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ARTICLE INFO ABSTRACT

Keywords: This study aimed to investigate the microstructural, tribological and rheological properties of water-in-water (W/
Starch W) emulsion droplets with or without stabilization by proteinaceous microgel particles. The W/W emulsions
Carrageenan were prepared from mixtures of gelatinized corn starch (GS) and x-carrageenan (xC) in the two-phase regime and
gi‘c?oﬁmtem microgel when particle-stabilized whey protein microgel particles (WPM) were used. The W/W emulsions were shear
Lubrication thinning liquids. The viscosity values of the emulsions were higher than the corresponding weight average
Rheology values, calculated on individual samples irrespective of shear rates. Tribological results revealed that the fric-

tional properties of W/W emulsions formed from 1.0 wt% GS + 0.1 w% «C were dominated by the xC properties
alone in the mixed and hydrodynamic regimes, even though the starch played an essential role in decreasing
friction coefficient (x) in the boundary regime. Unlike the corresponding solutions of GS and xC, W/W emulsions
containing higher concentrations of the biopolymers (3.0 wt% starch + 0.3 wt% xC) decreased y in the mixed and
boundary regimes, probably due to water droplets becoming entrained and forming a hydration film in the
contact region. In the case of W/W emulsions containing WPM, confocal and cryo-scanning electron microscopy
confirmed the presence of WPM at the interface and hence a Pickering-like stabilization. The WPM-stabilized W/
W emulsions showed higher apparent viscosity (than those without WPM) and lower y in the boundary and
mixed regimes. Stabilization of W/W emulsions via microgel particles therefore seems to be a useful tool to

improve the lubrication performance of such systems.

1. Introduction

Water-in-water (W/W) emulsions are thermodynamically incom-
patible solutions of two biopolymers (Esquena, 2016; Hazt et al., 2020;
Nicolai & Murray, 2017; Vis, Opdam, et al., 2015). Such emulsions
demonstrate phase separation, producing water droplets much richer in
one biopolymer dispersed in a continuous phase much richer in the other
biopolymer. The degree and rate of phase separation are associated with
the molecular weight of the biopolymers and any charge interaction
between the polymer segments. (Grinberg & Tolstoguzov, 1997; Nicolai
& Murray, 2017). Since W/W emulsions evolve from a ‘mixed’ solution,
they start off, at least in the early stages of their formation, with a much
larger interfacial area in the system as compared to that of oil-in-water
(O/W) or water-in-oil (W/0O) emulsion systems formed by mechanical
dispersions of one immiscible phase into the other. Furthermore, the
interfacial tensions of W/W emulsions (e.g., <1072 mM m™ 1) are orders
of magnitude smaller than those of O/W emulsions (e.g., 30 mM mH
(Ding et al., 2002; Scholten, Visser, Sagis, & van der Linden, 2004; Vis
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etal., 2015a, 2015b; Vis et al., 2015a, 2015b). Recently, there has been
increasing interest in using surface active particles to stabilize W/W
emulsions (Esquena, 2016). A wide range of proteinaceous microgel
particles, for example, using $-lactoglobulin, whey protein isolate (WPI),
bovine serum albumin (BSA) and gelatin, have been used (Beldengrun
et al., 2018; Hazt et al., 2020; Machado, Capron, de Freitas, Benyahia, &
Nicolai, 2022; Murray & Phisarnchananan, 2014, 2016; Zhang et al.,
2021).

Although the design principles and formulation strategies of W/W
emulsions have been well-researched (Esquena, 2016; Murray & Ette-
laie, 2020), the interaction of W/W emulsions with bodily fluids has
attracted little attention to date. In particular, very little is known about
the oral behavior of W/W emulsions, which is crucial if such emulsions
are to be used in food applications. Oral processing involves a dynamic
range of deformation in a relatively short span of time that can be
assessed using rheological and tribological analysis to understand the
bulk and surface effects, respectively (Chen & Stokes, 2012; Sarkar,
Andablo-Reyes, Bryant, Dowson, & Neville, 2019). There is now a
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Fig. 1. Phase diagram showing the estimated binodal (—) single-phase (o) and biphasic (@) mixtures of gelatinized waxy corn starch (S) and «-carrageenan (xC) with
visual images of (a) 2.0 wt% GS + 0.2 wt% «C, and (b); 0.25 wt% GS + 0.5 wt% «C immediately and after a storage period of 3 months.
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Fig. 2. Optical micrographs of water droplets inside GS + «C phase separating W/W emulsions prepared with different concentrations of GS (1.0-3.0 wt%) and xC
(0.1-0.3 wt%) with insets showing histogram of droplet size distribution and mean droplet size of W/W emulsion droplets. Using optical microscopy images of at
least 100 droplets, the actual mean droplet size of the W/W emulsions was assessed using ImageJ. Scale bars represent 50 pm.

consensus that bulk effects dominate oral processing in the early stages -
affecting sensory perception such as ’thickness’ - whereas surface-driven
tribological effects dominate the oral processing in the later stages —
affecting smoothness, slipperiness etc. (Sarkar & Krop, 2019; Stokes,
Boehm, & Baier, 2013). Many previous studies have shown the differ-
ence in the bulk rheological behavior of W/W emulsions compared with
that of the individual constituent biopolymer solutions (Firoozmand,
Murray, & Dickinson, 2007; Semenova & Dickinson, 2010; Vis, Opdam,

et al., 2015).

In terms of tribology, there has been significant progress in the
frictional analysis of emulsions, microgels, emulsion microgels in the
last decade (Sarkar, Soltanahmadi, Chen, & Stokes, 2021; Torres,
Andablo-Reyes, Murray, & Sarkar, 2018; Upadhyay & Chen, 2019).
Upadhyay and Chen (2019) demonstrated that oil volume fraction and
droplet size in an O/W emulsion could affect smoothness perception via
decreasing the friction coefficient (4). According to Torres et al. (2018),
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Fig. 3. Cryo-SEM images of 3.0 wt% GS + 0.3 wt% xC W/W emulsions (a) in the absence of whey protein microgel particles (WPM) and (b) in the presence of WPM,
with top image showing 20,000 x magnification (scale bar = 10 pm) and bottom image showing 50,000 x magnification (scale bar = 2 pym). Zoomed image of the
interface containing WPM (c), and hydrodynamic size (d) of WPM particles measured using dynamic light scattering.

the lubrication performance of O/W emulsions is strongly dependent on
the coalescence stability of the droplets and they also highlighted that
emulsions stabilized by modified starch can help to reduce p further by
being responsive to a-amylase in mouth. Although there is some un-
derstanding of the tribological performance of mixtures of starch and
non-starch polysaccharides (You, Murray, & Sarkar, 2021; You & Sar-
kar, 2021), no study has yet investigated the tribological performance of
W/W emulsions that can evolve from such mixtures. Interestingly, the
stability of W/W emulsions can be modified by incorporating protein-
aceous microgel particles, which pin to the interface via the Pickering
mechanism despite the low interfacial tension, whilst at the same time it
is already known that such microgels themselves can impact the lubri-
cation performance (Andablo-Reyes et al., 2019; Sarkar, Kanti, Gulotta,
Murray, & Zhang, 2017). It remains to be seen if the rheological and
tribological properties of such W/W emulsions are dominated by the
presence of stable W/W droplets, the microgels or the individual
biopolymer solutions.

Consequently, the aim of this study was to form W/W emulsion
droplets by combining solutions of gelatinized starch (GS) and

k-carrageenan (xC) with or without whey protein microgel particles
(WPM) as droplet stabilizer and to assess their rheological and tribo-
logical properties. We mapped the phase diagram and measured the
shear viscosity and tribology of xC and GS separately and also when
present together as W/W emulsions with and without WPM. We hy-
pothesize that W/W emulsions should reduce y mostly via accretion of
water droplets under the tribological stress into a hydration layer be-
tween the tribological contact surface. To our knowledge, this is the first
report that investigates the frictional properties of W/W emulsion sys-
tems with and without the addition of Pickering-like microgel particles.
The findings should bring new knowledge to aid the design of low cal-
orie products without compromising their mouthfeel.

2. Material and methods
2.1. Materials

k-carrageenan (xC), product code 22048 (CAS number 11114-20-8),
and waxy corn starch, product code 10120 (CAS number 9037-22-3)
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Fig. 4. Confocal micrographs of the 3 wt% GS + 0.3 wt% xC W/W emulsion (a) in the absence and (b) in the presence of whey protein microgel (WPM). GS and WPM
are fluorescently labelled by Rhodamine B (A ~ 546 nm) and Acridine Orange (A ~ 502 nm), respectively. Scar bar represents 50 pm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

were purchased from Sigma-Aldrich, Dorset, UK. Biopolymer solutions
were made in 20 mM phosphate buffer at pH 7.0. Smooth poly-
dimethylsiloxane materials with a surface roughness of 50 nm (PDMS,
Sylgard 184, Dow Corning, USA) tribo-set (ball; @ 47 mm, disk; @ 19
mm and 4 mm thickness) were purchased from PCS Instruments, Lon-
don, UK. Rhodamine B (product code R-6626) and Acridine Orange
(Product code 15855) were purchased from Sigma Aldrich, Dorset, UK.
Phosphate buffer was made up with water purified by a Milli-Q appa-
ratus (Millipore, Bedford, UK), with an electrical resistivity not less than
18.2 MQ cm.

2.2. Preparation of W/W emulsions

Gelatinized starch (GS) (0.2-6.0 wt%) was prepared by dispersing
the starch powder in phosphate buffer at pH 7.0 followed by thermal
treatment in an oil bath at 90 °C for 15 min with constant shearing using
an Ultra Turrax T25 homogenizer (IKA-Werke GmbH &Co., Staufen
Germany) to gelatinize the starch. x-carrageenan (xC) (0.02-0.6 wt%)
was dispersed in phosphate buffer at pH 7.0 for at least 24 h at room
temperature and then similarly dispersed and heated at 90 °C for 15 min.
Equal volumes of GS and «C solutions of different concentrations were
mixed at 90 °C and homogenized at 21,000 rpm for 10 min via the Ultra
Turrax T25 homogenizer. For Pickering W/W emulsions stabilized by
microgel particles, the microgel particles (0.1-1.5 vol% in the final
mixture) were added to either the GS or «C solutions before blending the
two phases together.

2.3. Preparation of whey protein isolate microgel particles (WPM)

The WPM were prepared using the procedure described in previous
reports (Andablo-Reyes et al. (2019); Sarkar et al. (2017)). Briefly, whey
protein isolate (WPI) solution was prepared by dissolving 12.0 g WPI in
88.0 g of 20 mM phosphate buffer at pH 7.0 and stirred for 2 h at room
temperature to ensure complete dissolution. Crosslinking to form a WPI
gel was achieved by heating the WPI solution at 90 °C for 30 min. After
cooling to room temperature the gel was stored at 4 °C for 12 h, followed
by blending for 2 min with 20 mM phosphate buffer, at a 1:5 w/w ratio
of gel to buffer, via a hand blender (HB711M, Kenwood, UK). The
subsequent dispersion of ‘coarse’ WPI gel fragments was degassed via a
THINKY mixer (ARE-250, Kidlington, UK) using a mixing cycle of 2 min
at 2000 rpm, followed by 1 min degassing at 2200 rpm. Finally, the
dispersion of fragments was formed into a fine dispersion of WPM via
two passes through a bespoke Jet Homogenizer (University of Leeds,
UK) at 300 + 20 bar. The final concentration of WPM particles in the GS
or xC dispersions to form the W/W emulsions (see above) was 20.0 vol%

(equivalent to 2.4 wt% protein).

2.4. Dynamic light scattering

The particle size of the WPM was measured via dynamic light scat-
tering (DLS) using a Zetasizer (Nano ZS series, Malvern Instruments,
Worcestershire, UK). A sample of the WPM dispersion was diluted with
20 mM phosphate buffer solution at a 1: 50 v/v ratio of WPM to buffer
and placed in a disposable plastic cuvette (ZEN 0040). Measurements
were performed by time-dependent correlation functions, using a
detection angle of 173° and refractive indices of 1.54 and 1.33 for WPM
and buffer, respectively. The absorbance of the WPM particles was
assumed to be 0.001.

2.5. Apparent viscosity

Rheological characterization of the biopolymer solutions and W/W
emulsions was performed via a model MCR 302 (Anton Paar, Austria)
shear rheometer, using cone-and-plate geometry (CP50-2, cone diam-
eter 50 mm, cone angle 2°, 1 mm gap) at shear rates ranging from 0.1 to
1000 s~L. All the experiments were carried out within 2 h of W/W
emulsion formation, during which time no visible phase separation of
the emulsions occurred. For each measurement, 2 mL of sample were
pipetted onto the plate and a temperature-controlled cover was used to
prevent evaporation and maintain the temperature at 37 + 0.1 °C, in
order to mimic oral processing conditions. Samples were left on the plate
for 2 min to achieve thermal equilibrium before rheological measure-
ments commenced.

2.6. Tribology

A Mini Traction Machine 2 (MTM2, PCS Instruments, London, UK)
with hydrophobic polydimethylsiloxane (PDMS) ball and disc as tribo-
pairs, was used to measure the tribological performance of the samples.
All the experiments were carried out within 2 h of W/W emulsion for-
mation. A normal load (W) of 2 N and a slide-to-roll ratio (SRR) of 50%
were used for all frictional measurements. The friction coefficients were
measured for all samples as a function of entrainment speed (U); sliding
speeds were varied from 1 to 1000 mm s~ !. The temperature was
controlled at 37 £+ 1 °C. The friction coefficients are reported below as
the mean and standard deviation of at least three measurements carried
out on triplicate samples prepared on different days.
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Fig. 5. Mean apparent viscosity () as a function of shear rate (y) (a, b) and mean friction coefficient (u) versus entrainment speed (U) (c, d) of W/W emulsions
without the addition of WPM; (a and ¢) 1.0 wt% GS (@), 0.1 wt% «C (@), and (b and d) 3.0 wt% GS (), 0.3 wt% xC (A), and W/W emulsions (@; 1.0 wt% GS + 0.1 wt
% kC, A; 3.0 wt% GS + 0.3 wt% «C). The weight average values of the corresponding individual controls for the mixtures are also shown (=), and phosphate buffer is
used as a control ( x ). Error bars represent standard deviations. The images in the bottom show the zoomed version of (c) and (d) each lubrication regime. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

2.7. Phase diagram via imaging of the W/W emulsions

Freshly prepared W/W emulsions were stored at 25 °C in flat bottom
test tubes sealed with a plastic cap and photographed periodically to
establish the 1 or 2 phase regions of the phase diagram as a function of
composition.

2.8. Microscopy

Optical microscopy (Nikon, SMZ-2T, Japan) was used to observe the
microstructure of the W/W emulsions with different concentrations of
GS and «C with 40 x magnification lens. ImageJ software (version 1.48r,
National Institute of Health, Bethesda, USA) was used to determine the
diameter of the emulsion droplets and the mean droplet size was
calculated using at least 100 droplets in multiple images.

Confocal scanning laser microscopy (CLSM) of blends was performed
using a Leica TCS SP2 confocal laser scanning microscope (Leica

Microsystems, Manheim Germany) connected with a Leica Model DM
RXE microscope base. The confocal was used with Ar/ArKr (488, 514
nm) and He/Ne (543, 633 nm) laser sources. Laser excitation of the
fluorescent samples was at 514 nm (~ 29% intensity of laser) for
Rhodamine Blue (RB) and 488 nm (=~ 49% intensity of laser) for Acridine
Orange (AO). A 20 x objective with numerical aperture 0.5 was used to
obtain all images, at 1024 x 1024 pixel resolution. 0.5 wt% of RB and
0.5 wt% AO were dissolved with MilliQ water and the solutions were
stored in the dark when not being used. For mixtures without WPM
particles, 30 pL of the RB solution was added per 5 mL of the GS solution
before blending with kC. For the S + kC blends with WPM particles, 30
pL of the AO solution were added per 5 mL of gum phase before
blending. After blending the mixtures via the Ultra Turrax, samples
without added WPM particles were immediately poured into a welled
slide 30 mm diameter and 0.3 mm in depth. RB showed preferential
staining of GS whilst the cationic AO showed strong affinity for the WPM
particles. Unlabelled areas were therefore assumed to be the xC-rich
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Fig. 6. Apparent viscosity (1) as a function of shear rate (y) (a, b) and friction coefficient (u) versus entrainment speed (U) (c, d) of W/W emulsions with the addition
of WPM,; at (a and c) lower biopolymer concentrations (1.0 wt% GS and 0.1 wt% «C, @) and (b and d) higher biopolymer concentrations (3.0 wt% GS and 0.3 wt% «C,

A) with different concentration of WPM; 0.5 vol% (@, 4), 1.5 vol% (e,

), and 3.0 vol% (@, A). Phosphate buffer is used as a control ( x ). Error bars represent

standard deviations. The images in the bottom show the zoomed version of (c) and (d) each lubrication regime. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

regions. The first image was captured 5 min after blending the mixtures.
For systems containing WPM particles, it was necessary to wait for 20
min to allow any air bubbles to rise out of the samples before they could
be poured into the welled slide and the cover slip added. The appearance
of samples was recorded 0.5-24 h after creating the W/W emulsions.

Cryogenic scanning electron microscopy (cryo-SEM) of the W/W
emulsions was also conducted. The samples were mounted on rivets
attached to the sample stub. The samples were plunge-frozen in liquid
nitrogen “slush” at —180 °C, then transferred to the cryo-preparation
chamber on the SEM. The samples were then cleaved and etched at
—95 °C for 4 min, followed by coating with 5 nm of platinum (Pt).
Finally, the Pt-coated samples were transferred to the SEM chamber for
imaging at —135 °C.

2.9. Statistical analysis

All experimental results are presented the mean and standard

deviation of at least three measurements on triplicate samples (n = 3 x
3). Statistical analyses were carried out for tribological data at boundary
regimes (5-10 mm sfl), mixed regimes (100-150 mm s’l) and hydro-
dynamic regimes (700-900 mm s !) using one-way ANOVA and mul-
tiple comparison test via SPSS software and differences between samples
were deemed significantly different with p < 0.05 via Tukey’s test.

3. Results and discussion
3.1. Phase diagram

Published phase diagrams in literature appear to vary, even using the
same biopolymers, due to the wide range of conformation of macro-
molecules from different sources, batches, etc. (Capron, Costeux, &
Djabourov, 2001). The phase diagram for our samples of GS and «C is
shown in Fig. 1. After three months of quiescent storage under normal
gravity, phase separation was confirmed with the formation of an
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Table 1

Means and standard deviations (SDs) of friction coefficient the W/W emulsions
in the absence of WPM; 1.0 wt% GS + 0.1 wt% kC and 3.0 wt% GS and 0.3 wt%
kC, and in the presence of 0.5-3.0 vol% WPM in each boundary, mixed, and
hydrodynamic regimes. Different lower case letters in the same column indicate
a statistically significant difference (p < 0.05).

(a) Friction coefficient of 1.0 wt% GS + 0.1 wt% xC emulsions without or with
WPM

Mixed lubrication
regime

Boundary
lubrication regime

Hydrodynamic
lubrication regime

(5-10 mm s 1) (100-150 mms~!)  (700-900 mm s 1)

Mean SD Mean SD Mean SD
noadded WPM  0.550°  0.0373  0.049% 0.0083  0.0085%  0.0018
0.5vol% WPM  0.390°  0.0513  0.048°  0.0109  0.0059° 0.0018
1.5vol% WPM  0.365® 0.0617  0.038°  0.0108  0.0056°  0.0015
3.0vol% WPM  0.283%  0.0459  0.029  0.0096  0.0060¢  0.0034

(b) Friction coefficient of 3.0 wt% GS + 0.3 wt% xC emulsions without or with
WPM

Boundary Mixed lubrication Hydrodynamic
lubrication regime regime lubrication regime
(5-10 mm s~ 1) (100-150 mms~!)  (700-900 mm s~ 1)
Mean SD Mean SD Mean SD
no added WPM  0.178*  0.0320  0.016°  0.0029  0.0070*°  0.0020
0.5vol% WPM  0.235°  0.0493  0.015>  0.0041  0.0063°  0.0017
1.5vol% WPM  0.132°  0.0306  0.013°  0.0037  0.0075°  0.0031
3.0vol% WPM  0.095¢  0.0313  0.011¢  0.0031  0.0071¢  0.0030

opaque lower (GS-rich) phase and a more clear upper (xC-rich) phase,
similar to that determined previously by Murray and Phisarnchananan
(2014) for GS-locust bean gum and GS-guar gum systems. Further
measurements (not shown) for longer times showed that phase separa-
tion was still not entirely complete for those systems where two phases
were already visible after storage for three months. The rate of phase
separation was slower at higher concentrations of xC and/or GS, as ex-
pected due to the increased viscosity of the xC and GS phases, which is
discussed later.

It can be seen that the binodal line lies close to GS concentration axis
and very close to the xC concentration axis at low GS but higher xC
(Fig. 1). At higher concentrations of GS (1.0, 2.0 and 3.0 wt%), the
mixtures were all biphasic at «C concentrations up to the lowest con-
centration studied (0.05 wt %). The critical polymer concentration
(CPC) in which phase separation could be observed at the 50:50 wt%
line was 0.75:0.075 (GS: kC). Below this value, there was no visible
macroscopic difference in turbidity of the mixtures in the tubes, and so it
was assumed that no phase separation occurred (i.e., one phase, no W/W
emulsions formed). Note that, ‘immediately’ (<15 min) after their for-
mation, all the mixtures appeared homogeneous by visual observation.

3.2. W/W emulsion microstructure without and with WPM

Above the CPC after 15 min, W/W droplets could be observed via
optical microscopy in the 1.0 wt% GS + 0.1 wt% «C system, with
different sizes and shapes of water droplets (Fig. 2). The concentration of
GS appeared to affect the size of the droplets, with the smallest droplets
visible in the 1.0 wt% GS + 0.1 wt% «C system and the droplets
becoming larger with increasing concentration of GS, from 1.7 pm to
2.44 pm diameter of water droplets at the same xC concentration,
whereas the largest droplets were observed at 3.0 wt% GS + 0.3 wt% xC
system. Interestingly, xC seemed to affect the shape of the W/W droplets.
At lower «xC concentrations (0.1 wt%), the water droplets were more
spherical, whilst they appeared to be oval-shaped at higher concentra-
tions (e.g, 0.3 wt% xC + 3.0 wt% GS). It is possible to control W/W
droplet size by modulating the shear rate (Stokes, Wolf, & Frith, 2001)
during phase separation. For example, Stokes, et al. (2001) showed 7 pm
droplets at a shear rate between two parallel plates of 100 s~* but 30 pm
at shear rates of 10 s~ . Differences in shape affect the W/W interfacial
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area and, therefore the overall free energy of the system, spheres
minimizing this, of course. The final morphology is dependent on tem-
perature, molecular ordering and the relative phase volume of the
equilibrium phases (Esquena, 2016; Shewan & Stokes, 2013) and
consequently, many different W/W droplet structures are inherently
unstable. Butler and Heppenstall-Butler (2003) demonstrated bicontin-
uous structures in biopolymer mixtures whilst decreasing the tempera-
ture accelerated spinodal decomposition. Non-spherical structures can
also be kinetically trapped by crosslinking the dispersed phase (Shewan
& Stokes, 2013). In summary, a wide range of shapes can be expected
(spheres, ellipsoids, rods, and fibrils), depending on the exact combi-
nation of polymer samples, conditions of phase separation and whether
or not there is any material that can preferentially adsorb at the W-W
interface (Murray & Phisarnchananan, 2016; Turgeon, Schmitt, & San-
chez, 2007; Wolf, Scirocco, Frith, & Norton, 2000).

Cryogenic scanning electron microscopy (Cryo-SEM) observations at
lower length scales (Fig. 3) show separation of the samples into poly-
hedral aqueous regions, which may therefore be the water droplets that
have become distorted during the preparation. In the presence of WPM
(Fig. 3band ¢), and in particular in the zoomed in region of Fig. 3c, there
appear to be particles at the interstices of the polyhedral regions. Fig. 3d
shows the particle size distribution of the WPM particles alone,
measured via DLS, that shows a strong peak at a hydrodynamic diameter
(dy) = 115 + 3 nm. This size seems to correspond well to the interstitial
particles, although clearly they might be quite aggregated (Fig. 3c), but
suggests that a major fraction of the WPM do collect at the W-W
interface. To our knowledge, limited study has shown cryo-SEM evi-
dence of WPM at the interface of W/W emulsion droplets, although,
many cryo-SEM studies have shown WPM at the oil-water interface of
oil-in-water (O/W) emulsions (Destribats, Rouvet, Gehin-Delval,
Schmitt, & Binks, 2014; Sarkar et al., 2017). In these studies, similar
kind of interfacial aggregation of WPM is observed as in Fig. 3c.

CLSM micrographs of the W/W emulsions are shown in Fig. 4a and b.
In Fig. 4a, in the absence of the WPM, coalescence of droplets (the
darker, unstained regions) is suggested. In Fig. 4b, in the presence of
WPM, stained with Acridine Orange (AO), numerous spherical objects
can be observed, much smaller than the dark aqueous regions in Fig. 4a
(where no WPM is present). These spherical regions in Fig. 4b are uni-
formly stained with AO, suggesting that they are W/W droplets coated in
WPM, again demonstrating the ability of WPM to act as the Pickering-
like particles necessary for stabilizing W/W emulsion systems (Belden-
grun et al., 2018; Esquena, 2016; Hazt et al., 2020; Vis, Opdam, et al.,
2015). There are many studies that have discussed how the pH can be
tuned to induce protein microgel particles to adsorb at the W-W inter-
face more effectively and reduce the size of the discontinuous phase
regions in W/W systems (de Freitas, Nicolai, Chassenieux, & Benyahia,
2016; Hazt et al., 2020). However, the objective of our study was to
understand the behavior under oral processing conditions, hence the pH
was kept at 7.0 and pH variations were not pursued further.

3.3. Rheological and tribological characteristics

3.3.1. W/W emulsions without WPM

Fig. 5a and Fig. 5b show apparent viscosity () of the W/W emulsions
prepared using lower (1.0 wt% GS + 0.1 wt% «C) and higher (3.0 wt%
GS + 0.3 wt% «xC) biopolymer concentrations, respectively, alongside
controls of same concentrations of GS and «C alone. These emulsions
were prepared without WPM. Rheologically speaking, the W/W emul-
sions, regardless of concentration, were different to either xC or GS, and
have non-Newtonian behavior, with shear-thinning properties. The
apparent viscosity # of the W/W emulsions decreased by at least one
order and two orders of magnitude for the lower (1.0 wt% GS + 0.1 wt%
xC) and higher (3.0 wt% GS + 0.3 wt% «C) biopolymer concentrations,
respectively (Fig. 5a and Fig. 5b) in the shear rate experimental window
covering a range from 0.1 to 1000 s L. It is noteworthy that 7, irre-
spective of the biopolymer concentration, did not show the onset of the
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second Newtonian plateau - making it not possible to scale the experi-
mental tribology data with viscosity.

The dashed lines in Fig. 5a and b are the calculated weighted aver-
ages of the individual equilibrium phases (GS and xC) and are dominated
by the GS, since the concentration of GS is 10 x higher than that of «C.
Particularly for the lower biopolymer concentrations, # for the emul-
sions was significantly higher than these average values at the corre-
sponding shear rates. At the higher biopolymer concentrations (3.0 wt%
GS + 0.3 wt% «C), there was some convergence at the lowest shear rate
measured (1s1). Apart from the «C solutions alone (0.1 or 0.3 wt%), all
systems were also significantly shear thinning, only 0.1 wt% GS showed
some tendency to level off at high shear rates of 1000 s 1. There are
many studies that show that the viscosity of biopolymer mixtures
including «C tends to be higher than that of xC alone (Fakharian et al.,
2015; Huc et al., 2014; Lafargue et al., 2007) as in our case. This is
usually explained by some sort of attractive interaction between GS and
xC (for example via hydrogen bonding between the hydroxyl groups on
the polysaccharides). In the case of the emulsions without WPM, as seen
in Fig. 4a, there appeared to be coalescence of the droplets (presumably
preceded by aggregation), which might also contribute to enhanced
viscosity of the emulsions compared to the individual biopolymers. In
addition, any increasing volume fraction of dispersed phase will increase
the viscosity of the continuous phase. In these systems it is hard to es-
timate what this volume fraction might be at any instant, since it evolves
with time as the phase separation proceeds.

In the case of the tribology data, Fig. 5c¢ and d illustrate the friction
coefficient (u) as a function of entrainment speed (U) of the W/W
emulsions with lower and higher biopolymer concentrations, respec-
tively, whilst the corresponding controls for the GC and xC alone are also
shown, along with that of the phosphate buffer. The buffer shows
boundary and mixed lubrication regimes but no hydrodynamic regime
until U ~ 1000 mm s~ !. The boundary regime is maintained at y ~ 1.0,
and then a decrease in y is observed as a function of increasing U. Such a
prolonged boundary regime with phosphate buffer has been observed
previously as phosphate buffer is squeezed out of the hydrophobic
PDMS-PDMS contact zone (Sarkar et al., 2017; You et al., 2021). The
tribological behavior of the W/W emulsion at the lower biopolymer
concentrations (1.0 wt% GS + 0.1 wt% xC) was similar to that reported
previously by You et al. (2021), where either «C or GS dominates in the
different regimes. In the boundary regime GS dominates, whilst in the
mixed and hydrodynamic regimes the W/W emulsion behavior
increasingly seems to follow the signature of the xC alone. At the higher
concentrations (3.0 wt% GS + 0.3 wt% «C) in the boundary and mixed
regimes the W/W emulsion had a lower u than the corresponding GS and
xC solutions alone (Fig. 5d). We explain this as due to the water droplets
becoming entrained and forming a hydration film in the contact region.
As noted earlier (Fig. 2), the water droplets appear to have different
sizes, morphologies and also volume fractions, depending on the
biopolymer concentrations. The higher concentrations seem to give
more droplets, larger droplets and droplets with more non-spherical
shapes, whereas the lower concentrations seem to give fewer droplets,
smaller droplets but droplets with more spherical shapes.

3.3.2. W/W emulsions with WPM

WPM was observed using cryo-SEM and confocal microscopy at the
interface of the two phases (Figs. 3b and 4b). The WPM adsorbed at the
interface could affect the structure of emulsion system, by increasing the
viscosity (Destribats et al., 2014; Sarkar et al., 2017; Zhu, Bhandari, &
Prakash, 2019).

In the case of Pickering W/W emulsions, i.e., those W/W systems
with added WPM, Fig. 6a and b show their bulk rheological behavior. A
significant increase in  was observed on addition of WPM at 1.5 and 3.0
vol%, the increases being rather similar, whereas addition at 0.5 vol%
WPM did not have a significant effect on 7. Similar effects were observed
at both the higher and lower biopolymer concentrations, although all
the viscosities were much higher in the latter. Interestingly, the systems
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were shear-thinning with no high shear rate plateauing effect being
observed even at 1000 s~ shear rates.

The presence of WPM did affect the tribological results, in particular
in the lubrication regime (see Fig. 6¢ and d and Table 1). At the lower
biopolymer concentrations (Fig. 6¢), by increasing the WPM concen-
trations from 0.5 to 3.0 vol%, p did not change in the boundary regime
(p < 0.05). However, it did decrease in the mixed and hydrodynamic
regimes: even though the reduction was small it was statistically sig-
nificant (p < 0.05). At the higher biopolymer concentrations (Fig. 6d),
the emulsions showed a rather similar trend but the reduction in y was
significant even in the boundary regime (p < 0.05) upon addition of
>0.5 vol% WPM. Irrespective of the biopolymer concentrations and
WPM volume fractions (1.5-3.0 vol% WPM), x ranged from 0.01 to 0.05
in the mixed regimes in the presence of W/W emulsions containing WPM
(Table 1). This might be expected, given the increase in bulk viscosity on
addition of WPM (see above), and therefore an improvement in the fluid
film lubrication behavior (Andablo-Reyes et al., 2019). However,
another possibility is that the WPM-coated W/W emulsion droplets were
stable and rolled into the contact zone more effectively, as compared to
the droplets without WPM (Table 1). Interestingly, y increased in the
boundary regime on adding 0.5 vol% WPM (Table 1). Sarkar et al.
(2017) also showed that low volume fractions of WPM gave relatively
poor lubrication properties because the WPM particles could not suffi-
ciently replenish the contact region with particles and overcome the
adhesion of PDMS-PDMS surfaces. Thus, the presence of WPM improved
the stability of droplets but did not show a decrease in boundary
lubrication property at low volume fractions. We suppose that: (i) there
was not a high enough volume fraction of WPM particles to lower y in
the boundary regime, and (ii) the pressure in the contact region between
the PDMS tribopairs was high enough to exclude such low volume
fraction of WPM as well as WPM-coated droplets from the interface. In
summary, one should note that although WPM had some statistically
significant effects in reducing y, the absolute reduction was not dramatic
in the presence of WPM in the W/W emulsion droplets, as compared to
its absence (Table 1). This might be attributed to the amount of WPM
used in this study to stabilize the droplets. Increasing the concentration
of WPM might be investigated in future work to see if such an increase
results in systematic decreases in y, particularly in the boundary regime.

4. Conclusions

In this study, we demonstrated for the first time the tribological
properties of W/W emulsions formed from mixtures of GS and «C with or
without added WPM. Different sizes and shapes of the droplets were
observed in different parts of the two-phase region of the phase diagram
via microscopy across various length scales. The W/W emulsions were
shear thinning liquids, with viscosity values being much higher than the
corresponding weight average of the values of the individual compo-
nents. The morphology of the water droplets appeared to affect the
rheological and tribological performance. In the case of Pickering-like
W/W emulsion droplets, with WPM acting as the stabilizing particles,
the apparent bulk viscosity of the W/W emulsions stabilized by particles
was significantly higher than that of the corresponding mixtures in the
absence of WPM. Interestingly, although there was reduction in
boundary lubrication performance with WPM - particularly in W/W
emulsion droplets with higher biopolymer concentrations - WPM
appeared to produce a significant reduction in friction coefficient in the
mixed regimes at higher volume fractions of WPM. Future studies are
ongoing to understand the oral processing behavior of these emulsions
in presence of saliva to understand whether the presence of the particles
allows a more gradual breakdown of the water droplets as the starch in
the system is hydrolyzed, as opposed to a more burst release in the
absence of WPM, and how this affects tribological performance and
mouthfeel.
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