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Abstract
Aqueous multiphasic systems have attracted a great deal of interest recently
owing to the growing demands of sustainability for the development of sta-
ble “oil-free” emulsions, often complicated by their limited stability against
droplet coarsening. Although particles may provide ultrastability to water-in-
water (W/W) emulsions formed in phase-separating polymer systems, the need
for lubrication in suchW/W emulsions presents an important challenge for their
use in diverse applications. Herein, W/W Pickering emulsions were stabilized
by sustainable plant protein (pea)-based microgels (PPM) using starch and xan-
than gum as the biopolymers to generate the W/W phase separating droplet
structures. The lubricity of these systems was compared with that of parallel sys-
tems stabilized by animal (whey) protein microgels (WPM). New results reveal
that PPM are more soft and adhesive than WPM and outperform the latter in
boundary lubrication performance, in striking contrast to the behavior of the
non-microgelled pea or whey proteins. Furthermore, the PPM tend to stabilize
a different, less spherical type of W/W droplet than the WPM that may explain
the lower friction observed in PPM-stabilized systems. The novel approach of
fabricating W/W emulsions stabilized by sustainable microgels opens up new
solutions in designing aqueous lubricants for future nutritional and biomedical
applications.
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1 INTRODUCTION

In recent times, there has been a burgeoning interest
in designing eco-friendly multi-compartmental water-
based systems[1,2] via thermodynamically incompatible
hydrophilic polymers for diverse applications in food,[3,4]
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cell biology,[5] encapsulation,[6] biocatalysis,[7] and var-
ious biomedical applications.[8] However, often these
“oil-free” water-in-water (W/W) emulsions suffer from
poor stability. Low molecular weight surfactants are not
able to offer stabilization because the interfacial ten-
sion is already orders of magnitude lower than that of
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a typical oil-water (O−W) interface.[2,9] Therefore, Pick-
ering stabilization, that is, using particles as stabilizers,
including microgel particles fabricated using animal pro-
teins such as β-lactoglobulin and whey protein[3,10,11]
have been used as a promising strategy to improve their
stability.[12] By such particles adsorbing to and possibly
cross-linking at the water-water (W−W) interface, spin-
odal decomposition andmacroscopic phase separation can
be inhibited andwater droplets of discrete length scales are
maintained.[13]
At the same time, apart from instability problems,

a key challenge to address in these “oil-free” W/W
emulsion systems is a lack of lubrication performance
compared to “oily” systems, including oil-in-water emul-
sions. Lubrication from oil droplets is often translated
into sensory perception described by creaminess and
smoothness.[14–16] It is important to characterize both bulk
rheological and tribological performance in order to con-
trol oral processing,[14,17] which is particularly relevant for
food[18] but also oral pharmaceuticals[19] and oral care
products.[20] Replacing oil droplets with aqueous solu-
tions can result in diminished lubrication performance
unless the water is structured with biopolymers, as widely
evidenced in nature-engineered lubricants, such as in
tears, synovial fluids, saliva, and so on.[21,22] Recent years
have witnessed a growing interest in “green tribology”,[23]
which strives to find alternatives to environmentally
harmful lubricants. Hence, understanding the lubrication
behavior ofW/WPickering emulsions is highly topical and
could contribute to a new era of green tribology. Up to now,
this area is limited to just one study,[3] where it was shown
that adsorbing animal (whey) protein-based microgels at
W−W interface improved the lubrication performance of
a starch-carrageenan biphasic W/W system, as compared
to in their absence.
Interestingly, soft, proteinaceous microgels in the size

range of hundreds of nanometers have been shown to have
an influence on the lubrication between interacting biolog-
ical surfaces in sliding motion, as in natural joints such as
the knee andhip,[24] aswell as in food applications.[25] Var-
ious microgels from animal or plant-based proteins have
been used to design Pickering emulsions. Aggregation of
these microgels in the bulk and at interfaces can vary,
from a network of aggregated or fused particles that can
pack densely at the interface, to discrete microgel particle
monolayers at liquid-liquid interfaces.[26] For animal-
based protein microgels, whey,[25,27] lactoferrin,[28] and
egg white[29] have been investigated for their ability to
stabilize Pickering emulsions.
Pickering particles derived from plant proteins have

recently attracted much interest owing to growing sustain-
ability demands in technological applications. For exam-
ple, it is now established that plant-based foods generate

half the greenhouse gases as compared to animal-based
foods.[30] Whilst studies have focused on the lubrication
performance of animal-derived microgels and as Picker-
ing stabilizers, the design of W/W emulsions that are
stabilized by sustainable plant particles remains largely
unexplored. Although soy protein aggregates,[31] peanut
protein microgels[32] and pea protein microgels[33,34] can
stabilize O/W emulsions, to our knowledge, no study
has investigated the fabrication of W/W emulsions using
plant-based particles. More importantly, it has been shown
experimentally that aqueous dispersions of plant proteins
tend to increase friction compared to their animal pro-
tein counterparts.[35,36] Thus, the question remains to
what extent can such undesirable frictional behavior be
modulated by converting plant proteins to plant protein
microgels[37] when such microgels are present along with
a W−W interface.
Consequently, in this work we fabricate plant protein

(pea protein)-based microgels (PPM) for the stabilization
of Pickering W/W emulsions. We show the unique abil-
ity of PPM to offer higher boundary lubrication properties
compared to WPM by virtue of their softer character and
more adhesive properties. In addition, the PPM tends to
stabilize less spherical W/W droplets than with WPM,
which may also contribute to the enhanced lubrication
properties with PPM. This knowledgewas achieved via the
use of a comprehensive suite of multiscale characteriza-
tion techniques such as rheology, tribology, quartz crystal
microbalance with dissipation monitoring, light scatter-
ing, confocal laser scanning microscopy, cryogenic scan-
ning electron microscopy and atomic force microscopy.
The findings present a novel route to the design of green,
stable aqueous lubricants for the future.

2 RESULTS AND DISCUSSION

Microgels fabricated using proteins, polysaccharides,
lipids and synthetic polymers have attracted significant
research attention recently due to their outstanding aque-
ous lubrication performance in various food, biomedical
and pharmaceutical applications.[9,17,42–43] Recent studies
have shown that microgels can be fabricated from various
food proteins, from both animal and more sustainable
plant sources, using just physical crosslinking processing
such as heat and pH changes,[19,25,44] that is, with the
commercial advantage of not using additional chemical
crosslinking agents. However, the lubrication perfor-
mance of microgels, especially those fabricated from plant
proteins at the W-W interface remains largely unexplored.
Firstly, we checked the ability of PPM to stabilize Pick-

eringW/W emulsions formed from gelatinized starch (GS)
and xanthan gum (XG) mixtures at various concentrations
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YOU et al. 3

F IGURE 1 Multiscale methodology. A) Sample preparation of whey and pea protein microgel particles (WPM and PPM, respectively)
and water-in-water (W/W) emulsions stabilized by the microgel particles. B) Characterization of protein hydrogels and microgel particles;
dynamic viscoelasticity during and after gel formation; tribology with polydimethylsiloxane (PDMS) ball-and-disk tribometer; imaging of
microgels using atomic force microscopy (AFM); quantification of film formation on gold surface using quartz crystal microbalance with
dissipation monitoring (QCM-D). C) Characterization of W/W emulsions from xanthan gum (XG) + gelatinized corn starch (GS) mixtures
stabilized by microgel particles via bulk viscosity; tribology; confocal scanning laser microscopy (CLSM) and cryogenic scanning electron
microscopy (Cryo-SEM).

(Figure 1A), for comparison with WPM.[3,38] It was also
important to understand how PPM compares to WPM in
terms of tribological performance, as it is known that non-
microgelled pea protein jams the tribo-contacts and tends
to increase friction significantly as compared to its whey
protein counterpart.[35]
Firstly, the rheological, tribological, and surface prop-

erties of the microgels on their own were characterized
via a quartz crystal microbalance with dissipation moni-
toring (QCM-D) on hydrophilic gold substrates, combined
with measurement of surface adhesion via an atomic
force microscope (AFM), as illustrated schematically in
Figure 1B. Next, we explored the behavior of PPM in the
W/W emulsion systems. We also tried to answer ques-
tions about how the microstructure of the droplets might
affect frictional properties using cryogenic scanning elec-
tron microscopy (cryo-SEM) and confocal laser scanning
microscopy of the water droplets (Figure 1C).

2.1 Rheological features of the parent
protein gels

The dynamic shear rheological properties of the parent
gels from which the microgels were formed were mea-
sured, with the assumption that the mechanical properties
of the microgels themselves are not too disparate.[39]
Figures 2A,B show the results of oscillatory shear rheom-
etry experiments performed on whey and pea protein
hydrogels where in situ gel formation (via heating and
cooling) was performed between the parallel plates of the
rheometer, as illustrated in Figure 1B. Interestingly, there
were marked differences in the kinetics of development of
the storage (G’) and loss (G“”) between the whey and pea
proteins (see Figures S1A and S1B, respectively). The gela-
tion point was taken as where G’>G’’. This was at a much
higher temperature (90◦C) for whey protein (Figure S1B),
whereas gelation of pea protein appeared to be a two-step

 26884011, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/nano.202300160 by U

niversity O
f L

eeds T
he B

rotherton L
ibrary, W

iley O
nline L

ibrary on [20/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense
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F IGURE 2 Bulk viscoelasticity of parent hydrogels. Oscillatory shear rheometry performed on 12.0 wt% whey ( ) and pea protein
hydrogels ( ). Closed symbols = G’, open symbols = G”. A, Strain (g) amplitude sweeps at ω = 6.28 rad 𝑠−1. B, Oscillatory frequency sweeps
at g = 1%. Means and standard deviations are reported for at least three measurements on experiments performed in triplicates (n = 3 × 3).

process, most likely involving a solubilizing step at around
60◦C, followed by the onset of themost rise inG’ at around
70◦C (Figure S1B). However, at the same protein concen-
tration, the end result was a weaker (lower G’) gel for the
pea protein.
In terms of the strain dependence of G’ at ω = 6.28 rad

𝑠−1, both the protein gels showed almost a plateau in G’
at low strain but beyond a similar region of higher strain
for both gels, G’ reduced considerably, indicating a weak-
ening of the structure. However, it should be noted that
in the plateau regions at low strain, G’ was considerably
higher (∼80 times) for the whey than the pea protein gels.
The pea protein gels also showed an increase in G“ over G’
at higher strains unlike with whey protein, although the
data fromdifferent sampleswas quite scattered beyond this
cross-over region. Figure 2B shows the result for frequency
sweeps at a strain amplitude of 1%, within the plateau
region for both gels. Strong gel behavior may be defined as
a frequency-independent plateau in G’ where G’ ≫ G”.[40]
Both G’ and G“ were independent (within experimental
error) of ω for the whey protein, whilst the pea protein gels
seemed to show slight strain hardening and a convergence
ofG’ andG” up to ω= 40 rad 𝑠

−1, thoughG’was still lower
than for the whey protein gel.
Overall then, the whey protein gels can be considered as

much stronger and stiffer than the pea protein gels. This is
not so surprising given that there is widespread evidence
that covalent disulfide bonding is a major contributor to
the gelation of whey protein, whereas it has not been
shown to play amajor role for pea protein gelation.[41] Cys-
tine (two cysteine residues linked together via a disulfide
bond) is found at twice the concentration in whey pro-
tein than in pea protein,[42] thus contributing to increased

disulfide bonding in the former and hence the higher gel
strength in whey protein gels.

2.2 Microstructural, bulk and surface
properties of microgels

Having characterized the deformability of the bulk gels,
the properties of the corresponding microgels were stud-
ied, in particular the interactions with surfaces in order to
explain the tribological features in the boundary regime. In
this regime surface interactions are particularly important
to the mechanism behind frictional dissipation.[43] AFM
allowed structural characterization of the submicron-sized
WPM and PPM, shown in Figures 3A1 and 3B1, respec-
tively. Both WPM and PPM led to large instabilities when
using peak force tapping mode, therefore contact mode
was employed. Topographical images of the microgels
(Figures 3A1 and 3B1) deposited on a silicon surface
revealed a range of sizes of spherical shaped particles
as well as small clusters that appeared to contain two
to six individual particles. The surfaces of both WPM
and PPM appeared to be relatively smooth, in agree-
ment with measurements elsewhere on proteinaceous[39]
and non-proteinaceous microgels.[44] Using dynamic light
scattering, microgels made from 12.0 wt% WPM and PPM
showed a narrow size distributionwith a single peak in the
size range of 100–1000 nm and the average hydrodynamic
diameters (𝐷ℎ) were 86 ± 4 and 180 ± 6 nm, respectively,
with a polydispersity index < 0.25 (Figures 3A2 and 3B2).
The particle size distribution was also quantified in the
topographic images using the particle analysis function
Nanoscope Analysis v1.9 which gave values of 90.0 ± 2
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YOU et al. 5

F IGURE 3 Structure and performance of microgels in the bulk phase. Three-dimensional topographic images of microgels deposited on
a silicon substrate, as obtained by contact mode AFM for WPM (A1) and PPM (B1). Histogram plots showing the particle size distributions
obtained from the AFM images for WPM (A2) and PPM (B2). Superimposed on figures A2 and B2 are the corresponding particle size
distributions obtained via DLS. Mean frequency shift (Δf, ─) and dissipation change (ΔD, ─) are obtained using QCM-D for 0.05 vol% WPM
(A3) and PPM (B3) on gold sensors. The final values of -ΔD/Δf (before rinsing) are also given. The vertical line indicates the time at which the
system was rinsed with MilliQ water. Mean apparent visosities (η) versus shear rate (�̇�) of WPM ( ) and PPM ( ) are shown in (C). Mean
friction coefficient (μ) versus entrainment speed (U) of WPM ( ), PPM ( ) and water (X) between PDMS surfaces are also shown in (C)
with statistical differences in μ reported in Table S1A. Also shown are schematic illustrations of the proposed state of the WPM (blue) and
PPM (green) during these measurements where size and shape of the microgel particles are informed by AFM, DLS and rheology results.
Error bars represent standard deviations for at least three measurements on experiments performed in triplicates (n = 3 × 3). AFM, atomic
force microscopy; PPM, protein (pea)-based microgels; WPM, (whey) protein microgels.

and 178.4 ± 4 nm for WPM and PPM, respectively, also
shown on Figures 3A2 and 3B2. All these size values were
similar to those reported previously for these types of
microgels.[3,34]
QCM-D was used to try to understand the adsorption

kinetics of the microgels at the W-W interface using
hydrophilic gold surfaces, plus the mechanical properties
of the microgel films at the surface. When either of
the WPM or PPM was added at 0.01 vol%, a substantial
decrease in frequency (f), |∆f| = 15 to 20 Hz occurred over
3 hours, with an increase in dissipation (D) (Figures 3A3
and 3B3), signifying protein adsorption. The changes in
|∆f| and D and were slower for PPM than WPM and for
both the adsorption appeared to be somewhat slower as
compared to that observed for the corresponding non-
microgelled protein.[35,36] This indicates slower adsorption
of the protein microgels than the free protein (as expected)
but also slow structural changes in the film of microgels
after their adsorption. After nearly 12,500 seconds for
WPM and 17,500 seconds for PPM, the |∆f| and D values
were still changing very slowly but the aqueous phase
was then exchanged for water to check for reversibility of

adsorption. Only a small fraction of the changes in |∆f|
and D values on adsorption was reversed, particularly for
PPM, suggesting that most of the microgel material was
irreversibly adsorbed. The adsorbed hydrated mass was
calculated using Voigt’s model, since D also increased
rapidly as a function of time, rendering the Sauerbrey
model invalid.[45] Figures S2A and S2B show that the
calculated hydrated mass of WPM was nearly half of that
of the PPM. This might be attributed to the 2× lower size of
the WPM particles compared to PPM. Also, it is important
to highlight that the % desorption after the rinsing stepwas
significantly higher in the case of the WPM (16%) as com-
pared to that PPM (5.2%), suggesting that PPMhad ahigher
affinity than WPM for the gold surface. The differences
in adsorption and desorption are schematically illustrated
in Figure S2. In non-microgelled systems, the hydrated
adsorbed mass of whey protein and pea protein on the
same substrate has been found to be similar, but when the
proteins are thermally-treated[36] the amount of whey pro-
tein adsorbed was approximately half that of pea protein,
that is, as observed here for the thermally treatedmicrogels
(see Figure S2). The adsorbed mass of a protein molecule
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6 YOU et al.

(mono)layer is typically 2 to 3 mg m−2,[46] thus the
adsorbed hydrated mass of the microgels was apparently
similar. This suggests that the coverage of the microgel
particles on the gold surface, irrespective of the microgel
type, was far from a complete monolayer and must be
extremely patchy, or the particles very flattened out on
adsorption.
The final values of the ratio of dissipation to frequency ,

-ΔD/Δf , that is, at the end of the adsorption time stud-
ied, were calculated: 0.04 for WPM and 0.02 for PPM. The
value of –ΔD/Δf characterizes the “degree” of viscoelastic-
ity: higher values represent more viscous and less elastic
films, where the time to dissipate energy is increased[22,36]
By thismeasure, although the parent whey protein gelmay
be more rigid than the pea protein gel, the adsorbed PPM
layer is apparently more rigid and less viscous than the
adsorbed WPM layer. This seems to agree with the lower
tendency for the PPM particles to desorb on exchange with
water, so that they appear to be more rigidly adhered to
gold surface. This greater adhesion was also confirmed by
AFMmeasurements (Figures S3A and 3B), which showed
a 9× higher adhesion force with the silicon AFM probe for
the PPM as compared to WPM. Thus it would appear that
although PPM microgels might be softer, they are more
able to slowly restructure (possibly flattening out, inter-
penetrating and cross-linking with each other) to form an
adsorbed film that becomes more rigid and more strongly
adhering to the surface. In contrast, the individual WPM
particlesmay bemore rigid but because of this they are less
able to cross-link with neighboring WPM at the interface
and so cannot form such a resilient film, as schematically
illustrated in Figure S2B.
It is worth noting that a relatively low concentration

of microgel particles (2.0 vol%) was used to make the
W/W emulsions. Hence, as onemight expect, the apparent
viscosity of the microgel dispersions themselves was neg-
ligible and did not vary between the two microgel types:
both WPM and PPM at 2.0 vol% showed Newtonian fluid
characteristics with viscosity ≈ 1 mPa s (Figure 3C). Thus,
the likelihood of the microgels contributing to the viscos-
ity of the W/W emulsions stabilized by the microgels can
be considered negligible. It is important to note that non-
microgelled whey protein offers better lubricity than pea
protein, whereas the latter has been demonstrated to jam
the contacts and increase boundary friction between poly-
dimethylsiloxane (PDMS)-PDMS surfaces.[35] Therefore, a
key factor was to investigate the differences in lubrica-
tion performance of these two proteins when present as
microgels (see Figure 3C for results). As expected, water
showedminimal reduction in the friction coefficient (μ) at
very low entrainment speed (U) in the boundary regime
(at U < 5 mm s−1) followed by a reduction of μ in the
mixed regime (U = 100–1000 mm s−1), in line with pre-

vious findings.[25] Both WPM and PPM showed a more
marked decrease in μ with an increase in U. Strikingly,
PPM gave a significantly lower μ in the boundary regime
compared to WPM and indeed was lower across the entire
experimental window (p< 0.05) (see statistical differences
in Table S1A). Thus, converting pea protein into PPM con-
verts it from being high friction-generating material to a
lubricating system that outperforms WPM, exactly oppo-
site to the case of the non-microgelled proteins where μ for
whey protein < < pea protein.
To sum up, both WPM and PPM appear to enter the gap

between ball and disk and form a hydrated film that helps
to separate the tribo-surfaces and reduce friction.However,
theWPMparticles, that we assume to have a rigidityG’ two
orders of magnitude higher than the PPM (see Figure 2A),
because they are less deformable, less hydrated and easier
to desorb in the tribological regime than the PPM, are less
able to form a coherent film that keeps the surfaces apart
(see schematic in Figure 3C).

2.3 Water-in-water emulsion systems

Having demonstrated that PPM alone reduces friction
more than WPM alone, we investigated whether the same
effects occur when the microgels are adsorbed at the W-
W interface of the GS + XG phase separating biopolymer
system.[3,11] Figure 4 shows the phase diagram of GS+ XG
mixtures, illustrating the concentration regions where the
system is mono- or biphasic. The diagram is typical of oth-
ers published elsewhere, though details vary slightly due to
the variations in the molecular weight distributions of the
polysaccharides, due to their origin and processing. Mix-
tures that showed no phase separation after 2 months of
storage were considered to lie in the monophasic region.
The apparent viscosity of the upper, xanthan-rich phase

separated layer in various concentrations of the mixtures
(0.1 wt% XG + 1.0 or 2.0 wt% GS; 0.2 wt% XG + 1.0 or
2.0 wt% GS; 0.3 wt% XG + 1.0 and 2.0 wt% GS) was mea-
sured and compared the viscosity of the corresponding
pure XG phases, (i.e., 0.1, 0.2 and 0.3 wt% XG), as shown in
Figure 4B. Figure 4C confirms that the viscosities of these
upper layers and the corresponding pure XG solutions
were almost identical for all mixtures tested, highlighting
that the phase separation resulted in an almost pure XG-
rich phase at the top. This is in close accordance with the
results observed for GS mixed with other polysaccharides,
including κ-carrageenan, guar gum, locust bean gum, and
other galactomannan gums.[3,11,47] The other, lower phase,
may therefore be fairly safely assumed to bemainly starch-
rich. TheW/Wemulsions that showedno phase separation
within 1 week were chosen for further microstructural,
rheological and tribological analyses.
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YOU et al. 7

F IGURE 4 Phase diagram and rheological behavior of biphasic systems. Phase diagram (A) of the xanthan gum (XG) + gelatinized
starch (GS) system and viscosity curves (B) of mixtures and their corresponding separate phases. In (A), the estimated binodal is shown by the
dashed red line (---) and the single phase and biphasic regions are indicated by the filled ( ) and unfilled symbols ( ), respectively. (B)
Schematic diagram of the sampling method to confirm phase separation. (C) The mean apparent viscosity (η) as a function of shear rate (�̇�)
for XG alone at 0.1, 0.2, and 0.3 wt% ( , , and , respectively); the upper phase of the phase separated mixtures of 0.1 wt% XG + 1.0 wt%

GS ( ), 0.1 wt% XG + 2.0 wt% GS ( ), and 0.2 wt% XG + 1.0 wt% GS ( ), 0.2 wt% XG + 2.0 wt% GS ( ), and 0.3 wt% XG + 1.0 wt% GS
( ) and 0.3 wt% XG + 2.0 wt% GS ( ). The error bars represent standard deviations for at least three measurements on experiments
performed in triplicates (n = 3 × 3).

2.3.1 Microstructure of microgel-laden W/W
emulsions

The microstructure of the W/W emulsions formed from
2 wt% GS + 0.2 wt% XG in the presence and absence of
WPM or PPM was monitored across a range of length
scales. To our knowledge, only one previous study has
shown cryo-SEM evidence of WPM at the interface
of W/W emulsion droplets and none with PPM.[3]
(Cryo-SEM remains the standard technique to visualize
microgels at the oil-water interface in the case of oil-
in-water emulsions[27,48,49]) Cryo-SEM observations at
10,000× magnification (Figures 5A1-3 and 5B1-3) revealed
the separated GS- and XG-rich regions as a “nested archi-
tecture”, with a fairly uniform distribution of polyhedral
volumes. We assume that these structures are the water
droplets that form, rich in one of the two biopolymers.
The thickness of the lamellar region separating the water
droplets containing interstitial WPM or PPM (see zoomed
images in Figure 5 and Figures S4A and 4B) appears
to be in the range of hundreds of nm, which roughly
corresponds to the microgel particle sizes reported in
Figures 3A2 and 3B2. Many of the particles seem to be
aggregated in the bulk phases, but a major fraction of the
PPM does appear to be situated at the interface. Therefore,

this seems to be the first evidence that PPM can stabi-
lize W/W droplets similar to their stabilization of O/W
droplets, which has been previously reported.[34,48] Note
that there do seem to be differences between the droplet
microstructure stabilized by WPM (Figure 5A1) and PPM
(Figure 5B1). In the presence of WPM, more polyhedral
water cells with microgels are evident, for example, in the
zoomed-in region of Figure 5A2. Of more importance, the
microgels are clearly evident at the interface, for example
in Figure 5A3. The PPM systems seem to show a similar
but more “broken” network structure, with the shape of
water droplets appearing more irregular and non-uniform
than those stabilized by WPM, as seen in Figure 5B2 and
the aggregated network of PPM at the W/W interface was
observed in Figure 5B3.
Microgels could affect the characteristics of W/W

emulsions through various mechanisms, for example,
particle−solvent interactions, osmotic pressure gradi-
ents, particle−particle interactions and particle-interface
interactions.[50] Taking these in turn, the microgels may
change their particle size (swelling or shrinking) accord-
ing to which of the two phases in they are located and the
osmotic pressure of these phases, which in turn will vary
according to the local evolving biopolymer concentrations.
At the same time, the kinetics of evolution of the phase
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8 YOU et al.

F IGURE 5 Microstructure of W/W emulsions. Cryo-SEM images at different magnifications of 2.0 wt% GS + 0.2 wt% XGW/W
emulsions with WPM (A1-A3) and PPM (B1-B3). CLSM micrographs at two different magnifications of the same systems with WPM (A4 and
A5) WPM and PPM (B4 and B5) are also shown. GS, WPM and PPM were fluorescently labelled with Rhodamine B (λ ≈ 568 nm,
yellow/orange), Acridine Orange (λ ≈ 525 nm, green), and Fast green (λ ≈ 633 nm, green), respectively. The schematics alongside the confocal
images illustrate the proposed differences in microstructure of WPM and PPM surrounding the water droplets. PPM, protein (pea)-based
microgels; WPM, (whey) protein microgels.

separating structures will be affected by the propensity of
themicrogels to rapidly adsorbed to theW/W interface and
the strength of the attractive interactions between them,
causing them form a more continuous and thick microgel
layer at this interface. Connected with this is the deforma-
bility of the microgels, since softer, more deformable
microgels may be able to “unfold”, change their shape and
form a contiguous microgel layer more quickly and more
easily.[51] The greater the magnitude of the interfacial ten-
sion (although all the tension values will be low) will also
add to the strength of the driving force causing microgel
adsorption and unfolding, whilst a higher tension will
push the evolving phase separating discontinuous phases
structures to adopt more spherical shapes.[52] Gonzalez-
Jordan, Nicolai and Benyahia[53] showed that by using
heated solutions of β-lactoglobulin under various con-
ditions, one might fabricate protein fibrils, microgels or
fractal aggregates. The effect of protein particle morphol-
ogy was thus important to dictate the shape of the water
droplets, but also the stability of W/W emulsions. Unfor-
tunately, we are not yet in a position to define the relative
balance of these different mechanisms, whereas our focus
is on the practical implications for the lubricity effects.
Confocal laser scanning microscopy (CLSM) of the

W/W emulsions provided further information about their

microstructural features, free from the possibility of
freezing-related artefacts introduced via the sample prepa-
ration procedures of cryo-SEM. While cryo-SEM revealed
the fine structure of the emulsions and in particular
resolved the microgels at droplet boundaries (Figures 5A3
and 5B3), CLSM showed the overall structure at larger
length-scales, the even distribution of all components. For
clarity, we particularly imaged the larger water droplets
(Figures 5A4 and 5A5). Water droplets appeared as dark,
unstained areas completely surrounded by WPM (stained
with Acridine Orange (AO), that was represented by
a green color) whilst the surrounding aqueous phase
appeared yellow/orange due to GA stained with Rho-
damine B, plus any excess WPM present in this phase. The
xanthan was unstained and therefore was largely present
in the dark water droplet regions. This confirms the ability
of WPM to act as good Pickering stabilizers of W/W emul-
sion systems[4,10,54] (see Figure S5 for additional CLSM
images). Additionally, we mapped the fluorescence inten-
sity due to AO near the W-W interface of droplets and
it was fairly evident that the fluorescence intensity (and
therefore WPM) was more concentrated in the vicinity
of the interface, apparently both inside and outside the
droplets, although the resolution is not really sufficient
to pin the location of the interface this accurately. Even
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YOU et al. 9

more clearly Figure S6 shows the sharp cut-off in AO
fluorescence intensity at the water/water phase bound-
ary, further supporting the notion of WPM particles at
the interface, in line with Figure 5A3, which shows a
similar distribution of microgels at the interface of finer
emulsion droplets. It is worth emphasizing that the green
fluorescence intensity is still fairly high in the area out-
side the large droplet. This is believed to be linked to
both smaller WPM-coated water droplets as well as unab-
sorbed microgels in this continuous phase region, which
is common in any Pickering emulsion systems, that is,
there are always excess unabsorbed particles present. The
PPM-loaded W/W emulsions show a different architec-
ture (Figure 5B4). Numerous non-spherical water regions
appear to be surrounded by green (Fast Green-stained)
PPM (see zoomed image with schematic in Figure 5B5) but
here the water droplets have a more deformed shape, rem-
iniscent of spinodal decomposition structures. One might
question the apparent difference in size of the droplets
observed between Cryo-SEM and CLSM images. The cryo-
SEM specifically focused on lower-sized droplets to allow
visualization of the droplets together with the interfacial
microgels (Figure S4). In addition, the sample preparation
(free-fracture) may cause significant changes in the size of
the droplets, whereas sample preparation isminimal in the
case of CLSM and one necessarily focuses on larger sized
droplets due to the lower resolution of CLSM and to avoid
blurring due to Brownian motion of the droplets. The next
question is whether these different structures perform dif-
ferently in rheological and tribological regimes and this is
addressed below.

2.3.2 Rheological properties of
Pickering-like W/W emulsions

Since the lubrication properties of biopolymeric systems
are often determined by their bulk viscosity, particularly in
the high shear rate (�̇�) regimes,[39,55] the apparent viscosi-
ties (𝜂) of the W/W emulsions were measured, prepared
with 2.0 vol%WPM or PPM at lower (1.0 wt% GS+ 0.1 wt%
XG) and higher (2.0 wt% GS + 0.2 wt% XG) biopoly-
mer concentrations. The results are shown in Figures 6A1
and 6B1, respectively, alongside controls of the same con-
centrations of the pure samples of GS andXG. Looking first
at the W/W emulsions prepared without microgels, the
emulsions were rheologically different to either GS or XG
alone, and had non-Newtonian, shear-thinning properties
at both concentrations.
At the lower biopolymer concentration (1.0 wt% GS

+ 0.1 wt% XG), the viscosity of the emulsion 𝜂emulsion
appeared to be much closer to the viscosity of the GS
(𝜂GS) than that of the XG (𝜂XG) at all �̇� (Figure 6A1).

However, when the concentrations were doubled, 𝜂emulsion
was considerably higher than the corresponding values of
𝜂XG or 𝜂GS alone, as might be expected from the added
structuring of water droplets to the system as observed in
Figure 5. In the case of microgel-laden W/W emulsions,
as seen in Figure 6 A1 and B1, the microgels enhanced
𝜂emulsion significantly, compared to the systems without
microgels. It is noteworthy that the systems with WPM
had a higher 𝜂emulsion than the ones with PPM at lower �̇�.
This might reflect the greater amount of structuring in the
WPM systems evident in the cryo-SEM images (Figure 5).
The adsorbed layers of PPM are possibly easier to deform
under shear (visible even in the cryo-SEM images) and
this inhibits interactions between the droplets and leads to
lower 𝜂emulsion overall than with WPM.

2.3.3 Lubrication performance of Pickering
W/W emulsions

Figures 6A2 and 6B2 show the evolution of friction coeffi-
cient (μ) as a function of entrainment speed (U) of theW/W
emulsions at the lower and higher biopolymer concentra-
tions, respectively, stabilized by WPM or PPM and along-
side the corresponding results for just GS and XG alone.
Figure 6A2 shows that the behavior of theW/W emulsions
without microgels at the lower biopolymer concentration
(1.0 wt% GS + 0.1 wt% XG) is totally different compared
to the corresponding GS and XG. The friction coefficients
of the W/W emulsions (𝜇emulsion) in mixed and hydrody-
namic regimes were much lower than those for GS (𝜇GS)
or XG (𝜇XG) alone—although XG seemed to dominate the
behavior in the boundary regime.Withoutmicrogels at the
higher biopolymer concentration (2.0 wt% GS + 0.2 wt%
XG) 𝜇emulsion in the boundary regime showed a rather sim-
ilar trend as with the lower concentration of biopolymers
(Figure 6B2), but in hydrodynamic regime (U > 500 mm
s−1) 𝜇emulsion seemed to be closer to that of 𝜇GS.
One key question is whether or not the water droplets

became entrained and formed a hydration film in the
contact region between the ball-and-disk.[38] Considering
the reduction of friction observed in Figure 6, it is certain
that the droplets were entrained but most likely deformed
under the tribo-shear, since the such large non-deformed
droplets (Figure 5) would not be able to enter the contact
zone, where the film thickness is usually of the order
of tens to hundreds of nanometers.[15] You, Murray and
Sarkar[3] demonstrated that the tribological behavior of
such water droplets is governed by their size, morphology
and volume fraction, depending on the biopolymer con-
centration. Here the higher biopolymer concentrations
seem to give larger droplets and droplets with more non-
spherical shapes, whereas the lower concentrations seem
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10 YOU et al.

F IGURE 6 Rheological and tribological properties of W/W emulsions. Mean apparent viscosity (η) as a function of shear rate (�̇�) (A1
and B1) and mean friction coefficient (μ) versus entrainment speed (U) (A2 and B2) of lower concentration (square) with 1.0 wt% GS and
0.1 wt% XG and higher concentration emulsions (triangle) with 2.0 wt% GS and 0.2 wt% XG; GS (Black, or ), XG (purple, or ),
emulsion (red, or ), and WPM-loaded emulsion (Blue, or ), and PPM-loaded emulsion (green, or ), with magnified graph on
boundary regime. Error bars represent standard deviations for at least three measurements on experiments performed in triplicates (n = 3 ×
3). PPM, protein (pea)-based microgels; WPM, (whey) protein microgels.

to give smaller droplets but with more well-defined spher-
ical shapes. The microscopy results clearly show that the
type ofmicrogel added also influences themorphology and
structure of the water droplets. In the case of the microgel-
ladenW/W emulsions, that is, W/W systems with 2.0 vol%
WPM or PPM, Figures 6A2 and 6B2 show that the pres-
ence of the different types of microgels also influenced the
lubrication behavior at both biopolymer concentrations.
Specifically, the friction coefficient of the WPM-laden
W/W emulsion was higher than the value of 𝜇emulsion
without WPM and even XG alone in the boundary regime
(p < 0.05) (see statistical differences in Tables S1B and
S1C). Earlier it was shown that WPM cannot lower 𝜇WPM
in boundary regime as compared to PPM (Figure 3D).
Also, Sarkar, Kanti, Gulotta,Murray and Zhang[25] showed
that low volume fractions of WPM give relatively poor
lubrication properties—because WPM cannot bear the

normal load and overcome the adhesion of PDMS-PDMS
surfaces.
The most interesting and unprecedented behavior was

shown for μ of the PPM-stabilized droplets, which was
lower than 𝜇emulsion (without PPM or containing WPM)
and even XG alone in the boundary regime (p < 0.05)
(see statistical differences in Table S1). As discussed previ-
ously, PPMalone decreased μ significantly in the boundary
regime (see Figure 3D), so that this feature was mirrored
when PPM was also present in the W/W emulsion sys-
tem (Figures 6A2 and 6B2). This suggests that both the
non-spherical-shaped droplets and/or the presence of soft,
adhesive PPM on the surface of these droplets, or in the
interstices between them (Figures 5B3 and 5B4), are bet-
ter able to squeeze into the tribological gap and reduce the
friction efficient, as compared to the more spherical and
less deformable water droplets stabilized by WPM.
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YOU et al. 11

Thus, contrary to expectations, the lubrication perfor-
mance of the pea protein microgels (PPM) and corre-
sponding PPM-stabilized W/W emulsions was in sharp
contrast to the behavior of the parent non-microgelled pea
protein,[35,36] which alone is known to increase friction
compared to whey protein. This difference is no doubt
related to the complex changes in the structure of the pea
protein in its conversion to PPM, due to the applied heat
and shear.[34,56] PPM indeed showed higher hydratedmass
at a gold surface and higher adhesive forces than WPM.
In addition, the PPM appeared to stabilize more distorted,
non-spherical W/W emulsion droplets which possibly
enhanced the lubrication performance of PPM compared
to unlike the more typical spherical water droplets stabi-
lized by WPM. Microgel size might also affect lubricity,
since the smaller WPM (nearly of half of the diameter of
that of the PPM) might be expected to squeeze into the
contact region more easily. However, once entrained, the
larger volumes (∼8x) of the PPM will be able to support
more load as compared to WPM. Hence, the differences
in lubricity might be related to the PPM being softer than
the WPM but also due to the differences in protein affin-
ity, particle size and adhesiveness. We believe that this is
the first time that such effects have been reported in the
literature.

3 CONCLUSIONS

Using a comprehensive suite of multiscale techniques,
including microscopy, light scattering, rheology, tribology,
and surface adsorption measurements, we have demon-
strated two key findings. (1) Soft proteinaceous microgels,
made from two very different protein sources (pea and
whey), can both stabilize Pickering-like water-in-water
(W/W) emulsions, though with different morphologies
and bulk viscosities. (2) Sustainable plant-based (pea)
protein microgels outperform the animal (whey) protein
microgels in terms of lubricity on their own as well as
the lubricity of the microgel-laden W/W emulsions. Strik-
ingly, themicrogel andmicrogel-stabilized-W/Wemulsion
performances are in sharp contrast to the behavior of the
parent proteins, where pea protein is known to result
in increased friction as compared to whey protein. Such
differences are attributed to the increased size, lower vis-
coelasticity, enhanced degree of adsorption, and enhanced
adhesive properties of the pea protein microgels as com-
pared to the whey protein microgels. In turn, these
microgel differences lead to different morphology of the
corresponding Pickering emulsions, the pea proteinmicro-
gels leading tomore distorted, less spherical water droplets
which are possibly more easily entrained within the tri-
bological gap. These novel insights pave the way forward

for designing water-based sustainable bio-lubricants from
plant proteins which should have applications in food,
pharmaceutical, personal care and allied sectors. Further
development should investigate the sensory response to
such systems in order to validate whether the frictional
data translates to the oral or skin regimes in terms of
mouthfeel or skinfeel.

4 EXPERIMENTAL SECTION

4.1 Materials

Xanthan gum (XG, product codeG1253, CASnumber 11138-
66-2), and waxy corn starch (CS, product code 10120, CAS
number 9037-22-3) were purchased from Sigma-Aldrich,
Dorset, UK. Whey protein isolate (WPI) powder contain-
ing 96.3 wt% protein was kindly donated by Fonterra
Limited (Auckland, New-Zealand) and commercial pea
protein concentrate (PPC) (Nutralys S85XF) with 85%
protein content was kindly gifted by Roquette (Lestrem,
France). All other chemicals used in the experiments
were purchased from Sigma-Aldrich, Dorset, UK unless
otherwise specified. MilliQ water purified by a Milli-Q
apparatus (Millipore, Bedford, UK), with an electrical
resistivity not less than 18.2MΩ.cmwas used as the solvent
throughout the experiments.

4.2 Preparation of hydrogel and
microgel particles

Protein hydrogels and microgel particles were prepared
using the methods described elsewhere.[3,25,34,37] Briefly,
WPI and PPC solutions were prepared by dissolving
12.0 wt% protein (WPI or PPC) in MilliQ water and stirred
for 2 hours at room temperature to ensure complete dis-
solution. Crosslinking to form hydrogels was achieved by
heating the whey or pea protein solutions at 90◦C for 30
minutes. After cooling to room temperature (22◦C), the gel
was stored at 4◦C for 12 hours. This was followed by blend-
ing for 2 minutes with MilliQ water at a 1:5 w w−1 ratio
of gel to buffer using a hand blender (HB711M, Kenwood,
UK). The subsequent dispersion of “coarse” gel fragments
was degassed via a THINKY mixer (ARE-250, Kidlington,
UK) using a mixing cycle of 2 minutes at 2000 rpm, fol-
lowed by 1 minute degassing at 2200 rpm. Finally, the
dispersion of the gel fragments was homogenized using a
two-stage valve homogenizer (Panda Plus 2000; GEA Niro
Soavi Homogeneizador Parma, Italy) for two passes, oper-
ating at two stages of 250 and 50 bar pressures to formwhey
proteinmicrogel particles (WPM) andpea proteinmicrogel
particles (PPM).
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12 YOU et al.

4.3 Rheology

Samples were studied via a cone-and-plate geometry
(CP50-2, cone diameter 50 mm, cone angle 2◦, 1 mm gap)
in an MCR 302 (Anton Paar, Austria) controlled-stress
rheometer. Protein solutions were gelled in situ by per-
forming a temperature ramp (25–90◦C at a rate of 0.08◦C
s−1 and held at 90◦C for 10 minute), then cooling to 25◦C,
after which a frequency sweep of 0.1–100 rad/s at a strain
of 0.1% was initialized. Due to the long experimental time,
the edge of the sample was sealed with a high-viscosity sil-
icone oil (350 cSt) to provide additional protection against
sample drying. Strain (γ) sweeps with eight data points per
decade of γ, with γ = 0.01–100% were employed. In sepa-
rate experiments, frequency sweeps were performed after
gelation. Frequency sweepswith six data points per decade
of frequency (ω) = 100–0.01 rad s−1 were employed. Rhe-
ological characterization of the biopolymer solutions and
water-in-water (W/W) emulsions was performed at shear
rates (�̇�) ranging from 0.1 to 1000 s−1 at 37± 0.1◦C, in order
to mimic oral processing conditions. The viscosities of the
microgels (WPM and PPM), were also measured at shear
rates (�̇�) ranging from 0.1 to 100 s−1 at room temperature.
All the experiments were carried out within 2 hours of
W/W emulsion formation, during which no visible phase
separation of the emulsions had occurred.

4.4 Atomic Force Microscopy (AFM)

All nanoscale experiments including topographic imaging,
nanoscale roughness, and adhesive force measurements
of WPM and PPM were carried out with a Multimode 8
AFM on a Nanoscope V controller (Bruker) equipped with
a liquid cell. Microgel suspensions were diluted by a fac-
tor of 100 using Milli-Q water and 100 µL aliquots were
pipetted on to a fresh but untreated silicon wafer sub-
strate. The samples were incubated in a hydrated state for
30minutes at room temperature and rinsed five times with
100 µL of Milli-Q water using a micropipette to remove
non-adsorbed particles that could otherwise adhere to the
AFM cantilever tip. Samples were then transferred to the
AFM for imaging and kept hydrated at all times. Oscilla-
tory AFMmodes such as Peak Force Tapping (at a range of
frequencies) and standard liquid TappingMode (8–10 kHz)
result in highly unstable imaging, presumably due to the
soft microgels oscillating in sympathy. Therefore, stan-
dard contact mode with very soft cantilevers was used.
The probes, MLCT-DC-BIO (Bruker) are also thermal drift
compensated which helps to maintain imaging force at
the lowest possible force, with Cantilever C being selected,
having a spring constant in the range 0.007–0.011 Nm−1.

4.5 Dynamic light scattering (DLS)

Dynamic light scattering to determine the hydrodynamic
microgel particle size was performed using a Zetasizer
(Nano ZS series, Malvern Instruments, Worcestershire,
UK) A sample of the WPM or PPM dispersion was diluted
with MilliQ water solution at a 1: 50 v v−1 ratio of microgel
particles to water and placed in standard folded capillary
electrophoresis cells (DTS1070). Measurements were per-
formed by time-dependent correlation functions, using a
detection angle of 173◦, and the refractive index of WPM
and PPM were set at 1.52 and 1.54, respectively, versus
water (1.33). The absorbance of the microgel particles was
assumed to be 0.001.

4.6 Quartz Crystal Microbalance with
Dissipation Monitoring (QCM-D)

The adsorption behavior of the microgel particles was
measured using Quartz Crystal Microbalance with Dissi-
pationMonitoring (QCM-D, E4 system, Q-Sense, Sweden).
In attempting to mimic the adsorption properties of the
protein microgel particles (WPM or PPM) at the water-
water (W−W) interface, hydrophilic gold-covered sensors
(QSX-301, Q-Sense) were used. Frequency (f) as well as dis-
sipation (D) were monitored in real time. All the solutions
were injected into QCM-D chamber by a peristaltic pump
at a flow rate of 100 µL min−1 at 25◦C. The first step was to
inject Milli-Q water until a stable baseline was observed.
The aqueous dispersions of the microgel particles were
then injected into the system and left to adsorb under the
flow conditions. Each gold sensor was used only once for
each experiment. The data were fitted using Voigt model
for viscoelastic solids (namely “Smartfit Model”) by D find
(Q-Sense, Sweden) software to calculate the hydratedmass
of the hydrated layers of microgel particles.

4.7 Preparation of W/W emulsions

Gelatinized starch (GS) (0.2–4.0 wt%) was prepared by dis-
persing the starch powder in Milli-Q water, followed by
heating in an oil bath at 90◦C for 15 minutes with constant
shearing using an Ultra Turrax T25 homogenizer (IKA-
WerkeGmbH&Co., StaufenGermany). Xanthan gum (XG)
(0.02–0.4 wt%) was dispersed in Milli-Q at pH 7.0 for
at least 24 hours at room temperature and then simi-
larly dispersed and heated at 90◦C for 15 minutes. Equal
volumes of GS and XG dispersions of different concentra-
tions were mixed at 90◦C and homogenized at 21,000 rpm
for 10 minutes via the Ultra Turrax T25 homogenizer.
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YOU et al. 13

For designing Pickering-like W/W emulsions stabilized by
microgel particles, WPM or PPM (2.0 vol% in the final
mixture, assuming the density of microgels = 1 g mL−1)
were added to the XG dispersion before blending the two
phases together. This was merely for convenience: adding
the microgel particles to either phases (XG or GS resulted
in W/W emulsions with similar rheological properties.
The W/W emulsions stabilized by microgels showed no
signs of phase separation after 4 weeks of storage but the
W/W emulsions without microgels showed phase sepa-
ration after 2 weeks of storage at room temperature (see
Figure S7). Hence, allW/W emulsions weremeasured rhe-
ologically and tribologically within a week of formation
and were stable, in line with a previous study where W/W
emulsions were stabilized by whey protein microgels.[2a]

4.8 Determination of phase separation
and phase diagram

The GS + XG mixtures were stored in 75 × 25 mm flat bot-
tom test tubes sealed with plastic cap and were visually
monitored at room temperature for 2 months. To confirm
the phase separation accurately, a few mixtures of arbi-
trarily chosen concentrations were also centrifuged at high
speed (20,000 × g) for 30 minutes, at 4◦C in Avanti J-30I
centrifuge (Beckman Coulter, USA) and the supernatant
was collected very carefully. Apparent viscosity measure-
ments were performed via a model MCR 302 (Anton Paar,
Austria) shear rheometer, using cone-and-plate geometry
(CP50-2, cone diameter 50mm, cone angle 2◦, 1mmgap) at
shear rates ranging from 1 to 100 seconds−1. For each mea-
surement, 2 mL of sample were pipetted onto the plate and
a temperature-controlled cover was used to prevent evap-
oration and maintain the temperature at 22◦C. Samples
were left on the plate for 2minutes to achieve thermal equi-
librium before rheological measurements commenced.

4.9 Confocal laser scanning microscope
(CLSM)

Samples were visualized using a confocal laser scan-
ning microscope (CLSM, Model LSM 880, Carl Zeiss
MicroImaging GmbH, Jena, Germany). Ar/ArKr (488,
514 nm) and He/Ne (543, 633 nm) laser wavelengths were
used. 0.5 wt% of Rhodamine B, Acridine orange, and Fast
green were dissolved with MilliQ water and the solutions
were stored in the dark when not being used. Rhodamine
B showed preferential staining of GS (λ ≈ 568 nm, repre-
sented as yellow/orange in the images), whilst Acridine
Orange (λ ≈ 525 nm, green in the images) and Fast green
(λ ≈ 633 nm, green in the images) preferred attaching to

WPM and PPM, respectively. Unlabeled dark areas were
therefore assumed to be the unlabeledXG-rich regions. For
systems containing microgel particles, it was necessary to
wait for 20 minutes to allow any air bubbles to rise out of
the samples before they could be poured into the welled
slide. A cover slip was then added before imaging.

4.10 Cryo-scanning electron
microscopy (cryo-SEM)

A cryo-scanning electron microscopy (FEI Quanta 200F
FEG ESEM, Japan) was used to study the structural fea-
tures ofmicrogel-loadedW/W emulsion systems following
previous methods.[3,22] All samples were first loaded onto
rivet sample holders and frozen in liquid nitrogen. The
frozen samples were transferred to the cryo-preparation
chamber on the SEM, cleaved and etched at −95◦C for
4 minutes. Finally, the Pt-coated samples were transferred
to the SEM chamber for imaging at −135◦C.

4.11 Tribology of microgel particles and
emulsion systems

The lubricating properties ofmicrogels andW/Wemulsion
samples were measured using a Mini Traction Machine
(MTM2, PCS Instruments, London, UK) with PDMS (Syl-
gard 184, Dow Corning, Midland, MI, USA, base fluid
and cross-linker (10:1 w w−1)) ball (Ø 19 mm)-on-disk
(Ø 46 mm) configuration, with surface roughness, Ra of
50 nm. All the tribological experiments were carried out
within 2 hours of preparation of the microgel particles and
W/W emulsions, that is, when no visible phase separation
had occurred. A normal load (W) of 2 N and a slide-to-
roll ratio (SRR) of 50% were set for all measurements. The
sliding speeds were varied from 1 to 1000 mm s−1. The
coefficient of friction was measured for all samples as a
function of entrainment speed. The entrainment speed U
is defined as in Equation (1):

𝑈 =
1

2
(𝑈𝐵 + 𝑈𝐷) (1)

where, UB is the rolling speed of the ball and UD is the
sliding speed of the disc.
Statistical analyses. All values are reported as the mean

and standard deviation of three measurements carried out
on at least triplicate samples (n = 3 × 3) prepared on
different days. Statistical analyses were carried out using
one-way ANOVA and multiple comparison test via SPSS
software and differences between samples were deemed
significantly different with p < 0.05 via Tukey’s test.
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