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For several commercial plant-protein stabilisers, we investigated how surface shear and dilatational properties
affect dynamic emulsion stability under high bulk shear conditions. Potato protein isolates Potato-1 (rich in
patatin) and Potato-2 (rich in protease inhibitors) showed a stiffer, more solid-like response than soy and pea
protein isolates in large amplitude oscillatory surface shear. Soy protein isolates had the weakest interfaces and
showed a more liquid-like behaviour. Potato-2 had the highest stiffness and most brittle interface in large
amplitude oscillatory dilatational deformations. It also showed more significant softening, evident from both the
shear and dilatational Lissajous plots. Only the Potato-1-stabilised emulsion was stable against coalescence at
high bulk shear (although that emulsion was unstable against flocculation because of its low zeta potential). The
low stiffness imparted to the interface by the pea and soy protein isolates was not suitable for preparing
emulsions with high dynamic stability. In the linear regime, both Potato-1 and Potato-2 produced interfaces with
similar surface shear moduli, and in dilatation, Potato-2 gave a higher modulus. The lower stability of the Potato-
2 emulsions appears to be linked to the higher brittleness and stronger softening effect for increasing deformation
amplitude. Both in surface shear and dilatation, the maximum linear strain for the Potato-1-stabilised interface is
larger. The lower maximum linear strain and stronger softening effect at high deformations for Potato-2 may
have resulted in more disruption of the interfacial microstructure, and this induced (partial) coalescence.

1. Introduction

Sustainability aspects have become an important driver for the
development of food products. One way to improve sustainability of
food products is by replacing dairy- and meat-based proteins by plant-
based proteins (Akharume, Aluko, & Adedeji, 2021; Cornet et al.,
2022; Makinen, Wanhalinna, Zannini, & Arendt, 2016; Mefleh, Pasqu-
alone, Caponio, & Faccia, 2022; Munekata et al., 2020; Singh et al.,
2021). Examples of such products are plant-based dairy drinks. These
products are emulsions, with small oil droplets dispersed in a continuous
phase containing proteins, salts, and carbohydrates. The added plant
protein has a nutritional function but is often also added to stabilise the
emulsion against aggregation, coalescence, and creaming. The stability
of plant protein-stabilised emulsions, has been studied by measuring the
particle size distribution as a function of time, by determining the
creaming rate under centrifugation, and by establishing heat resilience
for post-processing (Liang & Tang, 2014; McClements, Lu, & Grossmann,
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2022; Sridharan, Meinders, Bitter, & Nikiforidis, 2020; Yang, de Wit,
et al., 2021). The stability of emulsions is often related to interfacial
properties of the oil-water interface, such as its charge, or its mechanical
properties like the surface shear or dilatational modulus. These prop-
erties have also been studied widely in recent years (Braun, Hanewald,
& Vilgis, 2019; Hinderink, Sagis, Schroén, & Berton-Carabin, 2021;
McClements et al., 2022; Ntone et al., 2021). But stability of plant-based
emulsions is mostly assessed under quiescent conditions, and their
behaviour under high shear conditions, highly relevant for their pro-
cessing, has not been well studied.

This is also true for applications of plant protein-stabilised emulsions
in other types of products, such as meat replacers, processed in ex-
truders. In these products emulsions are added to control juiciness or as
a carrier for flavours. In the extruder, the emulsions are exposed to high
deformation rates, which can disrupt the interfacial films stabilising the
droplets, resulting in coalescence. The addition of oil to these products
during extrusion can have a significant effect on their texture (Kendler,
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Duchardt, Karbstein, & Emin, 2021; Osen, Toelstede, Wild, Eisner, &
Schweiggert-Weisz, 2014; Wang et al., 2022; Zhang, Liu, Jiang, Faisal, &
Wang, 2020).

This study aims to explore the suitability of commercially available
potato, soy, and pea protein isolates for stabilising emulsions in plant-
based dairy drinks. We have chosen commercially available stabilisers
here since most manufacturers do not use highly purified plant protein
extracts in the production of emulsion-based products. We have char-
acterized these stabilisers with respect to composition, particle size
distribution, and average molecular weight. The interfacial properties of
oil-water interfaces stabilised by these samples were studied using Small
and Large Amplitude Oscillatory Shear (SAOS and LAOS) and Small and
Large Amplitude Oscillatory Dilatation (SAOD and LAOD). The shear
and dilatational storage and loss modulus were determined, and the
nonlinear behaviour was analysed using Lissajous plots. Emulsions were
prepared and subsequently characterized by measuring their size dis-
tribution and zeta-potential. The dynamic stability of the oil-water
emulsions was tested by applying high shear using an Ultra Turrax
blending device and again determining the droplet size distribution
using light scattering. The results obtained here can facilitate the
development of stable plant-based dairy drinks. The results may also
have ramifications for the production of meat replacers.

2. Materials and methods
2.1. Materials

Medium-chain triglyceride (MCT) oil (MIGLYOL® 812N) was pur-
chased from IOI Oleochemical (France). Commercial potato protein
isolates (PoPI), Potato-1 and Potato-2) were kindly donated by Avebe U.
A. (Netherlands). Commercial soy protein isolates (SPI), Soy-1, Soy-2,
Soy-3, and Soy-4 were kindly donated by Fuji Oil Co., Ltd. (Japan). A
commercial pea protein isolate (PePI), Pea-1, was purchased from
Roquette Freres (France). Details on protein content, average molecular
weight, and processing of the isolates are given in Table 1, and
composition, and number mean particle size of these protein isolates are
shown in Tables S1 and S2. Milli-Q water (PURELAB® Ultra Water Pu-
rification System, Germany) was used for all experiments. Florisil®
(60-100 mesh), sodium azide, hydrochloric acid (HCI), sodium hy-
droxide (NaOH), and sodium chloride (NaCl) were purchased from
Merck (Germany).

2.2. Methods
2.2.1. Sample preparation
2.2.1.1. Purification of MCT oil. Florisil was dried overnight in an oven

Table 1

Details of the protein isolates. Protein content was measured by Dumas method
(see Sec 2.2.1.2), and weight average molecular weight was obtained using
HPLC.

Supplier Source Protein Processing pH Protein M

w
name by supplier content (kDa)
(Wt%)
Avebe Potato Potato-1 Extracted Neutral  77.18 80
from potato
protein
Potato-2  Extracted Acidic 77.67 32
from potato
protein
Roquette  Pea Pea-1 Neutral  69.36 94
Fuji Oil Soy Soy-1 Neutral  75.64 140
Soy-2 Hydrolysed Neutral  74.86 118
Soy-3 Hydrolysed Neutral  74.96 51

Soy-4 Neutral  76.90 167
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at 120 °C, then cooled to room temperature in a desiccator. MCT oil was
mixed with 10 wt% Florisil and stirred at 20 °C. Samples of MCT oil were
taken every hour, and filtered using a syringe filter to remove Florisil,
followed by measurement of the interfacial tension of the MCT oil - Milli-
Q water interface, until the tension became constant. Then, MCT oil was
centrifuged at 4500 x g for 10 min to remove Florisil, and the supernatant
was filtered using filter paper (Whatman, Grade 4, diam.90 mm, En-
gland). Purified MCT oil was stored in a glass bottle in a dark place at
20 °C until used.

2.2.1.2. Protein dispersions. The protein content of all protein powders
was determined by Dumas. A nitrogen conversion factor of 5.5 was used
as an average for all proteins for convenience (Mariotti, Tomé, & Mir-
and, 2008). Based on Dumas results, all powders were dispersed in
Milli-Q water at a concentration slightly higher than 1.76 wt%, which is
enough to stabilise a 10% oil-in-water emulsion as described by Yang, de
Wit, et al. (2021); 0.02 wt% sodium azide was added to all dispersions.
The dispersions were stirred at 20 °C for 4 h, then at 4 °C for 20 h. The
pH and conductivity of the dispersions were adjusted using 1.0 M HCI,
1.0 M NaOH, and NaCl to pH 3.6 for Potato-2 (which has an acidic pH in
water) and pH 7.0 for all others, and 1300 pS/cm. After that, the protein
dispersions were diluted with pH- and conductivity-adjusted water (pH
3.6/7.0 and 1300 pS/cm) to 0.044, 0.22, 0.44, 0.88, and 1.76 wt%.

2.2.1.3. Emulsion preparation. Emulsions with 10% MCT oil content
were prepared with the protein dispersions. The mixtures were first pre-
homogenised using an ULTRA-TURRAX® (IKA T25, Germany) with
S25N-18G dispersing tool at 5000 rpm for 5 min. Then, the pre-
homogenised mixture was homogenised by a high-pressure homoge-
niser (LAB, Delta Instruments, The Netherlands) at 150 bar for 10 passes
(to make the particle size distribution as narrow as possible) at room
temperature. The beaker for collecting the emulsions was in ice water
during homogenisation to prevent excessive heating. The emulsions
were finally collected in a blue cap bottle and stored overnight at 4 °C
before analysis.

2.2.2. Interfacial shear properties

Interfacial shear properties of oil-water interfaces stabilised by the
plant protein isolates were studied using a magnetic bearing rheometer
(AR-G2, TA Instruments, USA) with a double-wall-ring (DWR) geome-
try, as described by Yang, Faber, et al. (2021). The protein dispersion
was poured into a double wall cylindrical trough. After the ring was
positioned at the air-dispersion interface, the purified MCT oil was
carefully poured on top of the protein dispersion without disturbing it.
Before all measurements, a pre-shear was applied to the sample at a
shear rate of 10 1/s for 5 min. Time sweeps were performed at a strain of
1.0% and a frequency of 1.0 Hz for 10800 s. Subsequently, frequency
sweeps were performed at a strain of 1.0% with frequencies ranging
from 0.01 Hz to 10.0 Hz, followed by strain sweeps at a frequency of 1.0
Hz with strains ranging from 0.1% to 100%. All measurements were
performed at 20 °C.

2.2.3. Interfacial dilatational properties

Interfacial dilatational properties of oil-water interfaces stabilised by
plant proteins were determined using a TRACKER™ Automatic Drop
Tensiometer & Dilatational Interfacial Rheometer (ADT) (Teclis, France)
as described by Zhou, Sala, and Sagis (2020). A protein dispersion of
0.044 wt% was poured into a cuvette. A curved needle connected to a
motor driven syringe (Trajan Scientific and Medical, Australia) was
submerged in the solution. A rising droplet of purified MCT oil with a
surface area of 30 mm? was created. After monitoring the interfacial
tension for 2-3 h, amplitude and frequency sweeps were performed by
applying sinusoidal oscillatory area deformations for five cycles, fol-
lowed by 900 s recovery time for each condition. The amplitude sweeps
were run at a frequency of 0.02 Hz with amplitudes ranging from 5% to
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20%. Frequency sweeps were run at an amplitude of 5% with fre-
quencies ranging from 0.005 Hz to 0.05 Hz. Before each sweep, the oil
droplet was released, and a new one was made at the tip of the needle.
The oscillations of all measurements were performed at 20 °C. Note that
we did not oscillate during the adsorption phase of the protein. Moni-
toring the development of the dilatational modulus in a time sweep, as
we did for the surface shear measurements, is possible only when the
measurement can be performed in the linear viscoelastic regime. At the
smallest deformation amplitude, we can apply with the tensiometer and
still get reliable results, we are already in the nonlinear regime. Oscil-
lations would hence affect the structure during its formation.

2.2.4. Lissajous plot analysis

The nonlinear responses in the strain sweeps in both surface shear
and dilatational mode were analysed by making Lissajous plots. The
plots prepared from the data of the interfacial shear measurements were
automatically generated using the Trios software of the AR-G2, plotting
the time dependent torque signal versus strain. The time dependent
surface tension data from the dilatational measurements was converted
into surface pressure (z(t) = o(t) — o6¢) and plotted against the defor-
mation ((A(t) - Ap)/Ap). as described by Riihs, Scheuble, Windhab, and
Fischer (2013); Sagis and Fischer (2014). Here, ¢ and A are the surface
tension and area of the interface of the oil droplet, and subscript “0”
indicates values of these for the non-deformed interface. The middle
three of the five cycles were used for creating the plots.

2.2.5. Emulsion analysis

2.2.5.1. Zeta potential. The zeta potential of the protein-stabilised oil
droplets in the emulsions was measured with a Zetasizer Ultra (Malvern
Panalytical, UK). The emulsions were diluted 200 times with pH- and
conductivity-adjusted water (pH 3.6/7.0 and 1300 pS/cm). Each mea-
surement was run five times at 20 °C, and those results were averaged. A
refractive index of 1.45 and absorption index of 0.001 were used for the
dispersed phase. For the dispersant, 1.33 was used as the refractive
index. The diluted samples were measured in a DTS1070 cell.

2.2.5.2. Particle size distribution. The particle size distribution of the
emulsions was measured using a Mastersizer 2000 (Malvern Panalytical,
UK). Measurements were performed before application of high shear (0
min) and after different duration of shear (5, 10, and 15 min). Each
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measurement was run twice, and those results were averaged. For MCT
oil, refractive and absorption indices of 1.45 and 0.001 were used,
respectively. For the dispersant, 1.33 was used as the refractive index.

2.2.5.3. Stability of the emulsions against high shear rates. The emulsions
were put in ice water and subjected to high shear using an ULTRA-
TURRAX® (IKA T25, Germany) with an S25N-10G dispersing tool at
13000 rpm. Samples for the particle size distribution measurement were
taken after 5, 10, and 15 min of shearing.

3. Results and discussion
3.1. Small and large amplitude oscillatory shear (SAOS and LAOS)

3.1.1. Time sweep

To study the surface shear rheology of the plant protein-stabilised
interfaces between oil and water, small amplitude oscillatory shear
(SAOS) was performed. In the 3-h time sweep, Potato-1 and Potato-2
(Fig. 1A&B) showed a higher G’ than G" from the first data point from
the start of the time sweep, suggesting the proteins in these isolates
adsorbed at the interface and quickly formed viscoelastic solid-like
structures. This high rate of adsorption could be due to the small
average size of these proteins (roughly 8 nm for Potato-1 and 4 nm for
Potato-2; see Table S2). Pea-1 (Fig. 1C) initially showed a lower G’ than
G, until a crossover occurred at about 20 s, after which G’ was higher
than G". Structure formation was clearly slower for this component
compared to Potato-1 and Potato-2. The G’ values were also significantly
lower for Pea-1 (~20 mN/m) compared to Potato-1 and Potato-2
(100-200 mN/m), and the latter two clearly produce stiffer interfaces.
All SPIs (Soy-1, Soy-2, Soy-3, and Soy-4) showed similar results, pro-
ducing very weak structures on the interface with predominantly
viscous behaviour (In Fig. 1D we show results only for Soy-1). The G’
values for the SPIs were very low (<1 mN/m) and difficult to measure
accurately. These observations suggest that in-plane interactions be-
tween proteins are stronger in the Potato-1 and Potato-2 samples.

3.1.2. Frequency sweeps

After the time sweep, frequency sweeps (Fig. 2) were applied to the
interfaces stabilised by Potato-1, Potato-2, and Pea-1 (Fig. 2A-C). All
three showed a higher G’ than G” for the entire range of applied fre-
quencies, and displayed a weak power-law dependence on frequency
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Fig. 1. G’ (closed symbols) and G" (open symbols) versus time of oil-water interfaces stabilised by (A) Potato-1, (B) Potato-2, (C) Pea-1 and (D) Soy-1 in surface shear
at 1% strain and 1 Hz frequency. For clarity, one representative result is shown, but comparable results were obtained for two replicates.
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Fig. 2. G’ (closed symbols) and G" (open symbols) as a function of the frequency of the oil-water interfaces stabilised by (A) Potato-1, (B) Potato-2, (C) Pea-1, and (D)
Soy-1 in surface shear at 1% strain. For clarity, one representative result is shown, but comparable results were obtained for two replicates.

(G’~f" with low n-values (~0.2), which is commonly observed for
disordered solids such as gels or soft glassy systems (Winter & Mours,
1997) and proteins such as p-lactoglobulin (Cicuta, Stancik, & Fuller,
2003). This weak frequency dependence was also observed for interfaces
stabilised by whey, rapeseed, BSA and Acacia gum (Erni et al., 2007;
Jaishankar & McKinley, 2013; Yang, Faber, et al., 2021; Yang, Thielen,
Berton-Carabin, van der Linden, & Sagis, 2020). These results suggest
that Potato-1, Potato-2 and Pea-1 formed a soft solid-like structure after
adsorption at the interface. For the interfaces stabilised by Soy-1
(Fig. 2D), Soy-2, Soy-3, and Soy-4, an upswing in G’ and G” at fre-
quencies above 1 Hz was observed (only Soy-1 data is shown). This
upswing most likely resulted from inertia effects, typically happening in
a weak and mobile interface (Delgado et al., 2018; Ewoldt, Johnston, &
Caretta, 2015; Lauger & Stettin, 2016).
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3.1.3. Strain sweeps

Strain sweeps were also performed on the interface stabilised by
Potato-1, Potato-2, and Pea-1 (Fig. 3A-C). The response of Potato-1- and
Potato-2-stabilised interfaces was dominated by elasticity up to a strain
of 3.2% and 2.0%, respectively. Beyond this strain, G' was smoothly
decaying, indicating a gradual disruption of the interfacial microstruc-
ture. A weak strain overshoot (Payne effect) in G” of Potato-1 and Potato-
2 was also observed, followed by a gradual decrease. The maximum in G
coincides with the crossover point, beyond which G”>G’, and the
response of the material becomes progressively dominated by viscosity
rather than elasticity. This type of behaviour is often referred to as Type
III nonlinear behaviour (Hyun, Kim, Ahn, & Lee, 2002). In the regime of
the overshoot, the rate of network bond disruption is slower than the
rate of new bond formation, leading to a slight increase in G” (Hyun
et al., 2002). Donley, Singh, Shetty, and Rogers (2020) recently showed
that the overshoot is associated with a yielding transition from linear
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Fig. 3. G’ (closed symbols) and G" (open symbols) as a function of the strain of the oil-water interfaces stabilised by (A) Potato-1, (B) Potato-2, (C) Pea-1 and (D) Soy-
1 in shear at 1 Hz frequency; again, only one representative result is shown, but comparable results were obtained for two replicates.
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solid-like viscoelastic behaviour to primarily fluid-like plastic flow. A
similar weak overshoot was observed for the air-water interface stabi-
lised by whey protein isolate (Yang, Waardenburg, et al., 2021). The
Pea-1-stabilised interface showed lower G' and G” than Potato-1 and
Potato-2 in the linear region, and its tand was much closer to 1. This
component did not show an overshoot in G”, and both moduli were
decreasing smoothly with increasing strain. This strain softening
behaviour is sometimes referred to as Type I nonlinear behaviour (Hyun
et al., 2002). This result suggests that for Pea-1, the in-plane interactions
between proteins were weaker, and its interface was therefore less stiff
than the interface stabilised by Potato-1 and Potato-2. The interfaces
stabilised by Soy-1 (Fig. 3D), Soy-2, Soy-3, and Soy-4 proved to be too
weak to obtain reliable LAOS data, and their results were poorly
reproducible. Since their tand was almost one and G’ and G” were low,
their interfaces may be considered to be in a liquid-like state.

3.1.4. Lissajous plots of LAOS

The results of the strain sweeps were also analysed by making Lis-
sajous plots of stress versus strain (Ewoldt, Hosoi, & Mckinley, 2008;
Riihs et al., 2013). The values for G’ and G” are based on a Fourier
Transform of the stress signal and calculated from the intensity and
phase of the first harmonic of the spectrum. Contributions from higher
odd harmonics, which are present in the nonlinear viscoelastic regime,
are not accounted for in the calculation. Lissajous plots analyse the full
nonlinear stress response, and this can provide additional insights on the
microstructure and mechanical properties of oil-water interfaces stabi-
lised food and non-food materials (Garcia-Moreno et al., 2021; Hong
et al., 2019; Kieserling et al., 2021). In the linear region, Potato-1- and
Potato-2-stabilised interfaces had Lissajous plots with a narrow ellip-
soidal shape, suggesting that the responses of those interfaces were
dominated by the elastic contribution to the total stress (Fig. 4). When
the strain was larger than 3.2% for Potato-1 and 2% for Potato-2, the
plots became wider, and quickly transitioned to a rhomboidal shape,
indicative of yielding of the interfacial structure, and a transition to
plastic behaviour. On the other hand, the Pea-1-stabilised interface
showed relatively wider Lissajous plots even at a low strain, indicative of
a relatively higher viscous contribution to the stress. The transition to
liquid-like behaviour is also more gradual than for Potato-1 and
Potato-2. The interfaces stabilised by Soy-1, Soy-2, Soy-3, and Soy-4
were too weak to measure accurately and showed visco-inertial behav-
iour (Fardin et al., 2014) in the Lissajous curves, evident from the
negative slope the main axis of the plot has with respect to the vertical
axis. In Table S2 we see that Potato-1 and Potato-2 are likely in a
monomeric state. Pea-1 has an average size of about 40 nm, indicating
that a significant fraction of these proteins is present in an aggregated
state. The Soy proteins have the largest particle size (in a range of
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30-100 nm). It is likely that because of their smaller size Potato-1 and
Potato-2 were able to form denser and more homogeneous interfacial
layers, with stonger in-plane interactions, resulting in higher stiffness
and a more elastic behaviour at small strains. In Pea-1 and the soy
samples, the in-plane interactions were clearly much weaker. This will
also become more evident, when analyzing the dilatational response of
the interfaces.

3.2. Small and large amplitude oscillatory dilatation (SAOD and LAOD)

3.2.1. Frequency sweeps

The plant protein-stabilised oil-water interfaces were also subjected
to small amplitude oscillatory dilatation (frequency sweeps) and large
amplitude oscillatory dilatation (LAOD). Fig. 5A-B shows the elastic
dilatational modulus (Ed’) and viscous dilatational modulus (Ed”) as a
function of the frequency in the linear regime. Clearly, Ed’ was higher
than Ed” for all protein-stabilised interfaces, and all interfaces showed a
power law behaviour (Ed’~f"), in agreement with the observations in
LAOS. The scaling exponent (n) of Potato-2 was the highest of all pro-
teins at a value 0.09; this is significantly lower than the value of 0.5
predicted by the Lucassen & Van Den Tempel model (Lucassen & Van
Den Tempel, 1972). This implies that contributions to dissipation
resulting from diffusion from the bulk to the interface were negligible
for all protein isolates, on the timescales we are considering here. This
weak frequency dependency behaviour in dilatation was also observed
on the interfaces stabilised by whey protein isolate and proteins from
silkworm pupae (Felix, Yang, Guerrero, & Sagis, 2019), and is consistent
with the frequency response in the SAOS measurements.

3.2.2. Amplitude sweeps

In the amplitude sweeps, the elastic moduli of Potato-1- and Potato-
2-stabilised interfaces decreased with increasing amplitude from 20.0
mN/m to 15.1 mN/m and 27.8 mN/m to 19.6 mN/m, respectively. This
result indicated that some interactions between protein clusters started
to break at a larger amplitude. The Potato-2-stabilised interfaces had a
similar amplitude dependence to a whey protein isolate-stabilised oil-
water interface (Hinderink, Sagis, Schroén, & Berton-Carabin, 2020).
Pea-1-, Soy-1-, Soy-2-, Soy-3-, and Soy-4-stabilised interfaces showed a
weak amplitude dependence of their elastic moduli, suggesting that
their structures on the interface had weak in-plane interactions, in
agreement with the LAOS results.

3.2.3. Lissajous plots

To further characterise these interfaces, the data was analysed by
making Lissajous plots of surface pressure versus deformation as
described by (Fig. 7). The Potato-2-stabilised interface (Fig. 7B) showed

Amplitude (%)

Potato-1

SS90
SV S OCININAN
777 OON
= NN N R Ty Ty Y Y

Fig. 4. Lissajous plots of torque as a function of the strain for the strain sweeps of Fig. 3. All plots were normalised using their maximum value for torque and strain.
One representative result for Potato-1, Potato-2, and Pea-1 is shown, but comparable results were obtained on two replicates. For Soy-1, Soy-2, Soy-3, and Soy-4, only
one measurement was performed since their interfaces were too weak to measure accurately. Only Soy-1’s data is shown.
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Fig. 5. Ed’ (closed symbols) and Ed” (open symbols) as a function of frequency of oil-water interfaces stabilised by plant proteins in dilatation at 5% amplitude. For
clarity, one representative result for (A) Potato-1, Potato-2, and Pea-1 and (B) Soy-1, Soy-2, Soy-3, and Soy-4 is shown, but comparable results were obtained for

two replicates.

the stiffest behaviour since its Lissajous plots were the steepest among all
protein-stabilised interfaces. It also formed the most brittle interface and
showed significant softening in expansion, suggested by the slope
change from steep in compression to nearly horizontal in expansion,
especially at the larger deformations (15 and 20%). The other protein-
stabilised interfaces showed more stretchable and less brittle behav-
iour. Among these stretchable interfaces, the Potato-1’s interface had a
bit stiffer structure since the slope of the plot was steeper than the
others. The near linear behaviour and low value for the stiffness for the
Soy stabilised interfaces confirms our earlier hypothesis based on the
LAOS results that the in-plane interactions between the proteins are
weak, and these interfaces have mostly liquid-like behaviour. The nar-
row shape of the plots, combined with the low value for the dilatational
loss tangent observed in Fig. 6, would suggest elastic behaviour. But for
these components the main dissipative mechanism is likely to be diffu-
sive exchange between bulk and interface, and on the timescale of our
deformations, diffusion appears to be too slow to compensate for
changes in surface density caused by compression/extension. The dila-
tational Lissajous plots for Potato-2 were wider than those of the other
samples and show a much more significant softening when the ampli-
tude is increased. This is consistent with the results of LAOS in Fig. 4
where the plot of Potato-2 transitioned to a rhomboidal shape at much
lower strain and over a shorter strain range. So, the increased stiffness
and brittleness we observed in surface shear is confirmed by the dila-
tational measurements. Similarly, to what we observed in shear, Potato-
1 gives somewhat lower stiffness, but the changes in the shape of the
plots with increasing strain are less pronounced, and the softening of the
structure is milder, confirming the higher stretchability of these
interfaces.

3.3. Stability of emulsions
To study whether the difference in characteristics of the oil-water
interfaces stabilised by these proteins affects the stability of emul-

sions, the zeta potential was measured, and the emulsions’ stability was
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tested when subjected to high shear, by determining its particle size
distribution and using microscopy.

3.3.1. Zeta potential

For each emulsion, the zeta potential at different protein concen-
trations was measured, at the same conductivity and pH (pH 3.6 for
Potato-2 and 7.0 for the others) (Table 2). Only the zeta potential of the
Potato-1-stabilised emulsion was less than 20 mV at all protein con-
centrations in terms of the absolute value of the potential; 20 mV is often
assumed to be the minimum value needed to stabilise an emulsion
against flocculation by electrostatic and steric stabilisers (Arunkumar,
Deecaraman, & Rani, 2009; Riddick, 1968; Schramm, 2005, pp.
117-154). The other proteins’ emulsions had a larger absolute value of
the zeta potential, suggesting that these emulsions should be stable
against flocculation. Note that with increasing protein concentration
there is a slight decrease in absolute value of the zeta potential. This was
also observed by Phianmongkhol and Varley (2003), for the zeta po-
tential of protein-stabilised air bubbles. These authors speculated that
differences in the structuring of water molecules at the interface are
responsible for this effect.

3.3.2. Particle size distribution after subjecting to high shear

The particle size distribution of emulsions was measured before and
after being subjected to high shear. The emulsions at various protein
concentrations were subjected to high shear for 15 min while being
cooled with ice water. Only the 1.76% protein concentration data is
shown for each protein (Fig. 8) and the D[4, 3] of the emulsions sub-
jected to high shear is given in Table S3. The Potato-1 emulsion (Fig. 8A)
had a bimodal distribution prior to shearing with a peak at about 400 nm
and a second peak around 8 pm, and the latter disappeared after
applying shear for 5 min. This emulsion had a zeta potential of about
—10 mV, and this low value most likely induced flocculation. The
loosely aggregated flocs broke up as a result of shearing, resulting in the
disappearance of the second peak. Increasing the shear time from 5 to 10
or 15 min did not further reduce the average droplet size. The

30
B Soy-1 Ed"

Soy-1 Ed"
®Soy-2 Ed
OSoy-2 Ed"
#Soy-3 Ed'

Soy-3 Ed"
®Soy-4 Ed'

Soy-4 Ed"

®e
L 1]
o0
L _J

8 6 o o o
0 10 20 30
Amplitude (%)

Fig. 6. Ed’ (closed symbols) and Ed” (open symbols) as a function of the amplitude of the oil-water interfaces stabilised by plant proteins in dilatation at 0.02 Hz
frequency. One representative result for (A) Potato-1, Potato-2, Pea-1 and (B) Soy-1, Soy-2, Soy-3, and Soy-4 is shown, but comparable results were obtained for

two replicates.
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Fig. 7. Lissajous plots of surface pressure versus deformation obtained from the amplitude sweeps (Fig. 6). For each amplitude (5, 10, 15, and 20%) one cycle was
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Table 2

Zeta potential of protein-stabilised emulsions at various protein concentrations. The emulsions were standardised on conductivity (1300 pS/cm) and pH (3.6 for
Potato-2 and 7.0 for the others) and were diluted 200 times by water with the same conductivity and pH, prior to measurement. The measurements were repeated five
times for each sample, and two replicates were prepared for each emulsion.

Conc. (wWt%) Proteins

Potato-1 Potato-2 Pea-1 Soy-1 Soy-2 Soy-3 Soy-4
1.76 —-10.41 +£1.11 37.44 £ 1.71 —22.43 £1.96 —26.68 + 1.07 —24.98 +£1.78 —28.99 + 1.55 —25.69 + 1.55
0.88 —12.03 £+ 0.89 42.85 + 1.49 -24.13 + 1.72 —26.05 + 1.39 —28.26 + 1.20 —29.46 + 1.75 —27.44 £+ 0.82
0.44 —12.31 £1.17 46.13 +£1.26 —25.12 + 2.03 —29.45 + 0.76 —32.02 + 1.29 —34.00 + 1.96 —29.44 +1.24
0.22 —15.09 £+ 0.89 47.55 + 1.36 —26.82 + 2.01 —32.08 £ 0.91 —-30.92 + 0.85 —34.24 +£1.48 —-30.27 £ 1.52

disappearance of the peak suggests that although the emulsion is not decreased when the emulsion was subjected to high shear. This again

stable against flocculation, it appears to be stable against coalescence, at
least on the timescale of this experiment. The Potato-2-, Soy-1-, Soy-2-,
and Soy-4-stabilised emulsions (Fig. 8B, D, E, and G) seemed stable
against high shear, since their size distribution did not change from the
non-sheared one, even after 15 min of shear. In the Pea-1 emulsions
(Fig. 8C), a small shoulder was visible around 8 pm and its peak height

suggests break up of clusters by the applied shear. For the Soy-3-
stabilised emulsion, a small shoulder appeared with a peak slightly
beyond 10 pm, after 15 min of shearing. This could indicate a minor
degree of coalescence occurred, but the effect is very small. Soy-3 has
the smallest weight average molecular weight of the four Soy samples
and is a hydrolysed SPI (Table 1). This change in molecular size may
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Fig. 8. Particle size distribution of emulsions stabilised by proteins. The distribution was measured before the emulsion was subjected to high shear (0 min) and
during the high shear experiment at different times (5, 10, and 15 min). For clarity, one representative result for all emulsions is shown, but comparable results were

obtained for two replicates.

affect the stability of the emulsion against shear. This can be due to
decreased surface hydrophobicity (Liu, Bhattarai, Mikkonen, & Heino-
nen, 2019), or weaker in-plane interactions. Optical microscopy was
performed to check the results of the droplet size measurements, by
taking a small amount of sample at 0 (Fig. S1), 5, 10, and 15 min
(Fig. S2). Small flocs of droplets were visible in the Potato-1-stabilised
emulsion (Fig. S2A) after 15-min of high shear, although its particle
size distribution showed one peak (Fig. 8A). But the droplets themselves
did not appear to coalesce even after 15 min of high shear was applied.
The fact that we see clusters under the microscope, indicates the droplets
started to flocculate again within the time between the moment their
particle size was measured, and they were observed with microscopy. In
the other emulsions (Figs. S2B-G), many large, coalesced oil droplets
were observed. These were not detected by the particle size measure-
ments probably because the number of large droplets was not enough to
be detected. The Potato-2-stabilised emulsion had a few oddly shaped
(partially) coalesced droplets, probably because of its strong interface,
observed in SAOS (Sec 3.1), SAOD, and LAOD (Sec 3.2). So, it appears
that although the Potato-1 emulsion was not stable against flocculation,

it is the only one that is stable against coalescence in high shear.
4. Conclusions

This study investigated how protein sources affect the mechanical
properties of oil-water interfaces for several commercial plant-protein
stabilisers, and how these properties affect dynamic emulsion stability
under high shear conditions. When protein-stabilised interfaces were
subjected to small amplitude oscillatory shear, the potato protein iso-
lates Potato-1 and Potato-2 showed a stiffer, more solid-like response
than the soy and pea protein isolates. The soy protein isolates had the
weakest interfaces and showed a more liquid-like behaviour in oscilla-
tory shear. Potato-2 appeared to have the stiffest and the most brittle
interface in large amplitude oscillatory dilatational deformations. It also
had a more significant softening behaviour, as evident from both the
shear and dilatational Lissajous plots. When emulsions stabilised by
these proteins were subjected to high shear, only Potato-1 appeared to
be stable against coalescence (although that emulsion was unstable
against flocculation because of its low zeta potential). Apparently, the
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low stiffness imparted to the interface by the pea and soy protein isolates
is not suitable for preparing emulsions with high dynamic stability.
Based on Table 1 and Table S2, hydrolysis does not appear to signifi-
cantly improve stability of the emulsions stabilised by the SPIs. When
examining the protein particle size, Soy-2 and Soy-3 have smaller par-
ticle sizes than Soy-1 and Soy-4, but they still have larger particle size
than Potato-1 and Potato-2. Hydrolysis can produce a wide range of
polypeptides, ranging from hydrophilic, to amphiphilic and hydropho-
bic peptides; the latter are often poorly water-soluble and tend to
aggregate into clusters. When the amphiphilic fraction is small, hydro-
lysis tends to lead to interfaces with low stiffness and a liquid-like
behaviour. Higher degrees of hydrolysis can also result in bitter off-
tastes and a lot of free amino acids, for which it is not well-known
how they affect the interface under high shear. The difference be-
tween Potato-1 and Potato-2 is more subtle. They produced interfaces
with similar surface shear moduli, and in dilatation, Potato-2 gave a
higher modulus. And yet Potato-1 produced emulsions which were more
stable against coalescence. A more important difference appears to be
the higher brittleness and stronger softening effect for increasing
deformation amplitude for the Potato-2-stabilised interfaces. Both in
surface shear and dilatation, the maximum linear strain for the Potato-1-
stabilised interface is larger. The lower maximum linear strain and
stronger softening effect at high deformations for Potato-2, may have
resulted in more disruption of the interfacial microstructure, and this
induced (partial) coalescence. In Table 1 we see that Potato-2 has a
significantly smaller weight average molecular weight (32 kDa) than
Potato-1 (80 kDa). This may have led to a denser and more brittle
interfacial structure for Potato-2. There are also compositional differ-
ences, where Potato-1 is rich in patatin and Potato-2 rich in protease
inhibitors (Tan, Wannasin, & McClements, 2022). Patatin has a low
amount of disulfide bonds and high amount of exposed hydrophobic
amino acids (Andlinger, Roscheisen, Hengst, & Kulozik, 2021), which
likely caused it to assemble differently at the oil-water interface than the
protease inhibitor-rich Potato-2.

It is clearly difficult to establish a link between surface rheological
parameters determined in small amplitude shear or dilatational de-
formations, and dynamic stability of emulsions under flow. Instead, the
rheological response in the LVE and NLVE is needed to assess this sta-
bility, and that is still rarely done for plant-protein isolate stabilised
interfaces. These results are helpful to evaluate the effects of surface
parameters on dynamic emulsion stability under processing conditions,
as they may, for example, occur in the processing of plant-based dairy
drinks. The results may also have ramifications for the processing of
other types of products, such as plant-based meat replacers. These are
often produced using extrusion, and in that process emulsion droplets
dispersed in the protein matrix to control juiciness, are also subjected to
high shear and extensional strains. Our findings can help in the selection
of suitable stabilisers to stabilise emulsions in such dynamic conditions.
Although care must be taken to extrapolate our results to actual extru-
sion processes. Stresses applied to the interfaces by a dense protein
matrix which is extruded through a die of an extruder, can be signifi-
cantly higher than the shear forces we applied here using an Ultra
Turrax.
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