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The objective of this study was to determine the water distribution in maize starch (MS) and pea protein isolate
(PPI) composite gels and understand how the separate contributions of MS and PPI affect the mechanical
properties of composite gels with varying MS/PPI ratios. A series of MS gels with increasing PPI contents and a
series of PPI gels with increasing MS contents were prepared. The water distribution was evaluated with a novel
image analysis method using confocal laser scanning microscopy (CLSM). This method was used to quantify the
volume fraction of each phase, from which the water distribution between the starch phase and the protein phase
within the gels was estimated. Depending on the MS/PPI ratios, either a dispersed or a bicontinuous gel was
formed. The estimated stiffness of each phase was used to estimate the gel stiffness using models for either
dispersed or bicontinuous structures. These predictions were shown to be in good agreement with experimental
data obtained from compression tests. The determination of the properties of each phase separately allowed us to
determine which phase dominated the properties of the composite gel. In filled gels, the MS network dominated
the gel properties, unless the stiffness of PPI fillers was remarkably higher than that of the MS network. In
bicontinuous gels, the stiffness of the composite gels was determined by the network with the highest stiffness.
Dispersing pea protein aggregates (PPA) with different size into MS gels resulted in minor differences in me
chanical properties compared to PPI-MS gel. These results show that this new analysis method can be used to
predict water distribution within gels, and how this leads to changes in the stiffness, hardness and brittleness of
the gels.

1. Introduction
Recently, there is a trend in developing a variety of plant-based
foods, such as cheese and meat analogues. These analogues are made
from plant starches and proteins. In meat analogues, starch is added to
the protein phase to modify their textural properties and water holding
capacities (Bühler, Schlangen, Möller, Bruins, & van der Goot, 2021).
However, most cheese analogues on the market are mainly composed of
starch, while the protein content is very low (Grossmann & McClements,
2021). To increase the nutritional properties of such foods, it is desired
to increase the protein content. This is challenging, as the dry matter
content of such products is high. From a physicochemical point of view,
these foods can be seen as composite gels. The addition of protein into
starch gels (Lian, Zhu, Wen, Li, & Zhao, 2013) or that of starch into
protein gels (Aguilera & Baffico, 1997) affects the texture of these foods

in ways difficult to predict, which is likely due to a possible competition
for water between the two components and the effect thereof on the
microstructural and mechanical properties of the system.
Starch gels consist of dispersed starch granules and a continuous
amylose network, which is often characterised as a fully-packed system
of deformable particles (Atkin, Abeysekera, & Robards, 1998). The
fracture properties of starch gels are determined by two factors: i) the
rigidity of the network of swollen granules; ii) the strength of the
amylose layer between the swollen granules (Keetels, van Vliet, &
Walstra, 1996). With an increase of starch content, the starch granules
gelatinise to a lower degree, and a more compact granular network is
formed. In this case, the fracture stress depends more on the rigidity of
the granule network and less on the amylose layer at higher starch
contents, and consequently, the fracture stress increases. The fracture
strain depends on the deformability of the swollen granules, and it
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normally decreases with an increase of starch concentration (Keetels
et al., 1996). Such an increase in starch concentration also leads to a
higher stiffness (Rezler, 2021). The specific fracture properties thus
depend on the degree of starch gelatinisation. For protein gels, the
stiffness and the fracture stress depend on the protein concentration,
since a higher density of network strands needs to be ruptured for
increased concentration (Foegeding, 2006; Foegeding, Bowland, &
Hardin, 1995; Sun & Arntfield, 2010). The fracture strain is not neces
sarily determined by the concentration, but more by the interaction
strength within the network (Foegeding, 2006).
When starch and proteins are mixed, the structure of the composite
gel will depend on both the degree of starch gelatinisation and the ca
pacity of protein gelation. In such systems, proteins can affect starch
gelatinisation. Especially at high dry matter, not enough water may be
present for complete starch gelatinisation, as proteins also absorb water
for their hydration (Bosmans et al., 2012; Kim & Cornillon, 2001;
Peighambardoust, van der Goot, van Vliet, Hamer, & Boom, 2006). As
proteins can hold a large amount of water, limited water may be
available for starch during the gelation process. In this case, water
competition between different components would take place depending
on their specific water holding capacities. This may lead to an uneven
water distribution, which can influence the microstructure and the
mechanical properties of the final gel. Water distribution in composite
gels has not been largely studied. Dekkers et al. (2016) determined the
water distribution in soy protein isolate (SPI) and wheat gluten (WG)
blends with an NMR method. They found that at the same dry matter but
different SPI/WG ratios, water was not evenly distributed between the
SPI phase and WG phase and different structures were formed. In sys
tems containing both starch and protein, such uneven distribution
would result in less water for starch gelatinisation. When starch is
gelatinised to a lower degree, it has been shown that the gels become
stiffer (Byars & Singh, 2016; Choi & Kerr, 2003).
Results in literature thus show that the distribution of water among
different components can influence the specific structure and the
textural properties of composite gels. Since the water holding capacities
of starch and protein are very different, we hypothesise that the uneven
water distribution in starch-protein systems with high dry matter con
tents can significantly influence the microstructure of the gel, and the
accompanying mechanical properties.
The mechanical properties of composite gels depend on the type of
gel that is formed; a filled gels or a bicontinuous gel. In filled gels, one of
the components is present as the dispersed phase, while the other forms
the continuous phase. Filler incorporation in the gel matrix can
strengthen the network and increase the stiffness of the network, or can
cause structural defects at the filler-gel matrix interface, which can
induce stress concentration upon deformation. With higher filler con
tent, more structural defects occur, which result in lower fracture stress
and strain. In bicontinuous gels, the fracture properties of the composite
gels correspond to the fracture properties of the strongest of the two
networks (Brink, Langton, Stading, & Hermansson, 2007; Ersch, terLaak,
van der Linden, Venema, & Martin, 2015).
Even though many studies on composite starch-protein gels have
looked at the mechanical properties of such gels (Min, Ma, Kuang,
Huang, & Xiong, 2022; Yu, Ren, Zhao, Cui, & Liu, 2020; Zhang, Li,
Zhang, Drago, & Zhang, 2016), limited studies have related these
properties to the water distribution between the starch and protein
phase, and the final type of network that is formed. This is partly due to
the fact that the determination of water distribution in such composite
systems is rather complex. Knowledge on the relation between water
distribution, its effect on the specific microstructure of such composite
gels, and the accompanying gel properties is still limited. Therefore, the
present study aimed to i) investigate the suitability of a simple micro
scopy method to determine the water distribution between a starch
phase and a protein phase in composite gels at different starch/protein
ratios, ii) determine the individual contribution of starch and protein to
the overall microstructural and mechanical properties of composite gels

using this water distribution, and (iii) use a combination of theoretical
models for different types of composite gels and the water distribution to
predict the gel properties.
As starch and protein sources, we used maize starch, which is a
common type of starch in several foods (Grasso, Roos, Crowley, Arendt,
& O’Mahony, 2021; Grossmann et al., 2021; Jobling, 2004) and pea
protein isolate, as this plant protein has obtained increasing attention in
the past few years (Grossmann et al., 2021; Schreuders et al., 2021; Sun,
Ge, He, Gan, & Fang, 2021).
2. Materials and methods
2.1. Materials
Commercial pea protein isolate (PPI), Pisane C9, was purchased from
Cosucra (Warcoing, Belgium) and maize starch (MS) from Ingredion
(Hamburg, Germany). Fluorescein isothiocyanate isomer I (FITC) and
Rhodamine B were purchased from Sigma Aldrich (St. Louis MO, USA)
and Sigma Aldrich (Steinheim, Germany), respectively. Demineralised
water was used for all dispersions (MiliQ system, Merck Millipore,
Germany).
2.2. Differential scanning calorimetry (DSC) measurements
The thermal behaviour of both MS dispersions in presence of PPI and
a PPI solution was determined with differential scanning calorimetry
(DSC) (Q25 calorimeter, TA Instruments-Waters, New Castle, DE, U.S.
A.). MS was dispersed in water to obtain a 10% (w/w) MS dispersion,
and 0, 2, 4, 6, 8 and 10% (w/w) PPI was subsequently added. The dis
persions were stirred moderately at room temperature. The pH of all
dispersions was adjusted to 7 (with either 1 M HCL or 1 M NaOH). For
the PPI solution, 10% (w/w) PPI was dispersed in water, and the pH was
unadjusted, as the natural pH was around 7.2. The Tzero DSC pans were
filled, then hermetically sealed and equilibrated at ambient temperature
in the DSC cell for 2 h. All dispersions were measured in triplicate to
obtain average/mean values and standard deviations. Each dispersion
was heated from 20 to 160 ◦ C at 5 ◦ C/min. Onset gelatinisation tem
perature (T0 ), peak gelatinisation temperature (Tp ) and enthalpy (H)
were computed with TRIOS software (version 5.2).
2.3. Water holding capacity (WHC) of starch and protein
The water holding capacity (WHC) of MS and PPI with and without
heat treatment was determined with a centrifugation method as
described by Omura et al. (2021), with some modifications. For the
determination of WHC without heat treatment, 2% (w/w) MS or PPI was
dispersed in water. The dispersions were allowed to hydrate for 1 h, after
which the dispersions were centrifuged at 10,000 rpm for 30 min, at
20 ◦ C. The supernatant was decanted to obtain the hydrated MS or PPI
pellet. The weight of the wet pellet was measured, from which the
amount of water absorbed by the MS and PPI was determined. WHC was
expressed as the amount of water adsorbed by 1 g MS/PPI as:
WHC =

Wwet pellet − Wdry component
Wdry component

(1)

in which Wwet pellet is the weight of wet pellet after centrifugation, and
Wdry component is the weight of dry component.
For the determination of WHC with heat treatment, the dispersion
was heated at 90 ◦ C for 30 min while stirring. After the dispersion was
cooled down to room temperature, the WHC was determined according
to the same approach as described above.
For composite gels, we determined the total amount of water needed
to hydrate both MS and PPI based on their WHC. To determine whether
enough water was present in the gels for full starch gelatinisation and
protein hydration, we introduce a theoretical water balance as:
2
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obtained gels were stored in a fridge at 4 ◦ C for 16 h. Before texture
characterisation, the gels were cut into regular cylinders with a height of
20 mm and a diameter of 22 mm and then equilibrated at room tem
perature for 1 h.
For the protein gels series, 6 solutions of 12 g PPI with 88 g water
were prepared. Then, a different amount of MS was added to each so
lution: 7.5, 9, 12, 15, 18 and 21 g. In these solutions, the PPI/water ratio
was constant, while the MS content increased (Table 1). The solutions
were treated in the same way as described for the starch gels.
For the MS-PPI/PPA gels, solutions of 20% (w/w) MS and 10% PPI or
PPA were made. Then the gel preparation steps were the same as for the
gels mentioned above.

Theoretical water balance = Wateravailable in gels − Waterneeded for MS
(2)

− Waterneeded for PPI

where Wateravailable in gels is the water added to each dispersion (which is a
constant value of 88g for all dispersions), Waterneeded for MS and
Waterneeded for PPI are based on the WHC of MS and PPI after heat treat
ment and their respective concentrations. Negative values for the
theoretical water balance indicate that not enough water was present in
the gels to fully hydrate and gelatinise all material.
2.4. Pea protein aggregate (PPA) preparation and characterisation
A 20% PPI solution was mixed in a Varimixer RN20/VL-2 (A/S
Wodschow & Co., Brøndby, Denmark) for 2 h at room temperature,
using the slowest speed setting. Aluminium trays were filled with a 1 cm
thick layer of solution and covered with plastic film. The boxes were
heated in a 90 ◦ C water bath for 30 min to induce gelation. The gels were
stored overnight at 4 ◦ C and frozen at 20 ◦ C. Subsequently, they were
loaded in an Edwards Super Modulyo freeze dryer (Edwards, Burgess
Hill, UK) at − 20 ◦ C and 1 mbar to freeze-dry them. The freeze-dried gels
were milled with a Pulverisette 14 rotor mill (Fritsch, Idar-Oberstein,
Germany), adding liquid nitrogen to prevent overheating of the ma
chine. The resulted pea protein aggregates (PPAs) were sieved with a
vacuum sieve, using sieves with a mesh of 0.05, 0.1 and 0.2 mm to
obtain different particle fractions. Henceforth, the PPA fractions from
these sieves will be referred to as ‘small PPA’, ‘intermediate PPA’ and
‘large PPA’ respectively.
The particle size distribution of PPA was determined with static light
scattering (Mastersizer 2000S, Malvern Instruments, Ltd., Worcester,
UK). The refractive indices of water and protein were set at 1.33 and
1.45, respectively. As the particles are not monodisperse, we present the
size distribution by taking the 10% and 90% percentiles, and reporting
the size range as D10-D90.

2.5.1. Confocal laser scanning microscopy (CLSM) imaging
For microstructural characterisation, the gels were cut into thin sli
ces with 60 μm thickness by two sharp blades with 60 μm distance inbetween. The method applied for confocal laser scanning calorimetry
(CLSM) observations was taken from Peighambardoust et al. (2006),
with some modifications. A mixture of fluorescein isothiocyanate (FITC)
and Rhodamine B (1 and 0.1% w/v, respectively) in dimethylformamide
was used for non-covalent labelling of starch and protein, respectively,
allowing simultaneous observation of starch (in green) and protein (in
red) by CLSM. The gel slices were stained with the dye solution for 1 h,
and then washed with water to remove excess dye. A small piece of gel
placed on a microscopy glass slide and covered with a cover glass was
mounted in Gene Frame (Thermo Scientific). The microstructure of gels
was observed using an LSM 510 META confocal laser microscopy (Carl
Zeiss, Germany) at 20x magnification. Five single frames were obtained
for each gel. The areas of the red protein phase were calculated using the
image processing program ImageJ. We assumed that the total percent
age of the areas with the same colour in relation to the full area repre
sented the total volume fraction of the different components in the gel.
The volume fraction of the protein phase was calculated according to
Areacomponent
Areafull image

(3)

2.5. Gel preparation

Volume (%) =

Three series of composite gels were prepared: MS gels with
increasing content of PPI, PPI gels with increasing content of MS, and MS
gels with a fixed content of either PPI or PPA.
For the starch gels series, 6 dispersions of 12 g MS with 88 g water
were prepared. To the MS dispersions, different amounts of PPI were
added: 2, 4, 6, 8, 10 and 12 g. In these dispersions, the MS/water ratio
was constant, while the PPI content increased (Table 1). The dispersions
were stirred moderately at room temperature for 30 min and were
subsequently heated in a water bath at 70 ◦ C for about 7–12 min until an
increase in viscosity was observed. The dispersions were then poured
into 30 ml syringes. The inner surface of the syringes was lubricated with
a thin layer of paraffin oil. The dispersions were heated at 90 ◦ C in a
water bath for 30 min. After cooling down at room temperature, the

where Areacomponent represents the area occupied by the protein (PPI),
and Areafull image refers to the full image area. Based on the volume of the
protein phase, we determined the area of the starch phase, assuming that
the total area was 100%.
The volume fractions of both MS and PPI were then used to calculate
the swelling properties of each component, related to the amount of
water that the components were able to adsorb. We introduced a
swelling index, which we defined as the volume fraction of one
component (MS or PPI) divided by the initial volume of the components
as
Volume  %  in gels
Volume  %  in dispersion
Volume  %  in gels
=
∗Density
Weight  %  in dispersion

Swelling index =

Table 1
Composition of the studied maize starch gels (12 g MS) and pea protein isolate
gels (12 g PPI).
Water (g)

MS (g)

PPI (g)

MS content (%)

PPI content (%)

MS gels

88

12
12
12
12
12
12

2
4
6
8
10
12

11.8
11.5
11.3
11.1
10.9
10.7

2.0
3.8
5.7
7.4
9.1
10.7

PPI gels

88

7.5
9
12
15
18
21

12
12
12
12
12
12

11.2
11.0
10.7
10.4
10.2
9.9

7.0
8.3
10.7
13.0
15.3
17.4

(4)

In Eq. (4), the values for the density of MS powder, ρMS and PPI
powder, ρPPI were taken as 1.5 (Marousis & Saravacos, 1990) and 1.35 g/
cm3 (Fischer, Polikarpov, & Craievich, 2004), respectively.
2.5.2. Scanning electron microscopy (SEM) imaging
PPA powders were characterised with scanning electron microscopy
(SEM) imaging. A small amount of dry powder was spread on the top
surface of a standard carbon adhesive tab (Electron Microscopy Sci
ences, Inc., Hatfield, PA, USA). Then the powder was sputter-coated
with Tungsten (12 nm thickness) in a vacuum-evaporator (Leica EM
SCD 500, Wetzlar, Germany). Afterwards, the dry powder was scanned
at 2 kV using a FEI Magellan 400 SEM (Nanolab Technologies, Milpitas,
USA). Micrographs were taken at 500x magnification to visualise the
surface characteristics.
3

Z. Lyu et al.

Food Hydrocolloids 133 (2022) 107942

2.6. Textural properties

(MS) gelatinisation, we measured the thermal properties of PPI and MSPPI dispersions at different ratios. Fig. 1 shows the results for a mixture
of these components, as well as the thermal properties of MS and PPI
separately.
In the thermogram of the 10% MS dispersion (Fig. 1, solid line), only
a single endothermic peak could be observed, corresponding to the
gelatinisation of the starch granules. The flat thermogram of 10% PPI
(Fig. 1, dashed line) shows that heating the commercial PPI did not lead
to any protein denaturation (denaturation temperature around 81 ◦ C)
(Sun & Arntfield, 2011). This indicates that the PPI was already exten
sively denatured, probably due to the high temperatures at which the
extraction and drying steps were performed (Moll, Salminen, Schmitt, &
Weiss, 2021; Stone, Avarmenko, Warkentin, & Nickerson, 2015). From
all the starch-protein dispersions, we took the 10% MS + 10% PPI
dispersion (Fig. 1, dotted line) as representative of the obtained ther
mograms. In the thermogram of this starch-protein dispersion, only one
single endothermic peak was present, which confirmed the endothermic
nature of starch gelatinisation and the denatured state of the proteins.
Table 2 shows onset gelatinisation temperature (TO ), peak gelatini
sation temperature (TP ) and enthalpies (ΔH) of MS dispersions in the
presence of different PPI amounts. With an increase of the PPI content,
both onset and peak gelatinisation temperatures increased, while the
enthalpy of the gelatinisation slightly increased first and then decreased.
These results show that the presence of proteins impaired starch
gelatinisation, as the onset temperature, TO , and the peak temperature,
Tp , increased with an increase in protein concentration. Similar findings
were also reported by Li, Yeh, and Fan (2007), Li, Wei, Fang, Zhang, and
Zhang (2013), Ribotta, Colombo, León, and Añón (2007), and Mohamed
and Rayas-Duarte (2003). No significant difference in enthalpy was
found. Different factors could be responsible for this effect. First of all,
with an increase of PPI, more water was used for protein hydration, and
therefore less water was available in the dispersions for starch gelati
nisation, as already discussed by other authors (Eliasson, 1983). Sec
ondly, the protein could coat the surface of the starch granules,
inhibiting water penetration into the starch granules and swelling of
starch granules, as was unveiled in other studies (Kett et al., 2013;
Noisuwan, Hemar, Wilkinson, & Bronlund, 2011; Ribotta et al., 2007).
Ryan and Brewer (2007) suggested that proteins present on the surface
of starch granules act as anchor for added proteins to attach to the
granule via hydrophobic interactions.
From these results, we can conclude that protein inhibits starch
gelatinisation, which will affect the swelling properties of starch gran
ules. This could have a strong effect on the microstructure of gels made
from starch and protein and their texture.

The mechanical properties of studied gels were measured with a
Texture Analyzer (TA.XT. plus, Stable Micro Systems Ltd., Godalming,
United Kingdom). A uniaxial compression test was performed on at least
6 pieces of each gel. An aluminium P/50 probe with 50 mm diameter
was used. A compression speed of 1 mm/s was used until a compression
up to 50% strain was obtained. Paraffin oil was applied on the top and
bottom surfaces of the gel cylinders as a lubricant.
In the large deformation tests, apparent stress (σ ) of the gel was
calculated as:
F
A

σ=

(5)

where F is the force measured during compression and A is the crosssectional surface area of the gel. Cauchy strain was taken as
γ C (%) =

ΔL
L0

(6)

where ΔL is the change of gel height after compression and L0 is the
initial gel height. The fracture properties of the gels were determined by
taking the stress and the strain at the fracture point. The Young’s
modulus (E) was determined in the linear region of the stress-strain
curve as:
E=

Δσ
F* L0
=
ΔγC
A*ΔL

(7)

where ΔγC is the change of strain and Δσ is the change of stress. Average
values and standard deviations were obtained on the mechanical prop
erties from the six measurements. The fracture stress, fracture strain,
and Young’s modulus were used as a measure for the hardness, brittle
ness, and stiffness, respectively.
2.7. Statistical analysis
In this study, IBM SPSS Statistics 25 (IBM SPSS Inc., Chicago, USA)
was used to apply a one way ANOVA using the post-hoc method Duncan.
Significance was defined as P < 0.05.
3. Results
3.1. Thermal behaviour of maize starch (MS), pea protein isolate (PPI)
and MS-PPI dispersions

3.2. Water holding capacity of MS, PPI and composite gels

To investigate the effect of pea protein isolate (PPI) on maize starch

During gel formation upon heating, water competition between
starch and protein will occur due to limited amount of water available,
which will affect the gelatinisation of the starch granules. Next to this, in
the previous section we have shown that also the presence of protein
affects starch gelatinisation. To study the roles of water availability and
competition in the formation of starch-protein composite gels, it is first
Table 2
Onset gelatinisation temperature, TO, peak gelatinisation temperature, TP, and
enthalpy, ΔH for 10% maize starch (MS) dispersions with increasing pea protein
isolate (PPI) content. Different superscript letters indicate significant
differences.
PPI content (%)
0
2
4
6
8
10

Fig. 1. Thermal properties of 10% maize starch (MS, solid line), 10% pea
protein isolate (PPI, dashed line) and 10% MS + 10% PPI (dotted line) aqueous
dispersions.
4

TO (◦ C)

TP (◦ C)
a

64.4 ± 0.3
65.7 ± 0.0b
66.6 ± 0.3c
66.5 ± 0.1c
66.8 ± 0.2c
67.4 ± 0.2d

71.0 ± 0.1a
71.8 ± 0.2b
72.6 ± 0.0c
73.0 ± 0.0d
73.3 ± 0.2e
73.6 ± 0.1f

ΔH (J/g)
15.0
15.4
15.7
16.4
16.7
15.0

± 2.4a
± 0.2a
± 0.4a
± 1.0a
± 0.7a
± 0.3a
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of all necessary to know the WHC of each component before and after
heat treatment. This will provide insights on the hydration of the com
ponents and the degree of starch granule swelling.
Before heating, the water holding capacity (WHC) of MS was only
0.81 ± 0.03 g water/g MS. The low WHC is due to the fact that water
cannot easily penetrate the granules, and therefore this water is
considered to be present more between the granules. After heating at
90 ◦ C for 30 min, the WHC of MS increased considerably to 7.03 ± 0.07
g water/g MS, i.e., by a factor 10, indicating that the starch granules
absorbed a large amount of water to swell, and were present in a highly
swollen fragile form. As known, starch needs a large amount of water to
completely gelatinise.
For the PPI, the WHC before heating was 6.59 ± 0.82 g water/g PPI.
After heating, the WHC decreased to 4.76 ± 0.06 g/g PPI, which is
similar to findings from other researchers (Boye et al., 2010; Fuhr
meister & Meuser, 2003). The decrease in WHC of PPI after heating was
caused by the exposure of more hydrophobic groups to the surrounding.
Based on the amounts of water bound by starch and protein after
heating we presented above, we calculated how much water was needed
for full starch gelatinisation and protein hydration in the different gels,
as well as the corresponding lack of water. Fig. 2 shows an overview of
this lack of water as theoretical water balance. Negative values indicate
a lack of water in the dispersion.
In MS gels with increasing PPI content from 2.0 to 10.7% (Fig. 2a),
all values of theoretical water balance were negative, indicating that for
all dispersions, insufficient water was available for full starch gelatini
sation and protein hydration. As gelatinised starch was able to hold 7 g
water/g starch, the maximum weight of starch compatible with full
gelatinisation with 88 g of water available was only about 12 g. As all
our gels contained 12 g of starch, there was in fact no water available for
the additional protein. Already at a protein concentration of 2.0%,
insufficient water was present in the dispersions to fully gelatinise the
starch and hydrate the proteins.
Also in PPI gels with increasing MS content from 7.0 to 17.4%
(Fig. 2b), none of the dispersions contained a sufficient amount of water.
Assuming that protein was completely hydrated in all of the composite
gels, 57 g water was needed for protein hydration first, and less than 31 g
water/100 g of gel was available for starch gelatinisation. Due to the
high WHC of MS after heating, even with the addition of starch at the
lowest content of 7.0%, insufficient water was present for full starch
gelatinisation. The lack of water was more severe in gels with higher MS
contents.
So, theoretically, not enough water is present in any of the starchprotein composite gels we studied. We must note that the water distri
bution will change during heating. Before heating, the WHC of starch
granules was low, so proteins could fully hydrate. During heating, the
WHC of protein decreases, releasing part of the water, which becomes
available for starch gelatinisation. In addition, the WHC of starch in
creases during heating. These events induce water migration between
the gel components, which determines the final water distribution of the

gels, affects the microstructure of the gels, and consequently their me
chanical properties.
3.3. Microstructure of maize starch-pea protein isolate gels
To study the effect of the ratio between ingredients on the micro
structure of the gels, confocal laser scanning microscopy (CLSM) was
used. The results for the MS gels are given in Fig. 3.
The red areas, stained with Rhodamine B, indicate the PPI phase,
while the yellow/green areas correspond to the MS phase. At low PPI
contents (Fig. 3a–c), MS formed the continuous phase, and PPI was
dispersed as protein aggregates in the starch network, without any
connectivity among aggregates. At these low PPI contents, water was
mainly taken up by the starch granules to become part of the majority of
the network. With increasing PPI content, the PPI connectivity
increased, which is most obvious from the gel with the highest protein
concentration (Fig. 3f). We hypothesised that as more water was
retained in the protein aggregates, less water was adsorbed by the starch
granules, and a denser gel with a more compact starch structure was
formed. So, changes in starch to protein ratio clearly led to visible
changes in the microstructure of composite gels.
To study the water distribution between the MS and PPI phases of the
gels, volume fraction and swelling index of the components of the gels
were quantified based on CLSM images and using Eqs. (3) and (4). These
parameters are shown in Fig. 4 as a function of protein content.
With increasing PPI content, the volume fraction of PPI increased
from 11.5 to 38.7%, while that of MS decreased from 88.5 to 61.3%
(Fig. 4a). These results confirmed that the presence of proteins indeed
limited the starch swelling, as the high WHC of proteins prevented water
migration into the starch granules during gelatinisation. As the PPI
content increased, more water was retained by PPI, and less water was
available for starch gelatinisation. As a consequence, starch gelatinised
to a lower degree, and the volume fraction of MS decreased. The lower
volume fraction was the result of a lower degree of gelatinisation, which
can be seen in the differences in the swelling degree, given in Fig. 4b. As
shown in Fig. 4b, the swelling index of both MS and PPI decreased. Thus,
as not enough water was available for full starch gelatinisation and
protein hydration, both components decreased their swelling. This can
be attributed to the increased dry matter of the gels. Overall, with an
increase of PPI, both MS and PPI swelled less due to competition in the
water adsorption by MS and PPI. As a result, for most protein concen
trations, a composite gel with protein aggregates dispersed in a more
compact starch network was formed.
Also for PPI gels with increasing MS content, the microstructural
features were characterised by CLSM (Fig. 5). Also for these gels, the
microstructure changed upon addition of MS. At low MS contents, the
composite gels could be considered as bicontinuous gels with both a PPI
and a MS network, whereas at higher MS contents, MS dominated the gel
network structure as the continuous phase, and PPI became the
dispersed phase. From the CLSM pictures, it is difficult to see at which

Fig. 2. Theoretical water balance in a) maize starch (MS) gels with a constant starch content of 12 g/100 g gel and increasing pea protein isolate (PPI) content (from
2.0 to 10.7%), and b) pea protein isolate (PPI) gels with constant PPI content of 12 g/100 g gel and increasing maize starch (MS) content (from 7.0 to 17.4%) as a
function of dry matter.
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Fig. 3. CLSM micrographs of maize starch (MS) gels with increasing pea protein isolate (PPI) content (starch phase: green; protein phase: red). a): 2.0%; b): 3.9%; c):
5.7%; d): 7.4%; e): 9.1%; f): 10.7% PPI. The scale bar is 100 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 4. a) Estimated volume fraction and b) swelling index of maize starch (MS, circles) and pea protein isolate (PPI, triangles) in MS gels with increasing PPI content
(2.0–10.7%). The volume fraction of PPI was determined from 5 images. The volume fraction of MS was derived from that of PPI, and therefore no error bars are
shown. The swelling index was calculated based on the average volume fraction, not taking into account the error margins.

MS concentrations the structure changed from a bicontinuous to a
dispersed system. The presence of a more bicontinuous system with
relatively low PPI content (e.g. Fig. 5a) is consistent with the micro
graphs for the MS gels with higher protein contents (e.g. Fig. 3f).
So, the microstructure of protein gels varied substantially with the
addition of different amounts of starch. A protein continuous network
was seen for low MS content, which changed to a MS continuous
network via a bicontinuous structure for higher MS content.
Volume fraction and swelling index of the components of PPI gels
were also quantified based on CLSM images. As shown in Fig. 6a, with
increasing MS content, the volume fraction of MS increased from 54.4 to
81.4%, while the volume fraction of PPI decreased from 45.6 to 18.6%.
Even when small amounts of MS granules were incorporated into the gel,
its volume was mostly occupied by swollen starch granules. With
increasing MS content, the swelling of MS granules resulted in a
decrease of the volume occupied by PPI, so the swelling index of PPI

decreased from 5.2 to 2.3 (Fig. 6b). Since the total amount of available
water was constant, a higher amount of MS corresponded to less water
available per gram of starch. With increasing MS content, MS thus
swelled less due to limited gelatinisation degree, and the swelling index
decreased from 11.1 to 6.4. Even though the starch could take up less
water, MS still occupied a higher volume, leaving less space for PPI to
swell. This led to very high concentration of the proteins (50.6%) in the
protein phase. Such a high concentration of protein would indicate that
very limited water was present in the protein phase. In addition, since it
was difficult to obtain precise values from the data analysis of the CLSM
pictures, the high concentrations obtained could also be related to a
limited accuracy of the method. Even though the absolute values may
not be precise, it is clear that with an increase in dry matter due to starch
addition, a denser and more compact gel was formed, in which the
continuous phase of MS dominated the microstructure of the gel.
These results show that in starch-protein composite gels, different gel
6
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Fig. 5. CLSM micrographs of pea protein isolate (PPI) gels with increasing maize starch (MS) content (starch phase: green; protein phase: red). a): 7.0%; b): 8.3%; c):
10.7%; d): 13.0%; e): 15.3%; f): 17.4% MS. The scale bar is 100 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

Fig. 6. a) Estimated volume fraction and b) swelling index of maize starch (MS, circles) and pea protein isolate (PPI, triangles) in PPI gels with increasing MS content
(7.0–17.4%). Volume fraction of PPI was determined from 5 images. Volume fraction of MS was derived from that of PPI, and therefore no error bars are shown.
Swelling index was calculated based on the average volume fraction, not taking into account the error margins.

structures can be obtained depending on the composition. At low con
tent of one of the components, a filled gel is formed, in which the minor
component is dispersed in the matrix of the major component. When the
content of the components become more equal, bicontinuous networks
are formed. With image analysis, we found that in our systems starch
always absorbed more water than protein. The different gel structures
described in this section were expected to have repercussions on the
mechanical properties of the composite gels.

in compression experiments. From these experiments, Young’s modulus
and fracture properties were obtained (Fig. 7).
For MS gels, at low PPI contents, the measured Young’s modulus
(Fig. 7a, closed symbols) slightly increased, while both fracture stress
and fracture strain decreased until a PPI concentration of 5.7%. For
these gels, PPI was dispersed in the starch network. These gels could thus
be considered as filled gels (Fig. 3a–c). With increasing PPI concentra
tion, the measured Young’s modulus increased more significantly, the
fracture stress increased and fracture strain decreased. The change in
mechanical properties could be due to the change in the structure from
filled to bicontinuous.
Different mathematical models are available to estimate the Young’s
modulus of filled and bicontinuous gels. For filled gels, Van der Poel
(van der Poel, 1958) and Kerner (Kerner, 1956) already introduced a

3.4. Mechanical properties of maize starch-pea protein isolate gels
3.4.1. MS gels with increasing PPI content
To study the effect of PPI on the mechanical properties of MS gels,
gels with constant MS content and increasing PPI content were analysed
7
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Fig. 7. Mechanical properties of maize starch (MS) gels with increasing pea protein isolate (PPI) content. a) Young’s modulus (closed symbols). The lines represent
the theoretical values based on the Smith (dotted line) and Davies models (dashed line), respectively; b) fracture stress and c) fracture strain.

network, and φs and φp are their respective volume fractions. Since the
CLSM pictures did not allow us to make a clear distinction between a
bicontinuous and a dispersed system, we estimated the gel modulus for
the gels using both models. As this requires information on the stiffness
of both phases, we first calculated the protein and starch concentration
in their respective phases based on the component distribution obtained
from CLSM image analysis (details in Appendix 1). Then, the storage
moduli of the starch and protein phase were estimated by extrapolating
the storage moduli as a function of starch or protein concentration (data
not shown) obtained for individual component systems. The results are
summarized in Table 3.
Based on these moduli, the storage modulus of the different com
posite gels was calculated according to Eq. (8) for the filled gels, and
according to Eq. (9) for the bicontinuous gels. The storage modulus was
converted into the Young’s modulus by multiplying the storage modulus

theoretical description to calculate the gel modulus, G , which was
simplified by Smith (1975) as:
′

′

G =

3M + 4.5 + (10.5M − 10.5)φ ′
Gm
3M + 4.5 − (3M − 3)φ

(8)

where M is the ratio between the storage modulus of the filler and the gel
′
matrix, φ is the volume fraction of the fillers, and Gm is the storage
modulus of the matrix. In the case of bicontinuous composite gels, the
′
gel modulus, G , can be described using the model of Davies (Davies,
1971a; 1971b) as:
G

′

1/5

′

(9)

′

= φs Gs 1/5 + φp Gp 1/5

where Gs and Gp are the moduli of the separate starch and protein
′

′

Table 3
Estimated effective concentrations and moduli of maize starch (MS) and pea protein isolate (PPI) in their corresponding phases. More details on the calculations can be
found in Appendix 1.
MS in gel (%)

PPI in gel (%)

MS in starch phase (%)

PPI in protein phase (%)

GS (kPa)

GP (kPa)

MS gels

11.8
11.5
11.3
11.1
10.9
10.7

2.0
3.8
5.7
7.4
9.1
10.7

13.3
15.0
16.3
17.4
16.4
17.6

17.0
16.6
18.7
20.5
27.2
27.5

4.4
5.2
5.8
6.3
5.9
6.4

2.7
2.6
3.6
4.8
11.3
11.6

PPI gels

7.0
8.3
10.7
13.0
15.3
17.4

11.2
11.0
10.7
10.4
10.2
9.9

12.9
14.4
17.6
18.9
21.8
21.6

24.2
25.9
27.5
33.6
33.7
50.6

4.1
4.9
6.4
6.9
8.0
7.9

7.9
9.7
11.6
21.2
21.4
72.6
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by a factor 3 (Sala, Van Aken, Stuart, & Van De Velde, 2007). These
estimated values are shown in Fig. 7 as the dotted line for the Smith
model and the dashed line for the Davies model.
At low PPI contents (from 2.0 to 5.7%), a filled-gel structure can be
clearly observed, and for these gels we therefore consider the Smith
(dotted line) to be more appropriate. For these gels, the estimated
Young’s modulus increased only slightly (from 11.9 to 13.4 kPa) with
increasing PPI, and was lower than the measured data. This discrepancy
between measured and calculated values could be caused by the inho
mogeneous distribution of protein particles throughout the starch ma
trix. It is known that aggregation of particles leads to higher values for
the Young’s modulus due to an increase of the effective volume fraction
of the fillers as a result of the inclusion of the continuous phase (Fuhr
mann, Sala, Scholten, & Stieger, 2020; van Aken, Oliver, & Scholten,
2015). In addition, the determination of the volume fractions of the two
phases from CLSM images may not be very precise. However, even
though the absolute values did not match completely, the trend coin
′
cided with that of the experimental values. For these gels, the G of the
protein fillers was smaller than that of the starch continuous network.
With a large increase of the volume fraction of the protein phase, the
Young’s modulus of gels only slightly increased. Therefore, the MS
network seemed to dominate the properties of the composite gels, and
the PPI fillers only played a minor role.
At high PPI contents (from 7.4 to 10.7%), an additional PPI network
might be formed. For bicontinuous gels, the data estimated based on the
Davies model (dashed line) were also lower than the experimental data,
likely for the reasons explained above. In the case the gels were
dispersed instead of bicontinuous, the Smith model also underestimated
the measured values. Even though it is unclear at which concentration
the system changes from a dispersed starch-dominated to a bicontinuous
system, the differences in gel stiffness were most likely a result of the
changes in the microstructure. Overall, the stiffness of composite gels
with a possible bicontinuous network increased from 17.2 to 24.4 kPa.
When the PPI content increased from 7.4 to 10.7%, an increase in the
′
modulus of the protein phase, Gp was obtained from 4.8 to 11.6 kPa. The

network, acting as structure breakers, which explains the decrease in
fracture strain with increasing PPI content. A slight increase in fracture
strain was observed when PPI content increased from 5.7 to 7.4%, which
may be related to a possible network transition from a dispersed system
to a bicontinuous network. With PPI content higher than 7.4%, a lower
fracture strain was observed. In these gels, the PPI connectivity became
stronger due to an increase in the protein concentration. We hypothesise
that the starch network was broken down further due to this increase in
PPI connectivity. Both the increased connectivity of PPI phase and the
breakdown of MS network contributed to the increase of gel brittleness.
So, in conclusion, in protein-dispersed starch gels, starch was
dominating the network strength, while dispersed protein-rich regions
acted as structure beakers. In the starch-protein bicontinuous gels, both
starch and protein contributed to the gel stiffness, which depended more
on the network with the highest modulus rather than the one with the
highest volume. Addition of protein increased the brittleness of starch
gels, no matter whether the protein was present as fillers or as a network.
3.4.2. PPI gels with increasing MS content
From the previous results it seemed that starch contributes the most
to the mechanical properties of the systems with a dispersed, filled gel
structure. In a bicontinuous gel, the protein network dominated the gel
properties. The mechanical properties of a series of PPI gels with
increasing MS content were also studied (Fig. 8).
With an increase in MS content, both Young’s modulus and fracture
stress increased, while fracture strain increased first with MS content up
to 10.7%, and then became constant. So stiffer, harder and less brittle
gels were formed with MS incorporation into PPI gels. The estimated
values of the Young’s modulus were also added to Fig. 8a based on the
models mentioned in the previous section for filled and bicontinuous
gels. Also for PPI gels, and most likely for the already mentioned rea
sons, both the Smith and Davies models underestimated the Young’s
modulus of the PPI gels.
In PPI gels with low MS contents, we assumed that a bicontinuous
network was formed, whereas at higher MS content, we assume that the
system became dispersed. With an increase in MS content, the estimated
PPI concentration increased slightly from 24.2 to 50.6%, and thus firmer
protein networks with a modulus ranging from 7.9 to 72.6 kPa were
formed. Also the MS network changed with increasing concentration
from 12.9 to 21.6%, with an increase in the modulus from 4.1 to 7.9 kPa.
As starch gelatinisation was limited for higher MS contents, the stiffness
of granules increased. We also assumed that amylose leakage from the
granules was limited, and that no or limited amylose network was
formed. At such high starch concentrations, the stiffness of the granules
has been shown to dominate gel texture to a large extent, whereas the
strength of the amylose layer is less important (Keetels et al., 1996).
Thus, the granules contribute more to the gel stiffness (Lavoisier &
Aguilera, 2019). In our gels, the concentration of both the PPI and MS
phase thus became higher, which explains that both stiffness and
hardness of the overall gel increased. It is interesting to mention that the
increasing trend of the Young’s modulus of gels for lower MS concen
trations was more in line with the trend of PPI than that of MS. In this
case, it is most likely that the systems are bicontinuous systems, and the
PPI network had a more dominating influence than MS on the gel
stiffness, as discussed in the previous section. At higher MS contents, we
assumed that the system shifted from a bicontinuous to a dispersed
system. In these gels, MS formed the continuous phase, and PPI was
dispersed as aggregates in the starch network. For higher starch con
centrations, the modulus of the dispersed protein phase was much
higher than the modulus of the continuous starch phase. The modulus of
the composite gel thus seemed to be mostly determined by the dispersed
protein phase. This large increase was seen only in case the modulus of
the dispersed protein phase was much larger than the continuous starch
phase. The reinforcement of protein gels with the addition of starch was
also observed by other researchers (Shahsavani Mojarrad, Rafe, Sade
ghian, & Niazmand, 2017; Xu et al., 2018). From the results in Fig. 8a,

modulus of the starch phase, Gs , remained almost constant around 6.3
kPa. Volume fraction of starch was higher than that of protein, while
both were rather constant as a function of protein concentration. Thus
from these results, we can conclude that for bicontinuous gels, both
starch and protein contributed to the gel stiffness, but the modulus of the
composite gel depended more on the network with the highest modulus
rather than the one with the highest volume. In the case of the dispersed
system, the modulus seems to be determined by the stiffness of the
continuous phase.
Also the fracture stress was affected by the changes in the structure
(Fig. 7b). At low PPI contents, when PPI was present as fillers in the
continuous starch network, we saw a small decrease in fracture stress
when PPI contents increased from 2.0 to 5.7%. The presence of PPI
aggregates could disrupt the structure of the continuous starch network.
In these filled gels, fracture upon deformation will likely occur along the
interface between the dispersed protein phase and the continuous starch
network. With higher PPI content as a dispersed phase, more fracture
area was present, thus fracture stress decreased (Luyten & Vanvliet,
1995). Also, Lian et al. (2013) found that protein could retard the starch
retrogradation and could therefore cause texture deterioration of
starch-containing foods. The increased fracture area contributed to the
softening of the gels. When the PPI content increased to 7.4%, we saw an
increase in fracture stress with increasing PPI content. This can be
attributed to a higher connectivity of the possible protein network, and
the more compact starch structure of less gelatinised granules.
Although we observed large changes in fracture stress and Young’s
modulus for the different gel types, the fracture strain seemed to depend
less on the structure of the gel. When the PPI content increased from 2.0
to 5.7%, the fracture strain of the gels decreased, but only to limited
extent. In these gels, protein aggregates were dispersed in the starch
′
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Fig. 8. Mechanical properties of pea protein isolate (PPI) gels with increasing maize starch (MS) content. a) Young’s modulus (closed symbols). The lines represent
theoretical values based on the Smith (dotted line) and Davies models (dashed line), respectively; b) fracture stress; c) fracture strain.

we also see that both models underestimate the experimental values,
and the results of both models are quite close to each other. So the
models are not very sensitive to the structure of our studied gels.
The increase in MS content also contributed to the increase of the
fracture stress observed for PPI gels (Fig. 8b), which was also observed
by others (Keetels et al., 1996). The reinforcement of the gels can be
mainly attributed to the more compact starch structure of less gelati
nised granules, and a higher stiffness of the protein particle fillers in the
dispersed system, or the protein network in the bicontinuous gels.
The gels became less brittle when the MS content increased up to
10.7%. However, above this concentration, the gel brittleness remained
constant at higher MS contents. At low MS content, the gels may be
characterized as bicontinuous gels. The typical fracture strain of a PPI
gel (22%) was around 24% (data not shown), which was lower than that
found for the PPI gels (γC = 32.5%) with a low MS content (<10.7%).
Thus the presence of a bicontinuous network decreased the brittleness of
the gel. Since fracture strain of a two-components system depends on the
stronger network, the fracture strain of the PPI gels was increased
further with an increase in MS content. At a MS content higher than
10.7%, the fracture strain of the gels remained constant. These gels may
be characterized as dispersed networks, with starch as continuous phase,
and the protein as dispersed phase. Therefore, it seems that fracture
strain was mainly determined by the continuous MS network. As the MS
content only slightly increased from 18.9 to 21.8%, the fracture strain
was not much affected. Even though the stiffness of the dispersed PPI
particles changed to large extent, they had limited effect on the fracture
strain, as only a slight decrease in the fracture strain was obtained.
Our results thus show that both the starch and the protein can
contribute to the gel properties, either as the continuous phase, the
dispersed phase, or as one the two bicontinuous networks. Overall, the
stiffness of bicontinuous gels is more dominated by the most stiff
network, which is the protein network in both the MS gels and the PPI

gels. In systems that can be described as filled gels, the starch continuous
matrix seems to be dominant in case the stiffness of the dispersed par
ticles is limited. When the moduli of the protein fillers are substantially
higher than that of the starch matrix, the fillers also influence the stiff
ness of the gel. Both the more compact starch structure and higher
stiffness of protein fillers contribute to a higher hardness of the gel.
Network formation of starch decreased the brittleness of protein gel,
while protein fillers had a limited effect on the brittleness of the starch
matrix.
3.5. Microstructure and mechanical properties of maize starch gels
containing pea protein isolate particles
For the protein-filled starch gels discussed above, the size of the
protein inclusions could not be controlled, as it was the result of spon
taneous phase separation phenomena. Therefore, the effect of particle
size of PPI on the mechanical properties of MS gels remained unknown.
To study this effect, we also investigated 20% MS gels to which previ
ously prepared PPI fillers (PPA) with 3 different sizes were added to
reach a PPI concentration of 10%. In these gels, the modulus of the
matrix was higher than the PPI fillers (data not shown).
SEM images of the studied PPA with 3 different sizes are shown in
Fig. 9: small, 18.6–93.9 μm (Fig. 9a), intermediate, 86.4–250.5 μm
(Fig. 9b), and large, 174.8–441.1 μm (Fig. 9c). It is noticeable that the
protein particles were all irregularly shaped, which was expected due to
the milling step in the production process.
The microstructure of MS gels with the 3 types of PPA is shown in
Fig. 10(b–d). As a reference, also a gel was prepared in which PPI as used
in the previous section was included (Fig. 10a). In all MS-PPA gels, MS
formed the continuous phase, while the PPA were dispersed in the gel
matrix with limited connectivity. A clear difference in particle size can
be observed in these gels, which is in line with the observations of the
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Fig. 9. SEM images of a) small aggregates of pea protein isolate (PPA), b) intermediate size of PPA, and c) large size of PPA. The scale bar is 100 μm.

Fig. 10. CLSM images of 20% maize starch (MS) gels with a) 10% pea protein isolate (PPI), b) small pea protein aggregate (PPA), c) intermediate PPA and d) large
PPA. Starch phase: green; protein phase: red. The scale bar is 100 μm.

SEM images. Also, it is interesting to see that in the MS gel with PPI, the
protein rich regions were about the same size as those of the gels with
the smaller PPA, which indicates that at higher MS contents, the PPI also

did not disperse well throughout the system, and was naturally present
already as an aggregated form.
Table 4 presents an overview of the mechanical properties of the
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swelling degrees of starch and consequently influenced the final volume
fractions of starch and protein in the composite gels. We showed that a
novel CLSM image analysis method could be used to quantify the volume
fraction of each phase, from which the water distribution and the
effective concentrations of the two components in their respective
phases were estimated. The gel stiffness of composite gels estimated on
the basis of mathematical models was found to be comparable with the
measured gel stiffness.
The starch to protein ratio determined whether a starch-filled protein
gel, protein-filled starch gel or starch-protein bicontinuous gel was ob
tained. In filled gels, the relative contribution of fillers and matrix to the
mechanical properties depended on the ratio between their moduli. In
starch gels with protein fillers, the MS network dominated the gel
properties, unless the stiffness of PPI fillers was remarkably higher than
that of the MS network. On the other hand, in bicontinuous gels, both
starch and protein contributed to the gel stiffness, but depended more on
the network with the highest modulus rather than the one with the
highest volume. Besides this, we also found that the size of dispersed pea
protein aggregates (PPA) had limited influence on the mechanical
properties of starch gels.
The results of this study give important insights in the fracture
properties of composite starch-protein gels. Currently, many plant-based
alternatives to animal-based foods show mechanical properties that do
not resemble in a satisfactory way that of the original version. These
insights can help to develop guidelines to design the microstructure of
plant-based food containing starch and protein, and, therefore, control
and modulate their texture.

Table 4
Mechanical properties of gels with 20% maize starch (MS) and 10% pea protein
isolate (PPI)/pea protein aggregate (PPA). Different superscript letters indicate
significant differences.
Fillers

Young’s modulus
(%)

PPI
Small PPA
Intermediate
PPA
Large PPA

Fracture stress
(kPa)

Fracture strain
(%)

163.7 ± 5.2a
146.7 ± 4.4b
163.3 ± 4.5a

88.8 ± 3.7a
70.3 ± 2.2b
83.4 ± 2.3c

37.2 ± 0.3a
35.2 ± 0.2b
36.3 ± 0.3c

162.4 ± 4.5a

82.6 ± 1.6c

35.7 ± 0.6d

20% MS gels with 10% PPA of different sizes or 10% PPI. From these
data, we can see that when PPI was replaced by PPA with different sizes
in the MS gels, only slight changes in fracture properties were found,
without significant differences in Young’s modulus. Overall, these re
sults show that whether the protein was aggregated or not, the size of the
PPA in the dispersed phase had limited influence on the mechanical
properties of MS gels. This also shows that the properties of the gels were
more determined by the starch phase.
In this study, we selected PPI as a representative plant protein to
study the water distribution and its effect on the mechanical properties
of composite gels. However, in recent years more and more plant pro
teins have received attention for the development of plant-based foods,
such as soy, rapeseed, chickpea, lentil and zein (Jia, Rodriguez-Alonso,
Bianeis, Keppler, & van der Goot, 2021; Mattice & Marangoni, 2020).
These proteins have different functionalities, and especially their water
holding capacities are expected to have a large effect on the structure
formation and texture. For example, when proteins with a low WHC (for
example zein) are used in composite gels, less water is retained in the
protein phase, and more water is thus available for starch gelatinisation,
which enhances the contribution of the starch network to the gel
properties. On the other hand, when proteins with relatively higher
WHC (for example soy) are used, less starch is gelatinised, and starch
granules are more likely to become dispersed in the protein network. In
this case, the protein network will have a larger contribution. Based on
the water distribution, the mechanical properties of the composite gels
can then be estimated based on the different gel structures formed.
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The objective of this study was to determine the water distribution in
maize starch (MS) and pea protein isolate (PPI) composite gels and
understand how the separate contributions of MS and PPI affect the
mechanical properties of composite gels with varying MS/PPI ratios.
The water distribution in the MS and PPI composite gels was determined
with a novel confocal laser scanning microscopy (CLSM) image analysis
method. By determining the water holding capacities of MS and PPI, it
was found that in all gels insufficient amount of water was present for
complete starch gelatinisation and protein hydration. Water competi
tion between MS and PPI limited starch gelatinisation, affected the

Acknowledgement
The authors would like to thank Attie Boersma for preparing the MSPPA gels and performing the related measurements, Wageningen Elec
tron Microscopy Centre for CLSM & SEM support and Ingeborg
Haagsma-Boels from Westland Cheese for active contribution in this
project. The authors also would like to thank the financial support from
the China Scholarship Council (CSC) and the Dutch Grant TKI AF 17002.

Appendix 1
Composite gels consisting of MS, PPI and water were made in our study. To be able to know the contribution of different components on the
mechanical properties of composite gels, it was necessary to obtain the effective concentration of MS and PPI in their corresponding phase. When the
mechanical properties of separate phases are known from their concentration, different theories can be applied to estimate the properties of composite
gels.
In our study, the mass of MS, mMS , PPI, mPPI and water, mwater were known according to the gel recipe. The density values of MS powder, ρMS , and
PPI powder, ρPPI , used in this study were 1.5 (Marousis et al., 1990) and 1.35 g/cm3 (Fischer et al., 2004), respectively. Density of water, ρwater , is 1 g/
cm3 .
The volume of MS powder, VMS powder , PPI powder, VPPI powder , and water, VWater , in the gel was:
VMS powder =

mMS

ρMS

= 0.67mMS
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mPPI

ρPPI

mwater

ρwater

= 0.74mPPI

= mwater

The total volume of the gel, Vgel , was defined as:
Vgel = VMS powder + VPPI powder + Vwater
The volume fraction of MS, ∅MS , or PPI, ∅PPI , was determined from the CLSM images, and the obtained values are shown in Figs. 4a and 6a. Thus
the volume of starch phase, VMS , or protein phase, VPPI can be derived from Vgel :
VMS = Vgel *∅MS
VPPI = Vgel *∅PPI
The volume of water in the starch phase, VWater in MS , or protein phase VWater in PPI was defined as:
VWater in MS = VMS − VMS powder
VWater in PPI = VPPI − VPPI powder
The concentration of starch, CMS , or protein, CPPI , in their corresponding phase was defined as:
CMS =

mMS
mMS + mwater in MS

CPPI =

mPPI
mPPI + mwater in PPI

which can be rewritten as:
CMS =

mMS
(0.67mMS + 0.74mPPI + mwater )∗∅MS − 0.67mMS

CPPI =

mPPI
(0.67mMS + 0.74mPPI + mwater )∗∅PPI + 0.26mPPI
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physical and rheological properties of wheat starch. Starch - Stärke, 59(12), 614–623.

14

