein concentrate and it’s gels during gastric digestion and also
demonstrated the ability of the gel structure to reduce enzyme diffusion. Similar results have been
obtained when comparing whey protein, soy protein and egg white protein and their gel/microgel

counterparts.>> 3% 3

PPM-stabilized Pickering emulsions (PPM-E). As shown in Figure 3a, the droplet size distribution
of PPM-E at pH 7.0 was bimodal, consisting of a main peak in the size range 10 to 100 pm and a

much smaller peak between 0.1 and 1 pm.
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Figure 3. (a) Droplet size distribution of 20 wt% oil-in-water emulsions stabilized by PPM (PPM-E)
at pH 7.0 (e), pH 3.0 (©) and PPM + SGF mixture at pH 3.0 without the addition of pepsin (-) with
insets showing corresponding volume-average mean diameter (d+;) and zeta-potential of all the
samples. Different superscripts (a-c) in the same columns of the inset of (a) represent significant
differences between different samples at p < 0.05 level. (b) cryo-SEM micrograph of PPM-E at pH
7.0. Scale bar in (b) represents 10 pm.

Comparison with the microscopy of the emulsions suggests that the large peak represents the
emulsion droplets whilst Figure 1 suggests the small peak most likely corresponds to unabsorbed
PPM, in line with previous studies.?” Interestingly, there were no particles observed above 100 pm as
seen with lactoferrin-stabilized emulsions under similar conditions, which was attributed to

flocculation.!® This suggests that sharing of PPM between droplets was not so obvious in this study

and the amount of PPM was sufficient to cover the droplets.

The volume-average mean diameter (ds3) of PPM-E at pH 7.0 was around 25 um and the zeta-
potential was about —40 mV (Figure 3a), in agreement with previous work.?” As such, the emulsions
would be expected to exhibit long-term stability to coalescence. Efficient adsorption of the PPM
particles to the oil-water (O/W) interface can be attributed to an increase in surface hydrophobicity

of pea protein, resulting from the heat treatment*

and agree with previous observations that 1%
protein microgel particles of this sort of size can provide enough surface coverage to act as efficient

Pickering stabilizers of 20 wt% O/W emulsions." *2’ The cryo-SEM images (e.g., Figure 3b) show



that the PPM appeared to cover the droplets effectively. In addition, there were no significant
differences (p > 0.05) between the ds; of PPM-E at pH 7.0 and that at pH 3.0 (Figure 3a), even
though the zeta-potential was reversed and so must have passed through zero on acidification. The
reversal of the sign of the zeta-potential (from —40 mV to +42 mV ) on acidification from pH 7.0 to
pH 3.0 was expected from Figure 1¢ and because the isoelectric point of pea protein is between these

two pH values.?’

In vitro gastric digestion of PPM-E. As seen in Figure 3a, in the presence of SGF without pepsin,
the mean droplet size of PPM-E (0 min) was comparable to that of the freshly prepared PPM-E at pH
3.0. However, the surface charge of PPM-E at 0 min incubation time (~27 mV) reduced slightly as
compared to that before gastric digestion (~42 mV), presumably due to the presence of the SGF ions.
As noted earlier for the PPM alone,!® although the mean droplet size (d43) increased (p<0.05), and
the main peak in the size range 10 to 100 pm moved slightly to right (Figure 3a), this effect was not
strong enough to influence the observed stability of the PPM-E, i.e., the PPM-E should be stable

under gastric conditions before pepsin starts to act.

With increasing incubation time the main peak (droplets) showed a narrowing and slight increase in
height, whereas the smaller peak (unabsorbed PPMs) appeared to decrease in height and move to
higher sizes (Figure 4a). It seems possible that this represents the pepsin preferentially hydrolyzing
the PPM-based network between droplets as well as any unabsorbed PPMs, as opposed to the PPM
adsorbed at the droplet surface. Interestingly, a similar droplet size distribution was found between
PPM-E at 60 min and 90 min (Figure 4a) suggested that the digestion by pepsin was fairly complete
within 1 h of gastric digestion time. In line with the droplet distribution behavior, mean droplet size
(d43) slightly decreased (p < 0.05) while the surface mean size (d3.) remained steady (p > 0.05) within

the first 10 min of gastric digestion (Figure 4b).
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of the emulsions before and after 120 min of gastric digestion. Time 0 min represents the PPM-E +
SGF mixture at pH 3.0 without the addition of pepsin. Error bars represent standard deviations.



At 30 min, dy;3 slightly increased back to ~35 um and dj3> slightly rose to ~10 um. Beyond this time
the smaller peak (unabsorbed PPMs) tended to disappear completely whilst there was with a
significant increase in both dy3 and d3> (Figure 4d), suggesting the attack by pepsin led to droplet

flocculation and/or coalescence *!#?

, as discussed later. It should be pointed out that there is no simple
way of distinguishing the proportion or interfacial versus bulk microgels that are digested by the

pepsin. Both populations are already relatively unfolded protein and therefore probably quite

accessible to pepsin as a result of the method of their formation.

As can be seen in Figure 4c, the zeta-potential of the droplets was also dramatically reduced (p <
0.05) after 30 min incubation and was close to zero at the end of digestion time. This indicates, at
least, that the composition of the PPM interfacial layer must change and/or the amount adsorbed is
reduced, as might be expected from the SDS-PAGE hydrolysis pattern of PPM (Figure 2). As the
PPM becomes hydrolyzed into smaller and smaller peptide chains these are expected to become less
surface active and more water soluble, leading to less stable emulsions. Figure 4b clearly shows
extensive creaming of the emulsions after 120 min digestion and there was evidence of some free oil

floating on top of the gastric fluid.

The above results were clearly represented in the microstructural changes observed in the CLSM
images (Figure 5). (Tiled images of the samples over larger areas are shown in Supplementary
Figure S1.) With addition of pepsin, a clear sign of larger oil droplets was observed, confirming that
droplets underwent coalescence within the first 30 min, in agreement with the changes in PSD, etc.,
seen in Figure 4. Similar CLSM observations have been made for a range of protein-based Pickering
emulsions in gastric digestion conditions: whey protein microgels and ‘nanoparticles’,!*! lactoferrin

‘nanoparticles’,> '° and karifin ‘nanoparticles’!”.
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Figure 5. Confocal micrographs of 20 wt% oil-in-water emulsions stabilized by PPM (PPM-E) as a
function of in vitro gastric digestion time (0-120 mins) at pH 3.0 (refer to Supplementary Figure S1
for tiled confocal micrographs covering larger fields of view). Green color represents PPM (stained
by Nile Blue); red color represents oil (stained by Nile Red); black color represents air or water. Time
0 min represents the PPM-E + SGF mixture at pH 3.0 without the addition of pepsin. Scale bar
represents 10 um.

Interactions between CNCs and PPM-E at pH 3.0. The CNCs used in this study were needle-like

h,!'0 434 and discussed in

solid crystals with a diameter of ~100 nm. As reported in previous researc
the introduction, the zeta-potential of CNC is relatively high (and negative) at pH 3.0. 2*4>46 Since
the oil droplets in PPM-E had an opposite, positive zeta-potential (Figure 3a) at pH 3.0, adsorption
of CNC onto the adsorbed PPM layer is expected with a change in the droplet zeta-potential to smaller

+ve and even —ve values. As shown in Figure 6a, this is indeed the case - as the concentration of



CNC was increased from 0.5 to 4.0 wt%, the zeta-potential changed from +40 to —45 mV, mostly
between 0.5 and 2.0 wt% CNC. (CNC added to PPM dispersions alone produced very much the same
effect, as shown in Supplementary Figure S2). The slightly positively charged PPM-E + CNCj o (+4
mV) suggests that the droplets were not completely coated with CNC at this lower CNC concentration
(1 wt%). Beyond 2 wt% CNC the value of zeta-potential was almost stable, suggesting that at > 2 wt%
CNC the PPM-E droplets were ‘completely’ covered by CNC, so that excess CNC probably existed
in the bulk phase at > 2 wt% CNC. Note, however, the impossibility of complete coverage of a
spherical surface, i.e., one with no gaps at all, with solid objects. Similar findings for the protein
microgel-stabilized emulsions coated with polysaccharides have been reported elsewhere - where
increasing the concentration of the polysaccharide led to full coverage and charge reversal of the
droplets. ***> Another important aspect is that at > 2 wt%, the samples showed gel-like characteristics
with limited visual flowability (see Figure 6b). Such behaviour was also seen in case of PPM alone
with 3 wt% CNC added. This gel like behaviour has also been seen previously* in emulsions with
hydrophically-modified CNCs added. So one must also be aware that these CNCs may effect the bulk
rheology by forming CNC-CNC network or CNC-PPM network in the continuous phase and
consequently may influence stability and digestibility of the emulsions. On the basis of the above
results, CNC concentrations of 1, 2 and 3 wt% were selected for investigating the effect of CNCs on

the gastric digestions of PPM-E, as described later.
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Figure 6. (a) Influence of concentration of cellulose nanocrystal (CNC) on zeta-potential (®); (b)
corresponding visual images of PPM-E with added CNC. Error bars on (a) represent standard
deviations.

Monolayer experiments on PPM and PPM + CNC. In order to further confirm the nature of the
binding of CNC to PPM at the interface and to try and identify whether the PPM and CNC form
multilayers or a single composite mixed film, surface pressure () versus area isotherms of PPM,
CNC and PPM + CNC at air-water (A—W) interface were measured via the Langmuir trough-methods

described above.
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Figure 7. Surface pressure (7) versus area per particle (A/N,) spread at the A-W interface for various
systems. (a) 0.466 wt% PPM at pH 7.0 (O,0) and pH 3.0 (A,A): 1% compressions O,A; 2™
compressions O, /. (b) 0.04 wt% CNC alone at pH 3.0: 1% compression A; 2™ compression [. (c)
0.466 wt% PPM spread first at pH 3.0, followed by spreading of 0.04 wt% CNC on top of PPM: 1%
compression O; 2™ compression; [ ] 3™ compression A; average n-A/N, result for 0.466 wt% PPM
alone at pH 3.0 from (a) above . (d) Mixture of 0.02 wt% CNC + 0.233 wt% PPM at pH 3.0: 1



compression O3 2" compression; [] 3™ compression A\; average n-A/N,, result for 0.466 wt% PPM
alone at pH 3.0 from (a) above []. The dashed curve in the inset of Figure (a) shows the isotherm for
whey protein microgels (WPM) taken from reference *° compared to the pH 3.0 data for PPM in (a).
The dashed straight lines in (a) are the extrapolations to estimate the dimensions of the adsorbed
microgels (see text).

Figure 7a shows representative surface pressure () — area isotherms for 100 pL of 0.466 wt% PPM
spread at the A-W interface at pH 3.0 and pH 7.0. A spherical PPM radius, » = 125 nm, according to
the DLS data in Figure 1a, plus an assumed PPM particle density of 1 g cm™, were used to calculate
the number of particles (Np) spread from the mass of PPM spread. So the x-axis is the trough area (A)
per particle, i.e., A/Np. In each case the film was compressed then expanded to the maximum trough
area and compressed again, i.e., compressed at least twice. For all PPM experiments, within
experimental error, the repeated compression gave the same isotherm, confirming that the spread
material was retained at the interface and/or any compression of the adsorbed microgel particles was

reversible up to the m imposed on the film. It should be noted, however, that occasionally some small

jumps in © were observed, which may indicate some film instability on compression (see below).

The isotherms for PPM at pH 7.0 appear to be displaced to slightly higher A/N,, than at pH 3.0, which
might suggest greater expansion of the PPM at the pH 7.0 interface, due to their greater swelling
and/or deformability at the higher pH value. Such effects would obviously be related to the different
charges on the PPM at the two pH values. However, the Supplementary Figure S3 shows the average
values of m and their standard deviation for 3 separate experiments, compressed 3 times, i.e., 9
isotherms for both pH 7.0 and pH 3.0 and it is seen that within experimental error there is negligible
difference between the two, within the error of reproducibility. It is difficult make more accurate
measurements because of the experimental difficulty of ensuring that none of the spreading solution
is lost to the sub phase during the spreading, which is a common problem when spreading any
proteinaceous material as opposed to completely insoluble surfactants. The inset to Figure 7a
compares the average of the two isotherms for PPM at pH 3.0 in the main Figure with the average n

v. A/N, isotherm for whey protein microgels (WPM) also spread at pH 3.0, taken from previously



published work.?° In this case the mean r of the WPM was 45 nm. The far more expanded isotherm
for the WPM compared to the PPM is well within any experimental error, so that the PPM can be
concluded to be far less deformed than WPM on adsorption at the A-W interface. For example, if the
linear n-A/N,, region at the highest m is measured are extrapolated to the A/N, axis, as shown by the
straight dashed lines on Figure 7a, the intercept may be taken as the effective PPM cross-sectional
area within the interface at which the PPM start to interact strongly. Assuming the PPM adopt a
circular cross-sectional area of radius ' and that the maximum 2-dimensional packing fraction*® of
these ‘circles’ is 0.9069, then the intercept of 0.31 pm? translates to # = 310 nm. It is seen that 7' is
only moderately larger than » = 125 nm for the un-deformed PPM, whereas the equivalent 7' for WPM
is ~ 4 x larger, despite » being smaller for WPM.*"- 4 Although instructive, such calculations ignore
the wide distribution of microgel particle sizes (e.g., see Figure 1a) and/or their aggregates and a lack
of knowledge of the contact angles of such particle at the interface, so that absolute magnitude of
these 7' values should be treated with caution. The main reason for the conducting the isotherm
experiments was to gain more insight into the effect of CNCs when present in addition to PPM

particles at the interface.

Figure 7b shows isotherms for 100 pl of 0.04 wt% CNC dispersion spread at the A-W interface at
pH 3.0. CNC particle dimensions of a cylinder of diameter 6 nm and length 100 nm, plus a particle
density of 1.5 g cm™, were used to calculate N, spread. (The cylinder volume is equivalent to that of
a sphere of radius only 8.8 nm, hence the much lower values of A/Nj, since Np 1s so much higher
despite the concentration spread being lower). It is seen that 1 = 0 + 0.5 mN m™! for either the first or
second compression. This experiment was repeated many times, sometimes increasing the CNC
concentration spread, but the result was always the same. This suggests that the CNCs are not surface
active enough to be retained by the A-W interface, but that they disperse into the aqueous subphase.
Figure 7c¢ shows isotherms for PPM spread as in Figure 7a at pH 3.0, but followed by spreading of

100 pl of 0.04 wt% CNC dispersion (as in Figure 7b) at the maximum trough area (i.e., 1 = 0 mN m"



1 on top of the PPM film. In view of the results in Figure 7b, it is perhaps not surprising that the
PPM isotherm is not much affected by the addition of the apparently non-surface active CNC.
Therefore, if any CNC particles that are associated with the adsorbed PPM they must be on top of (or

below) the PPM layer and not within it.

Figure 7d shows the result of spreading 100 pul of a mixed solution of 0.0233 wt% PPM + 0.02 wt%
CNC. Despite these PPM and CNC concentrations being half those in Figures 7a-c, the isotherm is
much more expanded than that for the sequential addition in Figure 7c¢. In fact, this is why the
concentrations had to be reduced in the spreading solution - to obtain a region where n tends to zero
at the start of the compression. Thus, co-adsorbing PPM and CNC apparently leads to a much different
film structure, presumably with some CNC embedded within the PPM film in the interfacial region
— although we have no direct evidence for this as yet. However, this is not how the emulsion droplet
interface is formed: PPM adsorbs first, stabilizing the emulsion and then CNC is added afterwards.
Therefore, the adsorbed film structure is more likely to resemble that formed in the sequential
adsorption experiment in Figure 7c, i.e., if any CNC adsorbs it does so to the outside of the primary
adsorbed PPM film. However, one should note that eventually the surface layers will approach the
same final “equilibrium” composition and structure, irrespective of the sequence of addition of the
particulate layers. Possibly the stark differences in the results illustrated in Figures 7c and d partly
explain some of the apparent disagreements between the data in the literature concerning the surface
activity (or not) of various CNCs. CNC may appear to be surface active when it is co-adsorbed with
proteins but not on its own. Certainly the CNC used in these experiments has been shown elsewhere**

not to depress the tension at the oil-water interface.

Particle size distributions of PPM-E with different CNC concentrations. As shown in Figure 8a,
the PSDs of PPM-E + CNC with 1 to 3 wt% CNC at pH 3.0 were bimodal, with the largest peak

between 1 and 100 pm. The smaller peak between 0.1 and 1 pm most likely represented free PPM



particles (as discussed earlier for the PPM-E emulsions) and/or free CNC particles and/or free PPM
+ CNC electrostatic complexes. The PSD in all of PPM-E + CNC systems was noticeably shifted to
lower sizes compared to that of PPM-E at pH 3.0, in particular the main peak. This is consistent with

significantly (p < 0.05) lower dy3: 16, 12 and 14 pm for 1, 2 and 3 wt% CNC respectively, suggesting

that the CNCs reduce droplet flocculation. '

10" " 10° 10 C 107
Droplet size (um)

Figure 8. (a) PSDs of freshly prepared 20 wt% O/W emulsions at pH 3.0: stabilized by PPM only
(PPM-E) (-); PPM-E with 1 wt% CNC (e), PPM-E with 2 wt% CNC (m); PPM-E with 3 wt% CNC
(A). Cryo-SEM micrograph and partial enlarged detail of PPM-E with: (b) 1 wt% CNC (c) 2 wt%
CNC, (d) 3 wt% CNC (d). Scale bars represent in (b) 10 um, in (c) and (d) 5 um. The red arrows

indicate what are thought to be CNC particles.
Interestingly, there was a slight increase of ds3 when the CNC concentration was increased 2 wt% to
3 wt%, possibly due to depletion flocculation via excess CNC. ** Cryo-SEM images in Figure 8b-d

clearly show CNCs adsorbed on the surface of the PPM-stabilized emulsion droplets, which appeared



to have incomplete CNC surface coverage in case of PPM-E + CNC; o, and near full coverage in case

of PPM-E + CNCs.o.

Rheological properties of PPM-E + CNC emulsions. More detailed measurements were made on the
influence of the CNCs on the viscoelasticity of the PPM-E + CNC emulsions (Figure 9). All
emulsions with 1 to 3 wt% CNC were shear thinning over the shear rate ranging 0.1 to 1000 s
(Figure 9a), with the flow index (n) < 1 (Table 1). As the CNC concentration increased the
consistency index (K) increased significantly (p < 0.01) (Table 1), suggesting a stronger attractive
inter particle interaction between CNC-CNC and/or CNC-PPM. This was also supported by the
optical images in Figure 6b based on the reduced flowability of PPM- E + CNCs at higher CNC

concentration. At the same time, strain amplitude sweeps.



—_~
»
©
o
p—
>,
it
7}
o
o 10°-
2
)
|
O
©
a
o
<C

1074

1024

10 — —T o -
10" 10° 10' 10° W

o) Shear rate (s™)

10%+

10° 2 & P )
! mﬁ!&!&{#ﬂ!‘s&mm‘ Ao

102 AT f;-fi;:ff}fl.l_:., oos Lt ]

1 o
0’ 1 Ceposesassas

—8—PPM-E +CNC, , -G’
|=—rPMmE +CNC, -G
—8—PPM-E +CNC, , -G'
10" 4="=PPM-E +CNC,, -G"
{—A—PPM.E + CNC,,-G'
~/=PPM-E + CNC, , -G"

10.2 L L] * L] L L]
107 10" 10° 10
©) Shear strain (%)
10°%-

i€
O B g~ > @D O = o= i O
= X -

G and G (Pa)

—e—PPM-E + CNC,, -G
—O— PPM-E + CNC, , -G
—=—PPM-E + CNC, , -G'

104 —(— PPM-E + CNC, , -G"

1 —&—PPM-E + CNC,  -G'

o -/~ PPM-E + CNC, , -G"
1072 10" 10°

Angular frequency (Hz)

L
10

Figure 9. (a) Flow curves, (b) strain amplitude sweep curves, (c) frequency sweep curves of freshly
prepared 20 wt% oil-in-water emulsions at pH 3 stabilized by PPM (PPM-E) with 1 wt% CNC (PPM-
E + CNCi)) (@), 2 wt% CNC (PPM-E + CNC3)) (m) and 3 wt% CNC (PPM-E + CNC3s,) (A). Error

bars represent standard deviations.



(Figure 9b) suggested that PPM-E with 2 wt% or 3 wt% CNC required a higher shear strain to break
some sort of the network structure compared to 1 wt% CNC, as evidenced by the strain at which G’
and G''suddenly started to decrease. Figure 9¢ shows the frequency sweep curves of G’ and G"' versus
with frequency (Hz) G’ > G"' for all emulsions between 0.01 and 10 Hz, further suggesting a gel-like
viscoelastic network in the presence of CNC,'¢ particularly at the higher CNC concentrations.* 3% 3!
Note that both G’ and G for PPM-E + CNCo were higher than for PPM-E (Figure 9¢ and
Supplementary Figure S4), i.e., without CNC, confirming the essential nature of CNC to the
network formation process.*” ° It is worth noting that both the shear thinning behaviour
(Supplementary Figure S5a) and the gel-like behaviour (Supplementary Figure S5b) were also

observed in PPM + CNC dispersions without oil, highlighting the influence of CNC in network

formation in the bulk phase.

Table 1. Consistency index (K) and flow behaviour index (n) of PPM-E + 1, 2 or 3 wt% CNC.
Ostwald de Waele fit for the apparent

VISCOS1
Power-Law Model () = Ulégzgz‘l R?
n K (Pas")
PPM-E + CNCi, 03+0.1 0.5+0.1° 0.95
PPM-E + CNCao 0.3+0.1 1.0 +£0.3° 0.99
PPM-E + CNCs 02=+0.1 18.1 +6.6° 0.93

Note: Different superscripts (a-c) in the same column represent significant differences between
different samples at p < 0.05 level. The superscript z in units for K is the flow behavior index.

In vitro gastric digestion of PPM-E + CNC. As hypothesized, the presence of SGF without pepsin
had only a slight effect on PPM-E + CNC (see Figure 10, Supplementary Table S1 and Table 2).
All the PPM-E + CNC emulsions at 0 min had no significant differences in the mean droplet size as
compared to those of freshly prepared emulsions at pH 3.0. The zeta-potential of PPM-E + CNC; o at
0 min was also the same as the freshly prepared emulsion (p > 0.05) (see Supplementary Table S1

and Table 2), but the zeta-potential of both PPM-E + CNC;0 and PPM-E + CNCs, at 0 min were



slightly less negative compared to the fresh emulsions. These results suggested that the droplets did
not initially aggregate and so all the PPM-E + CNC were stable in the absence of pepsin action,

similar to the behaviour of the PPM-E noted earlier.
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Figure 10. PSDs of PPM-E with: (a) 1 wt%, (b) 2 wt%, (c) 3 wt% CNC after different in vitro gastric
digestion times. Time 0 min represents the emulsion + SGF mixture at pH 3.0 without the addition of

pepsin. (d) Shows d32 (+++) and dys3 (-) at 0, 30 and 120 min for 1 (e), 2 (m) and 3 wt% CNC ( A). Error
bars represent standard deviations.

Table 2. Mean zeta-potential of PPM-E with 1, 2 and 3 wt% CNC after 0, 30 and 120 min in vitro
gastric digestion. Time 0 min represents the emulsion + SGF mixture at pH 3.0 without the addition

of pepsin. Different superscripts (a-b) in the same column indicate significant differences between
different samples at p < 0.05 level.

Mean zeta-potential Dlgestl(.)n time
(mV) (min)
0 30 120
PPM-E + CNCio 59+13% -5.5+£2.5b -8.8+£1.4°
PPM-E + CNCao -29.7 +3.22 -18.5+1.5° -20.5+2.7°

PPM-E + CNC3y 343 +2.52 26.1 £2.5° 226.0+2.5°




After being incubated in SGF with pepsin, the mean droplet size (ds3) of PPM-E + CNCi o showed no
significant change during gastric digestion for 2 h (Figure 10d and Supplementary Table S1) whilst
there was an increase in the vol% of the minor peak between 0.1 and 1 pum in the first 30 min (Figure
10a) and a significant decrease in the d3., as summarised in Figure 10d and Supplementary Table
S1. This suggests the pepsin digested the aggregated network of unabsorbed PPM particles in the first
30 min, freeing up more primary emulsion droplets. Both PPM-E + CNC; and PPM-E + CNCs
showed similar changes: d3> and dy; remained constant (p > 0.05) within the first 30 min (Figure 10d
and Supplementary Table S1), whilst there was a similar increase in the vol% of the minor peak
(Figure 10b, ¢) but the mean particle sizes had decreased considerably (p < 0.05) after 120 min
digestion (Figure 10d and Supplementary Table S1). A possible explanation for these reduced mean
particle sizes might be that pepsinolysis of the aggregated network of PPM. It was also thought the
CNCs might reduce pepsin activity by either binding or trapping the enzyme in the CNC network in
the continuous phase. This was confirmed via the pepsin activity assay with 2% w/v protein
(haemoglobin) mixed with CNC, as showed in Table 3. The pepsin activity reduced from ~655 U/mg
to 100-160 U/mg after adding CNCs to the protein dispersion. Consequently, the CNC can reduce
pepsinolysis and breakdown of the PPM-stabilized emulsions in two ways: (i) binding to the PPM-

laden interface and (ii) bonding or trapping the enzyme.

Table 3. Pepsin activity assay with 2 % w/v hemoglobin mixed with 1 wt% or 2 wt% CNC.

Substrate Pepsin activity
(U/mg)
Haemoglobin 654.7 £ 53.4°
Haemoglobint+ CNC; g 133.8 £ 109.3"
Haemoglobin + CNCz.0 158.8 £97.8°

Note: Different superscripts (a-b) in the same column represent results with significant differences
between different samples at p < 0.05 level.

PPM-E + CNCj droplets showed a significant change in zeta-potential (p < 0.05) after simulated



gastric digestion (see Table 2). The zeta-potential changed from ~ +6 mV to —6 mV within 30 min,
followed by a more gradual change to —9 mV by the end of the digestion time. This seems to indicate
a loss of PPM from the interface. However, there was no increase in mean droplet size, as mentioned
before. Since a negative value of zeta would seem to indicate the predominance of CNC at the
interface, the peptide fragments produced by hydrolysis combined with the CNC must form a new
type of protective shell surrounding oil droplets, preventing coalescence. Both PPM-E + CNC; and
PPM-E + CNC30showed a significant change in zeta-potential (p < 0.05) after 30 min, zeta-potential
changing from —30 mV to —20 mV and from —35 mV to —26 mV, respectively. In the case of PPM-E

+ CNCis., this was followed by a stable zeta-potential until the end of the digestion time.

Confocal micrographs of PPM-E + CNC emulsions before and after digestion, shown in Figure 11,
also provide evidence that no large coalesced oil droplets were formed after 2 h incubation, except
PPM-E + CNC, . Interestingly, the blue color, i.e., the stain for cellulose in the micrographs before
digestion with increasing CNC concentration is enhanced, i.e., darker blue, suggesting concentration
of the CNC into specific regions. These regions probably represent the gel-like network in bulk that
get stronger with increasing CNC concentration, as discussed above. The inset to the micrographs are
photographs of the emulsions and show that no phase separation was observed, emphasizing again

the greater stability of the emulsions to gastric digestion when CNC was added.



120 min

Figure 11. Confocal micrographs of 20 wt% oil-in-water emulsions stabilized by PPM (PPM-E) and
1 wt% CNC (PPM-E + CNCi ), 2 wt% CNC (PPM-E + CNC»,), and 3 wt% CNC (PPM-E + CNC3)
as a function of in vitro gastric digestion time (0, 120 min) at pH 3.0. The green color represents PPM
(stained by Nile Blue); the red color represents the oil phase (stained by Nile Red); the blue color
represents the CNC (stained by Calcofluor White); the black color represents air or water. Time 0 min
represents the PPM-E + SGF mixture at pH 3.0 without the addition of pepsin. Scale bar represents
50 pm.
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CONCLUSIONS

This study set out to understand the in vitro gastric digestion fate of Pickering O/W
emulsions stabilized by pea protein microgels (PPM) with and without added cellulose
nanocrystals (CNC). The study confirms that emulsion droplets stabilized by pea
protein microgels alone break down completely when subjected to in vitro gastric
digestion conditions, which causes droplet coalescence and phase separation. Addition
of CNC stabilizes the emulsions against these effects. The added stability may be the
result of the CNCs binding electrostatically to the outside of the adsorbed PPM layer at
low pH, for which there is good evidence from zeta-potential and Langmuir trough
experiments. On the other hand, rheological measurements indicate that the CNCs also
induce the formation of a strong gel-like structure in the emulsions and it has also been
shown that this CNC network can bind or trap the pepsin enzyme responsible for the
digestion. This CNC-induced gelation and/or binding of the enzyme to the CNCs may
restrict the access of the pepsin to the substrate sites available in the PPM and so
contribute to the greater gastric stability of the emulsions. Such emulsions, based on
complex plant-based particulate interfaces might be used to deliver bioactive molecules
that require protection in the gastric regime. Future studies are focusing on how

composite particulate layers can offer modulation of intestinal digestion of droplets.
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This material includes the confocal micrograph tiles covering different fields within the
sample of emulsions stabilized by PPM (PPM-E) before and after in vitro gastric
digestion (Figure S1), influence of concentration of cellulose nanocrystals (CNC) on
mean (-potential values of aqueous dispersion of PPM and images of flowability of
these mixtures (Figure S2), surface pressure versus area per particle spread at the A-W
interface for PPM (Figure S3), frequency sweep curves of freshly prepared emulsions
stabilized by PPM (PPM-E) at pH 3.0 (Figure S4), flow curves and frequency sweep
curves of freshly prepared PPM (1 wt%) at pH 3 mixed with 1-3 wt% CNC (Figure S5)
and mean droplet size of PPM-E with 1-3 wt% CNC after in vitro gastric digestion

(Table S1).
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Figure S1. Confocal micrograph tiles covering different fields within the sample of 20
wt% oil-in-water emulsions stabilized by PPM (PPM-E) after (a) 0 min and (b) 120 min
of in vitro gastric digestion at pH 3.0. Green colour represents PPM (stained by Nile
Blue); red colour represents the oil phase (stained by Nile Red); black colour represents
air or water. Note 0 min in Figure (a) represents the PPM-E+SGF mixture at pH 3.0
without the addition of pepsin. Scale bar represents 20 um.



237

238
239

240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256

~_

&0
B OO -
o o
ad o J

N W
o O
il

A

-
o o
'

&

o
1
(W

» N
S o
1 1
1
2

Zeta-potential (mV)
£

A
i

&
o
[

Concentration of CNC (wt%)

. — _—
B 3 > ~. ~ ¥ - o -
R P ————_y “ - . - 3

(b)

e - 7 P / .
PPM-CNC, . PPM-CNC, PPM-CNC, » PPM-CNC,, "\ //PPM-CNC,; PPM-CNC;,

' / ‘
Q. W

Figure S2. Influence of concentration of cellulose nanocrystals (CNC) on: (a) the mean
{-potential values (0) of aqueous dispersion of PPM and (b) the flowability of these
mixtures. Error bars represent standard deviations.
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Figure S3. Surface pressure (m) versus area per particle (A/Np) spread at the A-W
interface for 0.466 wt% PPM: standard deviations about the means are shown for 9
separate compressions at pH 7.0 (black line and error bars) and pH 3.0 (red line and
error bars).
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269  Figure S4. Frequency sweep curves of freshly prepared 20 wt% O/W emulsions
270  stabilized by PPM (PPM-E) at pH 3.0 (G'e, G"'0). Error bars represent standard
271  deviations.
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Figure S5. (a) Flow curves and (b) frequency sweep curves of freshly prepared PPM
(1 wt%) at pH 3 mixed with 1 wt% CNC (PPM + CNCi ) (@), 2 wt% CNC (PPM +
CNCzo) (m) and 3 wt% CNC (PPM + CNCs,) (A). These samples are aqueous
dispersions of particles without any oil droplets. Error bars represent standard

deviations.



294  Table S1. Mean droplet size of PPM-E with 1, 2 and 3 wt% CNC after 0, 30 and 120
295  min in vitro gastric digestion. Time 0 min represents the emulsion + SGF mixture at pH
296 3.0 without the addition of pepsin. Different superscripts (a-b) in the same column
297  indicate significant differences between different samples at p < 0.05 level.

Digestion time

Size
(min)

a b b

PPM-E + CNC0 ds2 40+0.1 3.3+0.2 32+03
dy3 18.0 £ 4.72 14.6 + 3.7 123 +1.8°
a a b

PPM-E+CNCyo 9% 3.2£02 31402 27402
du3 13.9+1.9* 13.1+1.9° 9.4+ 1.7°
a a b

PPM-E+CNCso 9% 3.2+0.4 31403 24401
ds3 17.6 + 4.9° 16.4 + 4.9 8.1+1.4°
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