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Pea proteins are widely studied as emulsifying and gelling agents in soft food materials. However, their
extraction process consumes energy and often focuses only on protein purity. To reduce extraction-related energy
consumption, unpurified pea protein-starch mixtures could be used directly as functional ingredients. Such
mixtures provide additional advantages due to their binary role, such as using proteins as emulsifiers and starch
as a gelling agent. Therefore, we investigated the heat-induced gelation of emulsions (30 or 50% oil), stabilized
by pea flour (PF) containing 20 wt% protein and 50 wt% starch. To understand the effect of starch on gelation,
starch was removed from pea flour by filtration. Heat-induced gelation behavior of the pea protein mixture
(PPM) stabilized emulsions was investigated and compared with PF emulsions. Both the PF and PPM stabilized
emulsions gelled upon temperature treatment, monitored by oscillatory shear rheology. At pH 7, starch (in PF)
contributed to a higher G’ (2000Pa) compared with the emulsions without starch (PPM:~1000 Pa). Whereas, at
pH 3, the presence of starch did not contribute to a higher G′ in the emulsions. The presence of starch at both pH
values affected the microstructure of the emulsion gels. The PF emulsions after heating were more brittle upon
applying strain compared to the PPM emulsions. The brittle nature of the emulsions containing starch was most
likely due to the starch gel’s disruption of the oil droplet network. Our results provide insight into emulsion
gelation when using a native pea protein-starch mixture. Our study demonstrates that depending on the pH
conditions, native protein blends could have better gelling functionality.

1. Introduction
Plant-based proteins are widely investigated as emulsifying and
gelling agents in foods (Ben-Harb et al., 2018; Stone, Karalash, Tyler,
Warkentin, & Nickerson, 2015). Cultivation of plant protein sources
such as peas produces about 0.3–0.4 Kg CO2/100 g proteins compared
with 10 Kg CO2/100 g proteins for milk (Poore & Nemecek, 2018).
Therefore, there has been an increased interest in the transition from
animal to plant proteins as part of efforts to fulfill climate change reg
ulations (Aiking & de Boer, 2020).
Before being used in foods, plant proteins need to be extracted from
their matrix. Such protein extraction processes negatively impact the
environmental benefits associated with plant proteins. Previous work
has shown that wet extraction of pea seed proteins can consume about
30 MJ/kg raw material instead of 15 MJ/kg in the dry separation pro
cess (Geerts, van Veghel, Zisopoulos, van der Padt, & Jan van der Goot,

2018). Also, the conventional extraction steps can lead to the loss of
functional molecules such as carbohydrates (Van Der Goot et al., 2016).
Therefore, low environmental impact extraction processes remain a
challenge. While optimization of protein extraction processes by using
less energy-intensive steps is an important research focus, minimizing or
avoiding purification steps might also be helpful to mitigate the negative
impacts associated with plant protein extraction (Karefyllakis, Octavi
ana, van der Goot, & Nikiforidis, 2019; Van Der Goot et al., 2016).
It has been shown that native plant protein mixtures containing nonprotein molecules can function as emulsifiers and gelling agents in
model food systems(Karefyllakis et al., 2019; Mcwatters & Cherry, 1977;
Ntone, Bitter, & Nikiforidis, 2020; Pelgrom, Vissers, Boom, & Schutyser,
2013). For example, native pea protein/starch mixtures contained in the
unpurified pea flour were able to stabilize oil-in-water emulsions as such
without the need for any purification steps (Sridharan, Meinders, Bitter,
& Nikiforidis, 2019).
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In this work, we aim to investigate the potential simultaneous
exploitation of both proteins and starch contained in the native pea flour
to form emulsion gels that resemble foods such as cheese and mayon
naise. The emulsifying properties of pea proteins would stabilize oil
droplets, while the gelling properties of pea proteins and starch upon
heating may aid in forming emulsion gels. We investigated the gelation
behavior of pea flour at two pH values within the range of pH values
used in foods. (pH 7 and pH 3). To understand the effect of starch, it was
removed from PF while retaining the proteins by filtration, and
emulsion-gels were also formed with the resulting pea protein mixture
(PPM). The gelation dynamics as a function of temperature were fol
lowed by rheological analysis. The gel microstructure was studied using
oscillatory shear rheology and confocal microscopy. The results provide
mechanistic insight into the contribution of starch to the gelation and
microstructure formation of pea protein stabilized emulsions.

dispersion or with filtration as PPM dispersion). Similarly, for 50 wt% oil
emulsion, a dispersion containing 2.0 wt% protein was prepared in
ultra-pure water (10.0 wt% PF without filtration as PF dispersion or
after filtration as PPM dispersion). The final protein concentration (in
the emulsion) for 30 wt% emulsion was 0.6 wt% for both PF and PPM
emulsions while for 50 wt% emulsions, it was 1.0 wt%. From our pre
vious work, we show that for a 10 wt% oil-in-water emulsion, a 0.2 wt%
protein concentration is necessary to produce stable emulsions (Srid
haran et al., 2019). Therefore, we used this ratio to produce these
emulsions in this study.
First, the protein dispersions were sheared under a high-speed rotorstator homogenizer (IKA®) at 6000 rpm for 30 s. Afterwards, 30 wt% or
50 wt% canola oil was slowly added to the dispersion and homogenized
for 1 min at 10,000 rpm. This resulted in a coarse emulsion. The coarse
emulsion was further homogenized by passing through a GEA® (Niro
Soavi NS 1001 L, Parma Italy) high-pressure homogenizer five times
with the homogenization pressure set of 350 bars or 450 bars for 30 wt%
and 50 wt% emulsions respectively. All emulsions were made in dupli
cates following the same procedure and were allowed to equlibrate for 3
h before any further analysis.

2. Materials and methods
2.1. Materials
Whole yellow peas were purchased from Alimex® B.V (Sint Kruis,
The Netherlands). Rapeseed oil was obtained from Danone Nutricia
Research (Utrecht, the Netherlands). Sodium hydroxide (NaOH), hy
drochloric acid (HCl), Nile blue dye, and Rhodamine B® and What
mann® qualitative filter paper 5951/2 were all purchased from SigmaAldrich (Zwijndrecht, The Netherlands).

2.2.3. Particles size
Droplet diameter measurements were performed using a Malvern®
Mastersizer 3000 (Malvern Instruments Ltd., Worchester, UK) equipped
with a hydro dispenser. The droplet diameter was presented as volume
∑n 4
ni Di
mean diameter D4,3= (∑n1 3 ).
nD
1 i i

2.2. Methods

2.2.4. Temperature-dependent gelation of emulsions
The temperature-induced gelation behavior of pea proteins was fol
lowed using a small amplitude oscillatory rheological test. An AntonPaar 302 rheometer, fitted with a cone-plate geometry was used. A
cone with 40 mm diameter and 4◦ angle was used, and the cone trun
cation was 490 μm. The emulsions were loaded onto the bottom plate
attached to a Peltier element. The top cone was lowered, and the sam
ples were sealed with a solvent trap to minimize evaporation.
After 5 min of idle time, a temperature sweep was applied. The
temperature was raised from 20 ◦ C to 90 ◦ C at a heating rate of 3 ◦ C/min.
The samples were held at 90 ◦ C for 10 min before cooling at 3 ◦ C/min
back to 20 ◦ C. During the whole duration of the test, a constant strain of
0.5% and frequency of 6.28 rad/s were applied and the elastic (G′ ) and
loss (G′′ ) moduli were recorded.

2.2.1. Pea flour and pea protein mixture preparation
Yellow pea flour was obtained by milling and sieving whole yellow
peas. Whole yellow peas were milled using a Retsch® (Retsch GmbH,
Haan, Germany) Rotor mill fitted with a sieve cut-off of 80 μm. The peas
were stored in the freezer at − 20 ◦ C prior to milling. Milling was per
formed with temperature control using cold water flow to keep the
overall temperature below 40 ◦ C. Milling cutoff size of 80 μm was used
to avoid breakdown of starch granules which are between 5 and 40 μm.
Previous work has shown that, by milling to a cut-off of 80 μm, most
starch granules remain in their granular state (Kornet, Venema, Nijsse,
van der Linden, van der Goot and Meinders, 2020). Therefore, the pea
flour obtained here is expected to contain native protein and starch
granules. The milled flour was then sieved to obtain flour particles
below 45 μm using a Retsch® horizontal mechanical sieve shaker. The
size of 45 μm was the smallest available sieve size so it was used to keep
particle size as small as possible. A known amount of Pea Flour was then
dispersed in water and the pH was adjusted to pH 7 or pH 3 using 0.5 M
NaOH or 0.5 M HCl respectively. The dispersion was allowed to stir for 3
h at 300 rpm under magnetic stirring. This dispersion was further used
for emulsification, known as PF dispersion.
In order to remove starch granules, filtration was used. A Whatman®
595 1/2 filter paper with a cut-off of 4–7 μm was used to filter under
vacuum using vacuum filtration. In brief, A known amount of pea flour
was dispersed in ultra-pure water and adjusted to pH 7. The dispersion
was subject to vacuum filtration in a custom-made vacuum filtration set
up. The filtrate was collected and used further, known here as pea
protein mixture (PPM) dispersion. Due to removal of starch, the dry
matter content in PPM dispersion was lower than the initial PF used.
However, very little protein was lost during filtration. For the purposes
of the study, the protein content was standardized to the same values in
both PF and PPM dispersions by adjusting the initial pea flour used.

2.2.5. Multiphoton Microscopy (MPM)
The microstructure of emulsions after heating was visualized by
using multiphoton microscopy. Multiphoton microscopy differs from a
confocal set up in that it uses a low energy near infrared femtosecond
laser. The fluorescent molecules are excited by multiple photons of low
energy, which enables deeper penetration and reduces photobleaching
in the samples (Larson, 2011). Therefore, MPM was used to image
deeper into the dense gel samples in our study.
The emulsions (before heating) were stained with 7 μl Nile red (1
mg/ml stock) for oil and 7 μl of Fast green FCF (1 mg/ml stock) for
protein. About 60 μL of the stained emulsions were transferred to a
microscope glass slide fitted with a gene frame (Gene frame 65 μL ad
hesives, Thermo Fisher Scientific, United Kingdom). The gene frames
were sealed with a 1.5H cover slip glass and they were placed in a water
bath (100 ◦ C, 15 min). The samples were then cooled and visualized
using a multiphoton microscope.
The multiphoton microscope is a Leica confocal setup fitted with a Ti:
Sapphire laser tunable from 700 nm to 1080 nm. The samples were
imaged at a wavelength of 920 nm using a 40× water immersion
objective. The emissions were captured between 480 and 600 nm for
Nile red and between 700 and 800 nm for Fast green. The images were
processed using the accompanying Leica® confocal software.

2.2.2. Oil-in-water emulsion preparation
Both pea flour dispersion and pea protein dispersion of varying
concentrations were used as aqueous phase to make emulsions. For 30
wt% oil emulsions, a dispersion containing 0.86 wt% proteins was
prepared in ultra-pure water (4.3 wt% PF without filtration as PF
2
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2.2.6. Large amplitude oscillatory shear rheology
After measurement of gel properties as a function of temperature, a
5-min resting period at 20 ◦ C was allowed. Subsequently, the heat-set
gels were analyzed using Large Amplitude Oscillatory Shear rheology
(LAOS). The emulsions were analyzed in the same cone-plate geometry.
An increasing strain amplitude from 0.1% up to 1000% was applied at
6.28 rad/s frequency. The elastic and loss moduli were recorded as a
function of amplitude.
Also, the raw oscillatory stress and strain data for each amplitude of
the strain sweep were recorded and the waveform data was used to plot
Lissajous plots. The Lissajous plots were plotted as stress vs strain to
obtain loops. These Lissajous plots provide further information about the
microstructure of the emulsion-gels by recording their breakdown
characteristics.
The area that is enclosed within the Lissajous curves represents the
dissipated energy per unit volume during an oscillatory cycle. This area
thus represents important information from the Lissajous plots, as it
reflects the loss of energy at a given strain amplitudeas a result of viscous
dissipation. When dividing this dissipated energy over the energy
dissipated by an ideal plastic material, the energy dissipation ratio (DR)
is obtained (Ewoldt, Winter, Maxey, & McKinley, 2010). The energy
dissipation ratio can be calculated from the following equation:
DR =

Ed
π G˝ γ0
=
(Ed )pp
4σ max

heating, the G′ was below 0.01 Pa and was below G′′ , indicating a liquidlike response. Upon heating, the G′ value reached around 20 Pa, at the
end of the heating and cooling cycle. At both pH 3 and 7 the transition
from liquid to gel-like state occurred as the temperature reached about
60 ◦ C,. The steep increase around 60 ◦ C, can be related to pea starch
gelatinization (Leite, de Jesus, Schmiele, Tribst, & Cristianini, 2017). In
the pea flour dispersion, pea starch remained as intact granules as
indicated from our earlier studies. Therefore, the steep increase above
60 ◦ C, is relatable to the gelatinization of starch granules. Above this
temperature, starch granules take up water and swell, leading to loss of
crystallinity and eventually to leaching of amylose polymers (Rat
nayake, Hoover, & Warkentin, 2002).
Fig. 1B shows the temperature sweep results for PPM dispersions at
pH 7 and pH 3. Before heating, the PPM dispersions were liquid-like (G’
<G′′ and noisy data, see supplementary). When heat was applied, G′
values increased, and the dispersions showed weak-gel like behavior
above 70 ◦ C (G’> G′′ ). However, the increase in G′ was gradual for both
samples and did not show a steep increase at 60 ◦ C. The reason for lack
of steep increase around 60 ◦ C, was due to absence of starch granules.
The gelation onset was above 70 ◦ C, due to denaturation and gelation of
pea proteins.
The final G′ value for PPM dispersions at the end of the heat treat
ment was lower (0.6 Pa–9 Pa) than that of PF (20–50 Pa). Clearly, in PF,
starch gelatinization had a large impact, whereas in PPM, the small in
crease in G′ can be mainly attributed to protein denaturation and protein
network formation (Kornet et al., 2021). In PPM gels, only ~3 wt%
proteins were present, and to form strong protein gels, higher protein
concentrations (>7 wt%) are required (Shand, Ya, Pietrasik, & Wana
sundara, 2007).
To assess the emulsion-gelation behavior, oil-in-water emulsions
were stabilized using both PF and PPM dispersions. Two oil concentra
tions of 30 wt% and 50 wt% were chosen and protein content was
standardized. The surface mean diameter (D 3,2) of the oil droplets
measured with SDS is shown in Table 1. For all the emulsions, the in
dividual oil droplet size was similar between 3.5 μm and 4.2 μm. Due to
similar protein content and droplet sizes in both PF and PPM, the effect
of protein on gelation is expected to be similar for both samples.

(1)

Where, σ max is the maximum stress at an applied strain amplitude γ0 . The
energy dissipation ratio was plotted as function of the strain amplitude.
The energy dissipation curves provide a compact information on the
transition of the material from a predominantly elastic to predominantly
viscous behavior.
3. Results and discussion
To investigate the bulk gelation properties of pea flour (PF) and pea
protein mixture (PPM), they were both dispersed in an aqueous system
at pH 7 and pH 3 and heated. pH 7 and pH 3 were investigated to un
derstand the gelation behavior of pea emulsions at acidic and neutral pH
conditions, within which most food products are formulated. For both
PF and PPM dispersion, a 3 wt% protein dispersion was chosen to study
the gelation behavior since 3 wt% was minimum protein concentration
required to reliably measure gelation behavior and was only slightly
higher than protein dispersion used to make emulsions. The results of
the gelling behavior of the dispersions are shown below in Fig. 1.
Fig. 1A shows the evolution of G′ for PF dispersions at pH 7 and pH 3
upon heating. The PF dispersions remained weakly elastic before heat
ing and did not show any transition from liquid to elastic state (in
supplementary file). At pH 7, before heating, the G′ value was around 1
Pa, with a weak elastic modulus. Upon heating, the G′ value increased
and reached about 50 Pa at the end of the heating cycle. At pH 3, before

Table 1
Mean individual oil droplet size (D 3,2) of emulsions
measured in the presence of SDS.
Sample

Size (μm)

50%-PF-pH 7
50%-PF-pH 3
30%-PF-pH 7
30%-PF-pH 3
50%-PPM-pH 7
50%-PPM-pH 3
30%-PPM-pH 7
30%-PPM-pH 3

3.58 ± 0.04
4.29 ± 0.25
3.64 ± 0.17
3.77 ± 0.23
4.19 ± 0.02
3.48 ± 0.03
4.16 ± 0.14
3.8 ± 0.16

Fig. 1. Elastic modulus (G′ ) as a function of time measured during temperature ramp up from 20 ◦ C to 90 ◦ C, holding for 10 min, and ramp down to 20 ◦ C at a rate of
3 ◦ C/min for (A) Pea flour (PF: 3 wt% protein +7.5 wt% starch) at pH 7 (─) and at pH 3 (─); (B) Pea protein mixture (PPM: 3 wt% protein) at pH 7 (─) and at pH 3
(─). Temperature profile is represented by solid gray line.
3
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Therefore, any possible differences in the gelation behavior could be
attributed to starch present in pea flour.
Fig. 2 shows the G′ and G′′ value as a function of time during tem
perature sweep for 30 and 50 wt% emulsions stabilized by PF
(Fig. 2A&C) and stabilized by PPM (Fig. 2B&D). Since, no transition
from viscous dominant (G’<G′′ ) to elastic dominated (G’>G′′ ) is seen in
any of the samples, the data is explained based on the evolution of G’
only.
Fig. 2A shows gelation behavior of 50 wt% oil emulsion stabilized
with PF. At pH 7 (black curve), before heating, the G′ value of was
around 2 Pa and was higher than G" (data not shown). A higher G′ than
G′′ before heating showed that the emulsion was already a gel. Upon
heating, the G′ value increased from about 2 Pa to about 2000 Pa with a
sharp increase starting around 35–45 ◦ C. At pH 3 (gray curve), before
heating, the G′ value was about 200 Pa and was higher than G" (data not
shown). G’> G′′ indicates that the emulsions at pH 3 were also a gel
before heating. Upon heating, the G′ value increased from 200 Pa to
about 3000 Pa after heating with a gradual increase in G′ starting at
about 30 ◦ C. Above 80 ◦ C, G′ remained roughly constant until cooled
back down to 20 ◦ C.
Fig. 2C shows the gelation behavior for 30 wt% oil emulsion stabi
lized with PF. The emulsions at pH 7 (black curve) had a G′ of 0.5 Pa
while emulsions at pH 3 had a higher G′ of 5 Pa. At both pH values, G′
increased sharply starting around 30–45 ◦ C. Overall the 30 wt% PF
emulsion follows the same pattern as the 50 wt% oil PF emulsion.
Before heating, G′ value of PF emulsion at pH 3 was higher than at pH
7, indicating that emulsions at pH 3 formed a stronger emulsion-gel.
Upon heating, at both pH values, the G′ increase started at a much
lower temperature (30–45 ◦ C) than the starch gelatinization tempera
ture seen in the PF dispersion (>60 ◦ C). In our earlier work, we showed
that starch granules in PF emulsions remain in their granular form
(Sridharan et al., 2019). To confirm this, we also performed Cryo-SEM
analysis. The result is shown in Fig. 2A Inset, where starch is seen as
ellipsoidal granule. Therefore, starch is expected to gelatinize above
60 ◦ C, the increase in G′ at 35–40 ◦ C is not related to starch granule
gelatinization. An increase in G′ at lower temperatures has been re
ported for protein stabilized emulsion gels (Silva et al., 2019), due to
aggregation and rearrangement of oil droplets at 40–50 ◦ C (Dickinson,
2006; Kim, Renkema, & Van Vliet, 2001).
Fig. 2B shows the emulsion gelation for 50 wt% oil PPM emulsions at
pH 7 (black) and pH 3 (gray) as a function of time. At pH 7, the G′ value

before heating for emulsions was about 0.5 Pa. Upon heating, a sharp
increase in G′ is seen at about 40 ◦ C and reaches about 800 Pa after
heating. For emulsions at pH 3, before heating, the G′ is about 800 Pa
and G′ is higher than G". Therefore, before heating, emulsions at pH 3
form a stronger gel compared with pH 7. Upon heating, a gradual in
crease in G′ values occurs at a temperature of about 35 ◦ C and continues
throughout the heating cycle. During this period, the G′ increases from
about 800 Pa and to about 2000 Pa after heating. The final G′ of
emulsions at pH 3 is higher than that of emulsions at pH 7.
Fig. 2D shows the gelation behavior of 30 wt% oil PPM emulsions.
The G′ value for pH 7 was lower (0.4 Pa) compared with G′ for pH 3
emulsion (10 Pa). Moreover, both emulsions increased in G′ upon
heating starting around 30 ◦ C. Overall, the final G′ for 30 wt% emulsions
were lower than that of 50 wt% PPM emulsions at their respective pH.
Higher G′ with higher oil content indicates the active role played by the
droplets in forming emulsion gels (Silva et al., 2019). However, no dif
ferences in gelation dynamics are seen for 30 wt% emulsions compared
with 50 wt% emulsions.
Overall, both PF and PPM emulsions show different rheological
properties based on pH. Before heating, both PF and PPM emulsions at
pH 7 were weaker gel (lower G′ ) compared to emulsions at pH 3. This
could be attributed to the behavior of proteins in these pH values. Pre
vious research has shown that the higher viscosity and gel strength is
due to the formation of protein particles at pH 3, due to non-covalent
interactions (Sridharan, Meinders, Sagis, Bitter, & Nikiforidis, 2021).
Both the PF emulsion and PPM emulsion show similar gelation
behavior with an increase in G′ at around 40 ◦ C. This temperature at
which G′ increases is much lower than starch gelatinization (60 ◦ C) and
protein denaturation in aqueous phases (75 ◦ C). Moreover, the similar
gelation dynamics of PF and PPM emulsion show that the gelation is
most likely initiated at lower temperatures by droplet aggregation in
both cases. The aggregation is most likely caused by interactions be
tween proteins adsorbed at the interface of different droplets, and/or
between adsorbed proteins and proteins in the bulk. Similar observa
tions have also been made for soy protein stabilized emulsions (Kim
et al., 2001). After heating, differences in gel strength between PF and
PPM emulsion were observed at pH 7. The 50 wt% PF emulsion showed
a higher G’ (2000 Pa) compared with the PPM emulsion at pH 7 (800
Pa). However, the same effect was not seen in the emulsions at pH 3. So,
starch gelatinization increases gel strength only at pH 7 and not at pH 3.
The gelation dynamics for the emulsions were also affected by pH.

Fig. 2. Elastic modulus (G′ -filled symbols) and Loss
modulus (G′′ -unfilled symbols) as a function of time
measured during temperature ramp up from 20 ◦ C to
90 ◦ C, holding for 10 min, and ramp down to 20 ◦ C at
a rate of 3 ◦ C/min for (A) Pea flour stabilized 50 wt%
emulsion (B) PPM stabilized 50 wt% oil emulsion, (C)
Pea flour stabilized 30 wt% emulsion and (D) PPM
stabilized 30 wt% oil emulsion. Emulsions at pH 7
(black) and at pH 3 (gray). Temperature profile is
represented by solid gray line. Inset shows SEM image
of an emulsion showing whole starch granule in the
ellipsoidal shape.
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The emulsions at pH 7 showed a sharp increase in G′ , while emulsions at
pH 3 showed a relatively gradual increase in G’. The difference could be
attributed to the difference in the gel strength before heating. Emulsions
at pH 7, form a weaker gel prior to heating compared with pH 3, caused
by protein aggregation at pH 3 (Sridharan et al., 2021). Therefore, oil
droplets at pH 3 form a stronger gel that shows a relatively smaller in
crease resulting in slower network formation to form a stronger
emulsion-gel upon heating.
Fluorescent micrographs were prepared to visualize the emulsion
microstructure after heating the emulsions. Fig. 3 shows representative
images of 50 wt% oil emulsions stabilized with PF and PPM at pH 7 and
pH 3. Oil droplets are shown in red and proteins are shown as green
fluorescence. In all the four emulsions after heating, the oil is still pre
sent as intact oil droplets, indicating the emulsions were stable upon
heating.
Fig. 3A and Fig. 3B show the emulsion-gels of pea flour emulsions at
pH 7 and pH 3 respectively. At pH 7, the oil droplets are evenly spread
across the space and are closely packed with small gaps in between. At
pH 3, the oil droplets seem to be densely aggregated with a lot of free
space in between. The microstructure indicates that at pH 7, a more
homogeneous gel is formed compared with emulsions at pH 3. Fig. 3C
and D show the emulsion-gels after heating of PPM emulsions at pH 7
and pH 3 respectively. At pH 7, the oil droplets in the PPM emulsions are
also evenly spread throughout the space. The oil droplets are in close
contact with one another. At pH 3, the PPM emulsions also show that the
oil droplets form patches on dense aggregates with empty spaces in
between.
The gelation dynamics and microstructure analysis indicates that in

all the emulsions, the oil droplets network drives the gelation and starch
plays a negligible role. However, the microstructure of the material
might still be affected by the presence of starch in the emulsions.
Therefore, to assess further the effect of starch on the microstructure,
oscillatory shear rheology was applied. Since oil content did not modify
the gelation dynamics or gelling properties, 30 wt% oil is not shown
further in the text.
In order to investigate the gel microstructure after heating, an
oscillatory strain sweep was employed. Fig. 4 shows the G’ (filled
symbols) and G" (unfilled symbols) values as a function of strain
amplitude for 50 wt% oil PF and PPM emulsions at pH 7 and pH 3.
Fig. 4A shows the strain sweeps of emulsion gels 50 wt% oil PF
emulsions at pH 7 (black) and pH 3 (gray). At pH 7, the G′ values for the
emulsion at low strain is around 3000 Pa and G′′ is about 600 Pa. Higher
G′ than G′′ up to 10% strain, indicates the formation of a solid visco
elastic emulsion-gel. Above 10% strain, the G′ of the emulsions starts to
decrease and around 25% strain, the G′ value drops below the G′′ value,
indicating a more liquid-like response. At pH 3, at low strains, the G′
value of emulsions is also 3000 Pa and with increasing strain, the G′
decreases gradually. At about 20% strain, the emulsion at pH 3 becomes
viscous as G′′ becomes higher than G’.
The gel strength is similar for both emulsions at pH 7 and pH 3,
which shows that upon heating both emulsions form equally strong
emulsion-gels. However, for emulsions at pH 3, the G′′ shows a small
local increase at about 15% strain. Such an increase is termed a weak
strain overshoot (or type III behavior; Hyun et al., 2011, and implies that
the rate of network bond creation and breakage both increase with strain
amplitude, but the latter increases faster. The initial overshoot is the

Fig. 3. Micrographs of 50 wt% oil emulsions after heating, stabilized with (A) Pea flour (PF) at pH 7, (B) PF at pH 3, (C) Pea protein mixture (PPM) at pH 7, (D) Pea
protein mixture (PPM) at pH 3. Oil stained in red and protein in green. Scale bar: 50 μm. (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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Fig. 4. Strain sweep showing G’ (filled symbols) and G" (unfilled symbols) measured at 20 ◦ C after temperature sweep test for (A) 50 wt% oil PF stabilized emulsions
at pH 7 (black) and pH 3 (gray) respectively and, (B) 50 wt% oil PPM stabilized emulsions at pH 7 (black) and at pH 3 (gray).

result of the reformation of clusters, and the subsequent decrease at
higher amplitude is the result of larger scale reaarangements. No such
increase in G′′ is observed for emulsions at pH 7, which show Type I
behavior in which both G′ and G′′ smoothly decrease.
Fig. 4B shows the strain sweeps of PPM emulsions at pH 7 (black) and
pH 3 (gray). Also, in PPM emulsions, the G’ (1000–5000 Pa) values were
higher than the G" (200–1000 Pa) at low strains (<10%). The higher G′
value indicated an solid viscoelastic emulsion-gel was formed after
heating. In PPM emulsions at pH 7, the G′ value remained constant and
higher than G′′ up to about 1% strain. Above 1% strain G′ gradually

decreased and around 40% strain, G′ decreased below G′′ indicating a
transition to a liquid-like response. At pH 3, G′ was higher than G′′ up to
5% strain. As strain increased above 5%, G′ decreased and eventually
above 100% strain, became lower than G".
The emulsion-gels made with PF and PPM at pH 7 showed differences
in their strain-dependent behavior. At low strains, PF emulsions had a
higher G′ value compared with PPM emulsion. Higher G′ in the starchcontaining emulsion-gel indicated that the starch might play a role in
increasing gel strength. However, in emulsions at pH 3, there were no
differences in G′ value between PF emulsions and PPM emulsions. This

Fig. 5. Lissajous plots obtained from waveform data of the strain sweeps of 50 wt% oil emulsion gels stabilized by (A) Pea flour (PF) at pH 7 and pH 3; and (B) Pea
protein mixture (PPM) at pH 7 and pH 3; at 10%,50%,100%,500% and 1000% strains (with arrows pointing to stress overshoots).
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difference based on pH could be attributed to the initial nature of the
emulsions before heating. In emulsions at pH7, a weak emulsion-gel is
present before heating. Therefore, upon heating, the gelatinization of
starch contributes to increasing the overall gel strength. However, at pH
3, the emulsions are already stronger gels, possibly due to dropletdroplet interaction. Therefore, at pH 3, the gel strength is dominated
by droplet-droplet interaction and starch gelatinization plays no
noticeable role in increasing gel strength (G′ ).
Strain sweep plots do not show any possible effect of starch on the
microstructure of the emulsions upon heating. Therefore, to further
understand the effect of starch on the microstructure of the emulsiongels, Lissajous plots were plotted from the strain sweep experiments.
Fig. 5 shows the elastic Lissajous plots, plotted for 5 strain amplitudes as
a stress v strain plot (Ewoldt, McKinley, & Hosoi, 2007). The stress and
strain values are normalized to 1 by dividing them by the corresponding
maximum value. The elastic stress contribution is also plotted as gray
dotted lines within the loops.
Fig. 5A shows the Lissajous plots of 50 wt% PF at pH 7 and pH 3 for
strains of 10%,50%,100%, 500% and 1000%. At pH7, at 10% strain the
PF emulsion gel shows narrow plots, with a small deviation from an
elliptical shape. The elastic contribution to the stress (the dashed line)
shows a very mild upswing near maximum strain. Such a shape indicates
a near linear visco-elastic response from the material (Hyun, Nam,
Wilhellm, Ahn, & Lee, 2006). As the strain increases to 50% and 100%,
the response of the emulsion gels abruptly changes to a rectangular
shape with rounded corners. Such a shape indicates a plastic material
response with a higher viscous contribution (Precha-Atsawanan, Utta
pap, & Sagis, 2018). Above 100% strain, the emulsion gels show a
rounded loop, with a near zero elastic contribution for almost the entire
loop, indicating a predominantly viscous behavior.
For emulsions at pH 3, at 10% strain, the loops of the emulsions are
significantly wider and have a more deformed elliptical shape than PF at
pH 7. The relatively higher viscous contribution coincides with the weak
strain overshoot in G′′ we see in Fig. 4. As the strain increases to about 50
and 100% strains, rounded rectangular loops are seen. Overall, the
breakdown of PF emulsion gels at pH 7 and pH 3 are similar with a
transition from near linear behavior at 10% strain to plastic behavior at
50%, and above 100% strain their response becomes predominantly
viscous.
Fig. 5B shows the Lissajous plots of 50 wt% emulsion gels stabilized
with PPM at pH 7 and pH 3. The evolution of the loops from 10% to
1000% strains for both systems can be seen. For PPM emulsions at pH 7,
at 10% strain, a narrow-elongated loop can be seen. The loops are
significantly narrower than thos of emulsion gels prepared with PF. Such
a shape points to a linear visco-elastic material response, dominated by
the elastic contribution. As the strain increases, to 50% and 100% strain,
the response is gradually changing to a more rhomboidal shape, with
larger enclosed area compared to 10% strain. In this strain range the PF
emulsion gels already showed plastic behavior. The PPM emulsion gels
clearly retain more of their elasticity, which is also evident from the
nonzero slope of the elastic contribution around zero intracycle strain.
Above 100% strain, a rounded rectangular plot is seen, and the response
becomes predominantly viscous.
PPM emulsion gels at pH 3 behave similarly to those prepared at pH
7 at 10% strain, but with a relatively larger viscous contribution.
However, at 50% and 100% strain, the shape of the loop becomes
increasingly distorted. The widening of the loop indicates a relative
increase in the viscous contribution to the response of the material. At
50% and 100% strain, the loops show overshoots in the total stress (see
arrows) and in the elastic contribution to the stress (dashed lines). At the
lower-left and upper-right corners the direction of strain reverses, and
the strain rate is zero, leading to a stress build-up in the material. As the
strain proceeds, the material possesses elastic contacts, which leads to an
increase in both the total stress and the elastic stress contributions (see
arrows). The increase in stress proceeds until a yielding is observed,
indicated by the gradual change in slope of the total stress (curved

corners). Upon further change in strain, the material stress decreases.
The overshoot in the elastic stress and subsequent drop indicates
relaxation phenomena occur on the time scale of the oscillation. The
overshoot and subsequent drop in the total stress is significantly higher
than the overshoot in the elastic stress, which indicates there is also a
significant shear thinning in that part of the cycle. A similar overshoot in
stress at 50% and 100% strain was also observed for non-heated pea
protein stabilized emulsions at pH 3 (Sridharan et al., 2021). At this pH,
about 50–60% of the proteins are present in the form of particles. These
protein particles are formed through attractive protein-protein in
teractions, which creates adhesive interaction between oil droplets
resulting in increased elastic bonds between the oil droplets. In such a
case, the emulsion shows a stress-overshoot behavior, indicative of the
breakage of the additional interactions (Sridharan et al., 2021). Above
100% strain, the material becomes viscous dominated showing rectan
gular loops with sharp corners.
Overall, the breakdown of PPM emulsions at pH 7 and pH 3, with a
gradual transition from elastic response at 10% to viscous response at
500%. Emulsions at pH 3 also showed the presence of stronger in
teractions between droplets in the medium amplitude regime while at
pH 7 no such interactions were present.
The Lissajous analysis shows clearly emulsion-gels with starch and
without starch form different microstructures. At both pH values, in the
presence of starch, more brittle gels with an abrupt breakdown are
formed while in the absence of starch, more cohesive gels are formed.
Our hypothesis is that upon heating, starch gels are formed partially, and
this disrupts the formation of a continuous droplet network. Starch gels
containing higher amylose content are known to breakdown abruptly
upon strain (Precha-Atsawanan et al., 2018). Therefore, the breakdown
mechanism in the PF emulsion gels is dictated by the breakdown of
starch gels.
A more compact way of interpreting the non-linear breakdown
mechanism of the emulsion-gels is to plot the dissipation ratio (DR) as a
function of strain amplitude. DR represents the relative elastic and
plastic response of a material up on strain. The DR value lies between
0 and 1 with lower values indicating an elastic response and higher
values indicate a plastic response (Ptaszek, 2014). DR as a function of
strain can provide insights into the microstructural transition from
elastic to a viscous dominated material response (Schreuders et al.,
2021). Fig. 6 shows the DR plotted as a function of strain for 50 wt% oil
emulsions stabilized by PF (Fig. 6A) and by PPM (Fig. 6B).
Fig. 6A shows the DR for PF as a function of strain at pH 7 (black) and
pH 3 (gray). At pH 7, at strains below 2%, the DR of the emulsion-gels
exhibit a plateau of about 0.1. The low DR value at low strains in
dicates a predominantly elastic material response. As the strain in
creases, DR increases gradually to about 0.2 at 10% strain. Upon further
increase to medium strain, the DR value increases to about 0.9 at 200%
strain, indicating a viscous response. At pH 3, the DR value of PF
emulsion is about 0.1 at strains below 2%. As the strain increases, the DR
value increases and reaches above 0.2 at 4% strain. Eventually, with
increasing strain, the DR value increases, indicating the material be
comes more viscous. Above 100% strain, the DR value reaches about 0.9
indicating a predominantly viscous behavior. At pH 3, the increase in DR
occurs at smaller strains than at pH 7. The faster breakdown shows that
PF emulsions at pH 3 show a more brittle response compared to at pH 7
at intermediate strains. The observation also aligns with the more het
erogeneous microstructure seen in the multiphoton micrographs of the
emulsions at pH 3 (Fig. 3B).
Fig. 6B shows the DR ratio as a function of strain for 50 wt% oil
emulsion stabilized by PPM at pH 7 and pH 3. At pH 7, the DR curve is
around 0.1 and does not change much up to about 5% strain. Above 5%
strain, the DR value increases and reaches about 0.9 at about 200%
strain. At pH 3, at low strains below 5%, the DR value remains at 0.1. As
the strain increases above 3%, the DR value increases. Upon further
increase in strain, the DR value reaches 0.9 above 200% strain. In PPM
emulsions, the DR value increases at lower strain for emulsions at pH 3
7
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Fig. 6. Dissipation ratio of (A) 50 wt% oil emulsion stabilized by PF at pH 7 (─) and at pH 3 (─); (B) 50 wt% oil emulsion stabilized by PPM at pH 7 (─) and at pH
3 (─).

compared with pH 7. This indicates that the emulsions at pH 3 are more
brittle than pH 7. This observation also aligns well with the micro
structure images of the PPM emulsions (Fig. 3C&D). The PPM emulsions
at pH 7 showed a more homogenous droplet distribution while at pH 3,
droplet dense regions and empty spaces co-existed.
Moreover, the DR of PPM emulsion at pH 3 has a two-mode break
down. In the medium strain region (20%–100%), a local peak in DR is
noticeable. The PPM emulsion at pH 3 contains protein particles, which
create additional droplet-droplet interactions. Therefore, the bump in
DR could indicate a two mode breakdown of the emulsion. The first
mode is the breakage of attractive droplet-droplet interactions and the
second is the macroscopic yielding and flow of the emulsion-gel (Datta,
Gerrard, Rhodes, Mason, & Weitz, 2011). In the DR of the emulsion-gel
(gray line) the DR value increases from 6% strain to about 20% strain,
indicating an increasing plastic contribution due to strain. During this
period, the material is strained and does not yet breakdown or yield and
the elasticity is retained possibly by droplet-droplet contact. As medium
strains between 20% and 100% are applied, the interaction between oil
droplets are broken, indicated by a stable DR value (change in slope).
Even though the droplet interactions are broken, the oil droplets are
surrounded by neighbouring oil droplets known as a cage and the
emulsion does not yield. This caged stage is indicated by a relatively
stable DR value between 50 and 100% strain. Upon further increase in
strain, the second breakdown mode is initiated, indicated by the in
crease in DR value. The DR value increase corresponds to the breaking of
the oil droplet cage and subsequent yielding or flow of the emulsion-gel.
A similar two mode yielding behavior has been observed for weakly
attractive emulsion-gels (Datta et al., 2011).
When comparing PF and PPM emulsions, the increase in DR occurs at
lower strains for PF emulsions compared with PPM emulsions. This
faster increase in DR in PF emulsions, indicates that PF emulsions show
an abrupt increase in viscous contribution compared with PPM emul
sions. Moreover, the PF emulsions at both pH values are brittle in nature
compared with PPM emulsions at each pH. Therefore, it is clear that
starch plays a role in creating a brittle gel network at both pH values in
the emulsions upon heating.
Overall, our results from the temperature dependent gelation dy
namics show that, the emulsion-gelation is clearly driven by droplet
interactions and rearrangements for all the emulsions whether they
contain starch or not. Starch played a limited role in contributing to the
gel strength (higher G′ ) only at pH 7, while at pH 3 no effect of starch
was seen. The emulsion-gels formed in the presence of starch are more
brittle, possibly due to formation of inhomogeneous matrix containing
patches of starch-gels between droplet-network. It is worth noting that,
in our study native protein-starch mixtures were used so the starch to
protein ratio was fixed (2.5:1). However, adding more starch to the
system could increase further gel strength at pH 7 or modify the
microstructure further and could be explored in future research.

4. Conclusion
In this study, we investigated the heat driven gelation and micro
structural properties of emulsions stabilized by pea proteins in the
presence of starch. The effect of starch was studied by preparing emul
sions stabilized with a pea protein mixture, which was obtained after
removal of starch by filtration. In all the emulsions, G′ increased upon
heating at 40 ◦ C, which was a lower temperature than starch gelatini
zation (60 ◦ C) and protein denaturation (>70 ◦ C). The increase in G′
clearly showed that the emulsion gelation was initiated by dropletdroplet interactions and rearrangement driven by temperature
changes. The influence of starch depended on the pH of the emulsions.
At pH 7, starch increased gel strength and lead to a more brittle gel
compared with PPM emulsion gels. At pH 3, starch did not increase gel
strength, but lead to a more brittle material compared with PPM
emulsion gels. Our results clearly show that starch plays a limited role in
increasing gel strength in pea protein stabilized emulsions. Our results
provide insight into microstructural and rheological properties pea
protein-starch mixtures in emulsion gels. The results could provide
design guidelines to produce food materials with desired mechanical
properties based on pea protein-starch stabilized emulsions.
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