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A B S T R A C T   

Commercial plant protein isolates generally contain a substantial fraction of large insoluble protein particles. We 
study how these affect the gelation properties of heat-induced protein gels (15% w/w protein, pH 7) and used 
homogenization as a mean to reduce the particle size of the insoluble fraction before gelation. Three different 
commercial plant proteins were studied as models for isolates differing in dispersibility and size of insoluble 
protein particles: Fava bean (FBPI), Pea (PPI) and Mung bean (MBPI). As expected, homogenization (50 MPa, 2 
cycles) reduced the particle size and improved the dry matter dispersibility of protein dispersions. We found that 
the (shear) storage modulus G’ and critical shear strain for fracture of gels obtained after heating were not 
consistently impacted by homogenization. In contrast, fracture properties in uniaxial compression were sensitive 
to homogenization, with homogenization leading to gels that are more resistant to fracture. Gels obtained from 
the isolate with the smallest fraction of insoluble particles and still contained native proteins, FBPI, were the 
most fracture resistant. Fluorescence microscopy indicated that the insoluble fraction remained well-dispersed in 
the matrix after heat-induced gelation and that homogenization led to a more homogeneous appearance of the 
protein networks, with smaller particles being homogeneously dispersed in the continuous background. We 
conclude that mechanically breaking down insoluble particles in commercial plant protein isolates contributes 
strongly to their functionality by reducing the number of large insoluble particles that act as effective nucleation 
points for hydrogel fracture.   

1. Introduction 

Plant protein functionality is rapidly gaining interest as a topic in 
current food science. This is the result of the growing role of plant 
proteins in providing healthy food for the growing world population in a 
sustainable way (Aiking & de Boer, 2020; Day, Cakebread, & Loveday, 
2022; Sun-Waterhouse, Zhao, & Waterhouse, 2014). A key functionality 
of proteins in food is to provide structure and texture by network for
mation, for example by heat-induced gelation. Although the propensity 
for heat-induced gelation varies strongly among various plant protein 
sources, most of the currently used commercial plant protein isolates 
have rather poor gelling properties (Johansson et al., 2021; Shand, Ya, 
Pietrasik, & Wanasundara, 2007). 

The legume soy is often used as a benchmark in plant protein gela
tion due to the relatively good gelling and structuring behaviour of soy 
proteins, in contrast to other legume and oilseed proteins (Berghout, 
Boom, & van der Goot, 2015). However, there is a strong interest in 

diversifying plant protein sources, for example in view of concerns 
around allergenicity, sustainability and GMO-status of soy proteins (Ong 
et al., 2022). Other protein sources that exhibit excellent gelling prop
erties include leaf proteins, such as RuBisCO (Martin, Nieuwland, & De 
Jong, 2014). These indeed require a rather low critical concentration for 
gel formation, but unfortunately, RuBisCO and similar proteins are not 
yet commercially available at large scale and competitive prices. 

Therefore, a key question remains how to get the maximum func
tionality out of the less than ideal plant protein isolates currently 
available and used in food industry. It is widely agreed that to a large 
part, loss of the innate functionality of commonly used commercial 
legume proteins such as pea, occurs during the processing steps required 
for isolate production. These include alkaline protein solubilization, 
isoelectric precipitation, heating and spray-drying. Conditions in these 
steps can be harsh (e.g. extreme pH, pasteurization or sterilization to 
ensure microbiological safety) leading to protein denaturation, aggre
gation, insolubility and hence to lower functionality (J. Yang, 
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Mocking-Bode, et al., 2022). 
Many scientific studies on the functional properties of plant proteins 

are not performed with commercial protein isolates, but with fractions 
obtained from milder (lab scale) isolation procedures. This generally 
leads to preparations with an overall higher functionality and a lower 
fraction of insoluble particles. Indeed, solubility is a prerequisite for 
gelation capacity (Nicolai & Chassenieux, 2019; Shand et al., 2007). 
Some studies that do use (commercial) plant protein isolates first 
remove the insoluble fraction, for example by using centrifugation (Jo, 
Huang, & Chen, 2020; McCann, Guyon, Fischer, & Day, 2018). It has 
been suggested that one approach to improve gelling properties is to 
separate soluble and insoluble protein fractions and remix them at 
different ratios to tailor functionality, since these fractions have signif
icantly different physicochemical properties (Moll, Salminen, Seitz, 
Schmitt, & Weiss, 2022). However, this would not be economical at 
industrial scale. 

While many protein treatment strategies exist (chemical, enzymatic, 
physical) that one could consider to maximize the functionality of 
commercial plant protein isolates, very few of these are yet feasible and 
economical at industrial scale. (Sun-Waterhouse et al., 2014). A notable 
exception is high pressure homogenization, which is known to enhance 
the functional properties of proteins and other biomacromolecules. 
Homogenization and shear treatment are common processing steps at 
industrial level, but the impact of these treatments on the food func
tionality of the proteins, for example the resulting mechanics of heat-set 
gels, has not been characterized very well and is poorly understood. 

During homogenization, fluid is pressurized through a narrow valve, 
disrupting particles by hydrodynamic cavitation, turbulence and shear 
forces (Ong et al., 2022; Sahil, Madhumita, Prabhakar, & Kumar, 2022; 
Sun-Waterhouse et al., 2014). In scientific literature often relatively 
high pressures are used to explore the effect of homogenization on 
protein functionality. However, moderate pressures (20–50 MPa) are 
more conventionally used in food industry processes and should there
fore also be considered (Luo, Wang, et al., 2022). Additionally, while 
homogenization at moderate pressures may decrease particle size and 
increase the solubility of various plant proteins, extensive homogeni
zation at high pressures can also have the opposite effects of promoting 
aggregation and a decreasing solubility (Levy, Okun, 
Davidovich-Pinhas, & Shpigelman, 2021; Luo, Cheng, Zhang, & Yang, 
2022; Melchior, Moretton, Calligaris, Manzocco, & Nicoli, 2022; Ong 
et al., 2022; Sahil et al., 2022; Saricaoglu, 2020; Shkolnikov Lozober, 
Okun, & Shpigelman, 2021; Yang, Liu, Zeng, & Chen, 2018). Finally, to 
be relevant for the food industry, the effect of homogenization should be 
studied for dispersions of relatively high protein concentration to con
nect to processes for producing products such as plant-based yoghurts 
and cheeses. 

In earlier studies on the impact of homogenization on gelation 
properties, the emphasis was on the linear rheological properties of the 
heat-induced gels. In these studies, it was found that homogenization 
may increase the shear modulus G’ of heat-set gels (Kang et al., 2022; 
Luo, Cheng, et al., 2022; Ong et al., 2022; Saricaoglu, 2020; Zhao, Liu, & 
Xue, 2023). Specifically, it was reported (Ong et al., 2022) that 15% 
w/w commercial pea protein, which was dispersed by only stirring, 
could not form a self-standing heat-induced gel. While after homoge
nization of the protein, freeze-drying, re-dispersion and subsequent 
heating, self-standing gels were formed. In another study (Luo, Cheng, 
et al., 2022), it was observed that homogenization of lab-extracted 
quinoa protein isolate affected both the small and large deformation 
rheology, leading to an increase in complex modulus and increase of the 
strain at break for 5% w/w heat-set gels. Regarding the dependence on 
the pressure of homogenization, it has been shown (Saricaoglu, 2020) 
that homogenization can lead to more pronounced heat-induced gela
tion of lentil proteins, but only up to a certain pressure. Only a few other 
authors used penetration or compression tests to characterize the me
chanics of heat-induced plant protein gels and found that homogeniza
tion treatments increased gel strength for respectively, lupin and 11S soy 

globulin (Bader, Bez, & Eisner, 2011; Kang et al., 2022). 
Most of the above studies did not use commercial plant protein iso

lates, and most did not comprehensively characterize the effects of ho
mogenization on both linear and non-linear rheology of heat-induced 
plant protein gels. Neither did these studies relate mechanical changes 
to changes to the microstructure, for a range of protein sources. 
Therefore, we here aim to comprehensively study the effect of the 
insoluble fraction (by comparing samples with and without homogeni
zation) on both the linear and non-linear rheology of heat-induced plant 
protein gels, in relation to their microstructure as characterized using 
confocal scanning laser microscopy (CSLM). We do so for three heat- 
induced commercial plant protein isolate gels: Fava bean, Pea and 
Mung bean. 

These were chosen as models for commercial isolates with varying 
degrees of dispersibility: the particular Mung bean isolate that we used 
was poorly dispersible and had a substantial fraction of insoluble par
ticles. In this study, to be able to properly disperse this powder, we 
performed an additional bead milling step before dispersion. In contrast, 
the Fava bean isolate that we used was very dispersible and had only a 
small amount of insoluble particles. Finally, the pea protein isolate that 
we used had a dispersibility in between the dispersibility of FBPI and 
MBPI. Our comprehensive study points to a very clear negative role for 
large insoluble particles in the crucially important fracture properties of 
heat-induced plant protein gels. 

2. Materials & methods 

2.1. Materials 

Commercial plant protein isolate of Fava bean (FBPI) was obtained 
from Cosun Protein (Fava HQ Isolate, the Netherlands), Pea (PPI) was 
supplied by Yantai Shuangta Food Co., Ltd. (Pea Protein 85%, China) 
and Mung bean (MBPI) was provided by Fuji Oil (Fuji Oil MPI-ER, 
China). The protein content of the isolates was determined to be 78.9, 
73.7 and 74.0% w/w for FBPI, PPI and MBPI respectively as measured 
using Dumas and a N-factor of 5.7. Fluorescent dyes Rhodamine B, NHS- 
Rhodamine, NHS-Fluorescein and SDS-PAGE supplies were purchased 
from Thermo Fisher Scientific (USA). All other chemicals (analytical 
grade) were from Merck (Germany). Demineralized water was used in 
all samples. 

2.2. Powder milling 

MBPI powder was found to give highly aerated dispersions at 15% 
w/w protein content. As such, it was subjected to a milling step before 
dispersion. This was done to decrease the powder particle size and 
airiness of the protein particles and improve powder dispersibility. A 
planetary bead mill (Pulverisette 5 Premium line, Fritsch, Germany) was 
used to mill MBPI for 8 1-min cycles at 400 rpm. Resting cycles of 1 min 
were included between every cycle to prevent the powder from heating 
as were 5-min resting cycles between cycles 3 and 4 and between cycles 
6 and 7. 

2.3. Sample preparation 

Plant protein isolate was dispersed in demineralized water (15–16% 
w/w protein) and stirred by using an overhead stirrer for 2 h at room 
temperature. FBPI and PPI protein dispersions were homogenized by 
using a two-stage high pressure homogenizer (Panda Plus 2000; GEA, 
Italy) at 50 MPa (500 bar) for 2 cycles. During these 2 cycles, the tem
perature of the samples did not exceed 35 ◦C and afterwards protein 
content was adjusted to 15%. Sample preparation of PPI is visualized in 
Figs. SI–1. Fifteen percent MBPI protein dispersions could not be ho
mogenized probably because the particles were too coarse or too hard. 
Therefore MBPI was diluted to 7.5% protein, homogenized (50 MPa, 2 
cycles), freeze-dried and redispersed at 15% protein content. Both 
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homogenized and non-homogenized dispersions were adjusted to pH 7.0 
by using 1M sulfuric acid/NaOH and standardized at an ionic strength of 
30–45 mM NaCl equivalent. 

Samples used for compression tests were prepared by pouring the 
15% w/w protein dispersions into 10 mL syringes that were lubricated 
on the inside with a thin paraffin oil layer. The dispersions were then 
heated for 30 min at 95 ◦C in a water bath. The gels were cooled to room 
temperature for 1 h after which they were stored at 4 ◦C for at least 16 h. 
Before analysis, the gels were cut into cylinders 15 mm long and 15 mm 
in diameter and equilibrated to room temperature for 1 h. 

2.4. Dry matter dispersibility 

The dispersibility of the different protein isolates in demineralized 
water at pH 7 was determined by centrifugation. Fifteen percent w/w 
protein dispersions were diluted to 5% w/w protein and then centri
fuged at 4000g for 30 min (20 ◦C). The obtained supernatants and pellets 
were dried in an oven at 105 ◦C for a minimum of 16 h. The dry matter 
dispersibility was defined by the mass of dry matter in the supernatant 
divided by the initial mass of dry matter in dispersion. 

2.5. Particle size distribution 

Static light scattering was used to determine the particle size distri
bution of (non) homogenized protein dispersions with a Mastersizer 
3000 equipped with a wet sample dispersion unit (Malvern Instruments 
Ltd, UK). The measurements were conducted using a refractive index of 
1.45 and 1.33 for the dispersed and continuous phase respectively and 
an adsorption index of 0.001. The particle size distribution was reported 
as volume based distribution and samples were measured in triplicate. 

2.6. SDS-PAGE 

Non-reducing and reducing SDS-PAGE were conducted to analyse 
the protein composition of the different protein isolates. 4–12% Bis-Tris 
gels along with MES SDS running buffer were used. Protein dispersions 
were diluted to 0.1% protein content in pH 7.0 phosphate buffer and 15 
μL was added to 45 μL of running buffer for non-reducing conditions. For 
reducing conditions, 6 μL of running buffer was replaced by 6 μL of DTT 
solution. All solutions were heated at 70 ◦C for 10 min and were then 
cooled down to room temperature and centrifuged (Hermle Z306, 
1000g, 1 min). 15 μL of supernatant was loaded in each well and a 
molecular weight marker of 2.5–200 kDa (Mark12™, ThermoFisher) 
was loaded for reference. Electrophoresis was carried out at 200V for 35 
min in a XCell Surelock Mini-Cell. Afterwards, the gels were washed 
with deionized water and stained using SimplyBlue SafeStain. The gels 
were stored in a 20% NaCl solution and scanned with a Bio-Rad GS900 
gel scanner. 

2.7. Differential Scanning Calorimetry (DSC) 

DSC was used to determine the denaturation temperatures of the 
different commercial protein isolates. High volume and Tzero Hermetic 
pans (TA Instruments, New Castle, USA) were filled will 15% w/w 
protein dispersion (pH 7). The samples were measured with a DSC25 
differential scanning calorimeter (TA instruments, New Castle, USA) and 
heated from 20 to 120 ◦C with a temperature increase of 10 ◦C/min. All 
samples were measured in triplicate and data processing was performed 
with TRIOS software for thermal analysis from TA Instruments. 

2.8. Rheology 

2.8.1. Small amplitude oscillatory shear measurement 
Gelation of protein dispersions (15% w/w protein, pH 7) was 

induced by performing a temperature sweep in a stress-controlled 
MCR302 rheometer (Anton Paar, Graz, Austria). The sample was 

transferred into a sandblasted CC-17 concentric cylinder system. A layer 
of paraffin oil was placed on the sample and a solvent trap was used to 
prevent sample evaporation upon heating. During the temperature 
sweep, the samples were heated from 20 to 95 ◦C at a rate of 3 ◦C/min 
and the samples were maintained at 95 ◦C for 30 min. After that, the 
samples were cooled to 20C at the same rate and lastly the sample was 
kept at 20 ◦C for 10 min to verify there was no further gel solidification. 
This test was performed at a fixed strain (0.1%) and frequency (1Hz), 
which did not exceed the linear viscoelastic regime (LVER). The visco
elastic response, storage modulus G’ and loss modulus G”, were recorded 
throughout the measurement. 

2.8.2. Large amplitude oscillatory shear measurement 
LAOS amplitude-sweep tests were performed to investigate the 

viscoelastic behaviour of protein gels in the non-linear viscoelastic 
regime. The heat-induced gels were subjected to an amplitude sweep 
from 0.01 to 1000% at a constant frequency of 1Hz and 20 ◦C. G′ and G” 
were recorded as a function of strain. The critical strain of the heat set 
gels was defined to be the intercept of the constant plateau value G′ in 
the linear-viscoelastic regime and the extrapolated slope during the 
steep decrease in G’ at increasing strain (Figs. SI–2). 

2.9. Uniaxial compression test 

The mechanical properties of gels were measured using a Texture 
Analyzer (TA.XT. plus, Stable Micro Systems Ltd, UK) equipped with a 1 
or 5 kg load cell and P/50 (50 mm diameter) probe. An uniaxial 
compression test was performed at a compression speed of 1 mm/s up 
until 90% strain. Paraffin oil was applied on the probe and TA surface for 
lubrication. The engineering stress (σ) of the gel was calculated by 
dividing the force (F) measured during compression by the initial cross- 
sectional surface area (A) of the gel (σ = F/A). The engineering, Cauchy 
strain (γ) was determined to be the change of gel height after 
compression (ΔL) divided by its initial height (L0) (γ = ΔL/L0). The 
change in surface area during compression was not taken into account as 
gel samples deformed differently (Figs. SI–3). The stress and strain at the 
fracture point of the gels were studied, giving a measure for the hardness 
and brittleness, respectively. The Young’s Modulus (E), which is equal to 
the slope of the linear part of the stress-strain curve (E = Δσ/Δγ), was 
determined and is a measure of the stiffness of a gel. The measurements 
were performed at least in triplicate. 

2.10. Microscopy 

2.10.1. Single staining 
Protein dispersions (15% w/w protein, pH 7, 30 mM) were labelled 

non-covalently with Rhodamine B having a final dye concentration of 
0.005%. The stained dispersions were transferred to sealed glass slides 
(Gene frame 65 μL adhesives, Thermo Fisher Scientific, UK) and heated 
in a water bath at 95 ◦C for 30 min after which they were cooled down to 
room temperature. 

2.10.2. Double staining 
Two different fluorescent dyes were used to covalently label the 

dispersible and insoluble fraction of the plant protein isolates to 
distinguish their separate orientation in the microstructure. Fifteen 
percent w/w protein dispersions were diluted to 5% w/w protein with 
demineralized water and centrifuged as described in Section 2.4. The 
pellet was then washed and centrifuged for another two cycles. Diluted 
pellet (referred to as insoluble fraction) and supernatant (referred to as 
dispersible fraction) were incubated at pH 7.0 for 1 h (20 ◦C) with NHS- 
Fluorescein and NHS-Rhodamine respectively, at a concentration of 167 
ppm w/w protein. The dispersible fraction was dialyzed using dialysis 
membranes with 12–14 kDa pore size for ~24h at 4 ◦C including 3 water 
refreshments. The insoluble fraction was washed and centrifuged 4–5 
times (4000g, 30 min) until the supernatant was colourless. Both 
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fractions were freeze-dried and redispersed in demineralized water and 
stirred for 2 h at room temperature. Insoluble and dispersible fractions 
were combined for a final protein concentration of 12–15% w/w and 
stirred for 1 h. Microscope slides were prepared and heated as described 
in the previous section. 

The microstructures were visualized using a Nikon C2 confocal laser 
scanning microscope. A 10× objective and 60× oil immersion objective 
were used for magnification. For (NHS-)Rhodamine B labelled protein 
samples, the laser excitation wavelength was 561 nm and the emitted 
signal was acquired with a 595/40 nm filter. Additionally for the double 
stained samples, NHS-Fluorescein was excited at 488 nm and the 
emitted signal was detected using a 525/50 nm filter. 

2.11. Statistical analysis 

Measurements were conducted at least in duplicate with at least two 
prepared samples, except for SDS-PAGE and CLSM analysis. Unless 
stated otherwise, all results are presented as mean ± standard deviation. 
Significant differences between sample treatments (stirred vs stirred +
homogenized) and among the three protein isolates were determined by 
a one-way analysis of variance (ANOVA) followed by a Duncan post hoc 
test. A significance level of p < 0.05 was used and analysis was con
ducted with SPSS Version 28 (IBM Corp., USA). 

3. Results 

Fig. 1 shows a schematic overview of our study. As mentioned, three 
distinct commercial plant protein sources were studied that cover a 
broad range of degrees of dispersibility and a broad range of fractions of 
insoluble particles, with commercial fava bean protein isolate (FBPI) 

having the highest dispersibility and smallest fraction of insoluble par
ticles, commercial mung bean protein isolate (MBPI) having the lowest 
dispersibility and largest fraction of insoluble particles, and commercial 
pea protein isolate (PPI) being intermediate. As representative mild 
agitation we use an overhead stirrer (‘Stirred’ samples). Part of the 
stirred samples were additionally homogenized. Both the stirred and 
stirred + homogenized samples were analysed using a range of methods, 
as we describe below. 

3.1. Effect of homogenization on protein dispersion 

First, consider the impact of homogenization on the particle size 
distribution of the protein dispersions. Homogenization reduced the 
particle size in all cases, but the effect was largest for FBPI followed by 
PPI and MBPI (Fig. 2). This indicated that the mechanical forces during 
homogenization broke down and dissociated commercial plant protein 
particles and that the extent was different per source. As observed with 
light microscopy (results not shown) FBPI contained less insoluble 
particles (>50 μm) compared to PPI and MBPI, and these were all 
broken down into smaller particles under the homogenization condi
tions used here. We observed that concentrated dispersions (15% w/w 
protein) of MBPI could not be homogenized. This could possibly be due 
to hard and coarse particles. These results are in line with earlier work, 
which also established a decrease in particle size by homogenization 
treatment. For example, this was established for commercial pea pro
teins (Luo, Wang, et al., 2022; Ong et al., 2022), lentil proteins (Sar
icaoglu, 2020), novel fruit seed and hemp seed proteins (Zhao et al., 
2023), commercial chickpea protein (Huang et al., 2022), lupin protein 
(Bader et al., 2011), 11S soy protein (Kang et al., 2022) and fava bean 
proteins (Yang et al., 2018). Our results however, by comparing multiple 

Fig. 1. Schematic overview of plant protein model systems, treatment and analysis. Plant proteins were dispersed, stirred and either homogenized or not.  
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sources, clearly demonstrate that the extent to which particles can be 
broken down under identical homogenization conditions, is very much 
source-dependent. 

The particle size distributions do not yet inform about the fraction of 
material that is present as insoluble particles. Therefore, the fraction of 
dispersible material (‘dispersibility’ in %), both before and after ho
mogenization was determined. Fig. 3 shows that FBPI had the highest 
dispersibility whereas PPI and MBPI were significantly less dispersible 
(p < 0.05) without treatment. This may indicate that the three protein 
isolates were produced using different processing conditions which 
affected the protein particles’ state and size. Homogenization positively 
affected dispersibility for all sources, but clearly, the least dispersible 
protein isolates (PPI and MBPI) benefited most from the homogenization 

treatment. Again, these findings are in line with earlier studies on pea 
proteins (Luo, Wang, et al., 2022; Ong et al., 2022), lentil proteins 
(Saricaoglu, 2020), novel fruit seed and hemp seed proteins (Zhao et al., 
2023), commercial chickpea protein (Huang et al., 2022), lupin protein 
(Bader et al., 2011), 11S soy protein (Kang et al., 2022) and fava bean 
proteins (Yang et al., 2018). 

Note however, that while we use a single homogenization condition 
for all three sources (50 MPa_2cylces), in general the relation between 
homogenization pressure, cycles and protein dispersibility seems to 
have a source-dependent optimum, as reported by Saricaoglu and Kang 
(Kang et al., 2022; Saricaoglu, 2020). As mentioned earlier, during ho
mogenization proteins can unfold due to mechanical forces and thermal 
effects, which may lead to protein re-aggregation and an increase in 
particle size. Possibly for example, the MBPI might benefit from treat
ment at higher pressures with more cycles, whereas for FBPI more 
extensive treatment may not be needed or may even have adverse 
effects. 

3.2. Gelling behaviour after homogenization 

3.2.1. Small deformation rheology 
While for food functionality it is mainly the non-linear, large defor

mation rheology that is of importance, the linear small deformation 
rheology is useful as a first characterization method, that is often more 
amenable to theoretical interpretation. Additionally, linear rheology 
analysis can give insight into gel property development during the total 
gelation process. Fig. 4A shows a representative measurement of the 
development of the storage modulus G′ and loss modulus G” during 
heating and subsequent cooling of the protein dispersions. Fig. 4B re
ports values of the modulus G’ at key time points for the three protein 
sources, for both stirred and stirred + homogenized samples during the 
temperature sweep. 

Normally, during heat-induced gelation, a gel point is defined as the 
point of the transition from G’<G″ to G’>G″ and this is a widely accepted 
criterion for the transition of a viscous material into a viscoelastic gel. In 
our study, only FBPI samples showed this point after ~13 min at ~59 ◦C, 
regardless of the treatment. All other samples already showed G’>G″ 
from the beginning of the temperature sweep, although the unheated 
protein dispersions were no gels. It should be noted that there was a 
difference in G′ and tan δ (tan δ = G”/G′) at 20 ◦C between stirred and 
stirred + homogenized PPI, which is in accordance with the liquid-like 
state of the stirred sample (G’~1–10 Pa, tan δ = 0,8) and the more pasty 
state of the stirred + homogenized sample (G’~100 Pa, tan δ = 0,3). 

Fig. 2. Particle size distribution decreased after homogenization of FBPI 
(green), PPI (blue) and MBPI (orange) dispersions. Stirred samples are indicated 
by a solid line and stirred + homogenized samples are indicated by a 
dashed line. 

Fig. 3. Dry matter (DM) dispersibility of the protein dispersions increased after 
homogenization. Stirred samples are indicated by a solid bar and stirred +
homogenized samples by a dashed bar. Dry matter dispersibility is defined as 
the percentage of DM that remained in the supernatant after centrifugation at 
pH 7. Asterisk * indicates a significant difference (p < 0.05) be
tween treatments. 
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During heating, the modulus G′ of all samples increased as a result of 
mainly hydrophobic interactions and to a lesser extent covalent bonds. 
As often observed, upon cooling the moduli increase was further 
enhanced, possibly due to electrostatic interactions and the formation of 
hydrogen bonds (Tanger, Müller, Andlinger, & Kulozik, 2022). Final 
moduli G′ after cooling were around 103–104 Pa. The highest modulus 
for stirred samples was observed for MBPI (11 ± 4.7 kPa), followed by 
FBPI (10 ± 1.2 kPa) and PPI (4.1 ± 0.8 kPa kPa). Interestingly, particle 
size reduction through homogenization only increased G′ for MBPI (to 
27 ± 4.2 kPa) (p < 0.05) and did not affect the final linear storage 
moduli of the other heat-induced gels (10 ± 2.3 kPa for FBPI and 3.4 ±
1.3 kPa for PPI). After the temperature sweep, a frequency sweep was 
performed (at 0.1% strain) and there we observed similar behaviour for 
all samples regardless of source or treatment. We found that G’>G” over 
the whole tested frequency range and G’ only slightly increased at 
increasing frequency, which indicates the viscoelasticity of the gels 
(example in Figs. SI–4). 

Our findings are in contrast with some earlier work on homogenized 
lab-extracted proteins. An increase in G′ from ~1100 to ~3000 Pa was 
found for a heat-induced 9% soy protein gel after homogenization (150 
MPa, 2 cycles) (Kang et al., 2022). In another study, G′ for a 5% quinoa 
heated dispersion doubled after homogenization (50 MPa, 5 cycles) 
although these structures were only very weak gels (G~101 Pa) (Luo, 
Cheng, et al., 2022). These authors found that the effect on G’ was 
proportional to the homogenization pressure and number of cycles, but 
the used conditions were not comparable to our study, since dilute 
systems containing lab-extracted proteins were used. 

Additionally, the effect of homogenization may depend on the pro
tein source. Indeed, again for lab-extracted proteins, Zhao (Zhao et al., 
2023) showed an increase in G′ of homogenized heat-induced gels 
varying from ~102 to 105 Pa depending on the (novel) protein source. 
However, in other cases, such as for plum seed protein isolate, homog
enization did not have an impact on G’. 

A final comparison is with a lab-extracted unhomogenized FBPI. For 
samples heated under comparable conditions, a G′ of approximately 2 
kPa was found (Langton et al., 2020), a considerably lower value than in 
our experiment. Because of their use of lab-extracted proteins, all of 
these results may not be directly comparable to our reported results, 
since in our case the proteins may already be substantially denatured 
and contain significant fractions of insoluble particles. Kornet reported a 
G′ of about ~1–5 kPa for a 15% commercial PPI gel and pea protein 
lab-extracted by isoelectric precipitation, but for pea protein 
lab-extracted by diafiltration this G’ value about doubled (Kornet et al., 
2021). 

In a rare example of a report on commercial pea protein isolate (Ong 

et al., 2022), stirred protein dispersion (15% w/w protein) could not 
form a heat-induced gel in contrast to homogenized dispersions. These 
gels were still rather soft and had a G′ of ~103 Pa, independent of 
pressure (60–120 MPa) and number of cycles (1–3). However, when 
increasing the number of cycles to 5 or increasing the pressure to 180 
MPa for at least 3 cycles, the G’ was significantly increased. 

3.2.2. Large deformation rheology 
The results of our non-linear rheological characterization of the 

different protein gels under oscillatory shear deformation are shown in 
Fig. 5. Representative flow curves (shear modulus G’ versus strain at a 
fixed frequency of 1Hz are presented in Fig. 5A. The gels did not show 
clear fracture but rather exhibited a broad regime of plastic deformation. 
As a measure of their deformability, we determined the critical strain 
demarcating the end of the linear viscoelastic region and the start of the 
non-linear viscoelastic region of plastic deformation. Homogenization 
only increased the critical strain of FBPI, promoting the deformability of 
the gel. The critical strain and thus deformability of the MBPI gels was 
found to be remarkably low as compared to the FBPI and MBPI gels (p <
0.05). We found that the critical strain correlated with the fraction of 
insoluble particles in the protein isolates: MBPI produced brittle gels 
whereas PPI and FBPI produced more ductile gels. 

3.2.3. Compression test 
Especially for non-linear deformations, mechanical behaviour may 

depend on the type of deformation. Compression is a type of deforma
tion that is highly relevant for foods, hence we also used a compression 
test to characterize the complementary mechanics of our heat-induced 
gels. Fig. 6 shows representative stress-strain curves under compres
sion for FBPI, PPI and MBPI heat-induced gels obtained from stirred and 
stirred + homogenized protein dispersions. These curves show the same 
significant effect of homogenization for all three sources: the gels reach 
higher stresses and strains before failing, and if they fail they do so in a 
more brittle manner than the gels obtained from the stirred dispersions; 
these fail in a more ductile manner. Unhomogenized PPI and MBPI 
showed very weak gelation ability, and the structures formed after 
heating showed more yielding than fracture. Concerning differences 
between the sources, it is clear that the isolate with the highest dis
persibility and smallest fraction of insoluble particles produced the 
strongest gels: the FBPI gels obtained from only stirred dispersions and 
stirred + homogenized dispersions reached the highest stresses and 
largest deformations before failing. On the other hand, changes due to 
homogenization, especially at lower strains, were large for the source 
that was least dispersible and which had the largest fraction of insoluble 
particles (MBPI). 

Fig. 4. A) Example of storage modulus G’ (solid black line) and loss modulus G” (solid grey line) development during a temperature sweep (dotted grey line) in 
rheometer on a 15% w/w plant protein dispersion at pH 7. Arrows indicate temperatures at which G′ values are compared in Figure B. B) G′ of 15% w/w FBPI (green), 
PPI (blue) and MBPI (orange) stirred protein dispersions (solid bar) and stirred + homogenized dispersions (dashed bar) at 20 ◦C, 95 ◦C and 20 ◦C after temperature 
sweep. Asterisk * indicates a significant difference (p < 0.05) between treatments. 
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From the initial linear slopes of the compression curves, the estimate 
of the Young’s modulus was derived for each source, which is shown in 
Fig. 7. Homogenized gels showed an increase in stiffness, but this effect 
was most pronounced for MBPI. For incompressible samples (Poisson’s 
ratio μ = 0.5) the Young’s modulus E is expected to be related to the 

(zero frequency) shear modulus G by E~3G, as both G and E are 
measured in the linear deformation regime (Mezger, 2014; Stading & 
Hermansson, 1991). For all FBPI samples and PPI samples, this corre
lation indeed holds to a reasonable approximation (ratio E:G~2.3–3.9; 
assuming that G′ at 1Hz is close to G) (Table SI-1). In addition, E fol
lowed the same order of magnitude as G for homogenized samples; 
MBPI > FBPI > PPI. However, especially for stirred MBPI samples there 
appears to be a discrepancy between the moduli found in shear and 
compression. Since the breaking strain of stirred MBPI (Fig. 5) is very 
low, we in fact assume that these gels already fail at very low strains in 
the compression test, limiting our ability to reliably determine E for this 
case. 

3.3. Microstructure 

To be able to relate the mechanical behaviour to the microstructure 
of the heat-induced protein gels, CLSM was used to visualize gel struc
tures at the μm scale. First, the non-covalent dye Rhodamine B was used 
to visualize the entire heat-induced gel protein network. We did this for 
samples of which the proteins were dispersed by only stirring (“stirred”), 
and for samples for which the proteins were dispersed by both stirring 
and homogenization (“stirred + homogenized”) (Fig. 8). 

For the stirred samples, the images of the PPI and MBPI gels show a 
microstructure of quite densely packed insoluble particles in a contin
uous matrix. From the images for FBPI the fraction of these insoluble 
particles appeared lower, and the extent of the continuous matrix 

Fig. 5. (A) Amplitude sweep of 15% w/w FBPI (green), PPI (blue) and MBPI (orange) heat-induced gels. Stirred samples are indicated by filled circles and stirred +
homogenized samples by open circles. The critical strain of the gels (B) was defined to be the intercept of the constant plateau value G′ in the linear viscoelastic 
regime and the extrapolated slope during the steep decrease in G′ at increasing strain. Asterisk * indicates a significant difference (p < 0.05) between treatments. 

Fig. 6. Stress-strain curves of stirred (solid line) and stirred + homogenized (dashed line) heat-induced FBPI (green), PPI (blue) and MBPI (orange) gels (15% w/w 
protein, pH 7) obtained during uniaxial compression. Note that FBPI stress axis ≫ PPI and MBPI stress axis. 

Fig. 7. Young’s modulus of heat-induced FBPI, PPI and MBPI gels (15% w/w 
protein, pH 7) obtained during uniaxial compression. Solid bars indicate stirred 
dispersions and dashed bars indicate stirred + homogenized dispersions. 
Asterisk * indicates a significant difference (p < 0.05) between treatments. 
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appeared to be larger than for PPI and MBPI gels. 
Upon homogenization, the particle size of the protein dispersions 

decreased and this also led to a more homogeneous microstructure, 
especially for FBPI and PPI. Homogenized MBPI had a less fine gel 
microstructure, possibly due to freeze drying and re-dispersion after 
homogenization before gelation. 

Large, polydisperse irregularly shaped insoluble particles were also 
observed in microscopy images of heat-induced gels made from com
mercial PPI (Johansson et al., 2021; Kornet et al., 2021) and in enzyme 
crosslinked commercial soy protein isolate gel (Herz, Schäfer, Terjung, 

Gibis, & Weiss, 2021). On the other hand, in the study of Ben-Harb 
(Ben-Harb et al., 2018), a more homogeneous appearance of a com
mercial PPI gel was observed after heating. Above all, it was clear that 
the microstructure of heat-induced gels obtained from commercial plant 
protein powders was remarkably different than that for similar proteins 
isolated at lab scale. The microstructure of lab-extracted PPI (Kornet 
et al., 2021), FBPI (Langton et al., 2020), quinoa protein isolate (Luo, 
Cheng, et al., 2022) and soy protein isolate (Ersch et al., 2016) was 
smoother and more homogeneous than our gels. 

Next, we aimed at separately imaging the fraction of the proteins that 

Fig. 8. CLSM images visualizing the microstructure of heat-induced gels of stirred (upper row) and stirred + homogenized (lower row) FBPI (green), PPI (blue) and 
MBPI (orange) dispersions (15% w/w protein, pH 7). Proteins are shown in red and the scale bar indicates 100 μm. 

Fig. 9. CLSM images visualizing the insoluble fraction (green) and dispersible fraction (magenta) of FBPI (green), PPI (blue) and MBPI (orange) stirred dispersions 
(upper row) and heat-induced gels (lower row) (12–15% w/w protein, pH 7). The scale bar indicates 20 μm and intensities are not quantitative. 
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was initially well-dispersed (“dispersible fraction”) and the fraction that 
was initially poorly dispersed (“insoluble fraction”). To do so, we 
separated the dispersible fraction and insoluble fractions by centrifu
gation and covalently conjugated different fluorescent dyes to the two 
different fractions. After thoroughly removing all free dye, the two 
fractions were recombined and heated to form gels. Results are shown in 
Fig. 9. It was observed that the initially insoluble particles (green) 
remained visible after heating and were homogeneously distributed 
throughout a continuous network consisting of the initially dispersible 
proteins (magenta) (Fig. 9). 

3.4. Characterization of protein isolates 

The difference that we observe in terms of microstructure and me
chanical properties for FBPI, PPI and MBPI may not only be due to 
differences in dispersibility and the fractions and size distributions of 
insoluble particles. At least in part they probably also arise as a conse
quence of the different nature of the proteins in the different seeds. To 
address this, we performed additional characterization experiments on 
the three different protein powders and dispersions. 

SDS-PAGE analysis was performed to determine the protein fractions 
in each protein isolate, as can be seen in Fig. 10. FBPI and PPI contained 
both legumin (11S) and vicilin (7S/8S) fractions whereas MBPI con
sisted mainly of vicilin. In FBPI and PPI, Legumin is the major compo
nent (~60 kDa) which can be dissociated into a ~40 kDa α-legumin and 
~20 kDa β-legumin under reducing conditions as these subunits are 
covalently linked by disulphide bonds. Other bands indicated Convicilin 
(~70 kDa) and Vicilin (~33 and 50 kDa) (FBPI (Sharan et al., 2021; 
Vogelsang-O’Dwyer et al., 2020; Warsame, Michael, O’Sullivan, & Tosi, 
2020); PPI; (Kornet et al., 2021; Moll et al., 2022). The bands at 26, 30, 
and 50 kDa in the MBPI lane indicated the presence of various vicilin 
subunits (Amaral, Ferreira, Silva, Neves, & Demonte, 2017; Tang & Sun, 
2010; Yang, Eikelboom, van der Linden, de Vries, & Venema, 2022). 
Note that part of the proteins were not able to enter the gel, indicated as 
large/insoluble material in the figure. This means that these commercial 
plant protein isolates contain at least some material that is resistant to 

dissolution even in the presence of SDS and a reducing agent. Homog
enization of samples did not did not lead to changes in the protein 
composition, as observed in SDS-PAGE (Figs. SI–5). This was also found 
in other studies that used homogenization (Baskıncı & Gul, 2023; Keu
leyan et al., 2023; Luo, Cheng, et al., 2022; Ma, Zhang, He, Xu, & Guo, 
2023; Saricaoglu et al., 2018) except in the study of Luo (Luo, Wang, 
et al., 2022), where the disulfide bond in pea legumin seemed to be 
broken up after homogenization (50 MPa, 3 cycles). In addition, it 
should be noted that the protein composition was different between the 
total dispersion and dispersible fraction (proteins in supernatant after 
centrifugation) of stirred PPI and MBPI (Figs. SI–6). Slight differences 
were also observed for commercial PPI in other studies (Keuleyan et al., 
2023; Moll et al., 2022). 

Since different proteins may have different functional properties, 
compositional differences may also lead to functional differences. First, 
when comparing the gelation properties of different protein fractions 
within the same source, it has been reported that soy glycinin [11S] 
makes stiffer, harder and more deformable gels than β-conglycinin [7S] 
(Renkema, Knabben, & Van Vliet, 2001). In addition, Fava bean legumin 
[11S] produced gel with a higher G’ than its vicilin [7S] component at 
low ionic strength (Johansson, Karkehabadi, Johansson, & Langton, 
2023). In contrast, for pea protein mainly vicilin [7S] contributes to 
heat-induced gelation as only legumin [11S] could not form a 
heat-induced gel in the study of Bora (BORA et al., 1994). Second, we 
can also compare the gelation properties of proteins that have similar 
composition but come from a different source. In the study of Ge (Ge 
et al., 2023), the gelation properties of various legume proteins were 
reported and it was found that the hardest heat-induced gels were 
formed by sources that contained phaseolin, a type of vicilin [7S]. 
However, other sources consisting of mainly vicilin produced weak gels. 
So, from the current literature we can state that there is no clear cor
relation between the main protein fractions [11S and 7S] and gelation 
properties across legume species. 

DSC was performed to assess to which extent the proteins in the 
different isolates had retained their native configuration. Results are 
shown in Table 1 and DSC thermograms can be found in Figs. SI–7. A 

Fig. 10. SDS-PAGE profile of FBPI, PPI and MBPI under non-reducing (A) and reducing conditions (B). A molecular weight marker is included (M) and corresponding 
molecular weights are indicated on the outer lanes. 
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denaturation peak was only found for FBPI, indicating that this powder 
at least still contained a fraction of some native proteins. The onset 
temperature for denaturation of 84 ◦C and peak denaturation tempera
ture of 96 ◦C are in agreement with earlier results of Nivala (Nivala, 
Mäkinen, Kruus, Nordlund, & Ercili-Cura, 2017). But the endothermic 
heat enthalpy of their FBPI was significantly higher (~11,5 J/g); 
possibly the result of the milder protein production process. We could 
not distinguish separate peak temperatures in the thermogram, while 
Yang (J. Yang et al., 2018) reported separate denaturation temperatures 
for the vicilin (89 ◦C) and legumin fraction (105 ◦C). In any case, we 
observed that homogenization did not impact the DSC results for FBPI 
(Figs. SI–7 and Table SI-2). 

Next to these protein properties, other studies also focused on the 
effect of homogenization on more molecular properties such as hydro
phobicity, zeta-potential and the proteins’ secondary structure. How
ever, in our study, additional molecular analysis was limited as most of 
these tests require soluble material to produce reliable and consistent 
results. Since we deal with insoluble, large and heterogeneous starting 
material, we were bound to analysis on powder for further under
standing. According to the FT-IR spectra, the secondary protein struc
ture was rather insensitive to homogenization treatment (Figs. SI–8). 
The absorbance patterns were similar and peaks in the second derivative 
figure overlapped. This is in line with the findings of Luo, Cheng, et al. 
(2022) for homogenized quinoa protein isolate, and another study found 
only limited impact of on the secondary structure of pea proteins in the 
supernatant homogenization after homogenization (Luo, Wang, et al., 
2022). 

4. Discussion 

We will discuss our main findings on the impact of the insoluble 
particles on the heat-gelation of industrial plant protein isolates, in the 
broader context of the current literature. But first, we briefly discuss 
some practical problems we encountered when homogenizing com
mercial plant protein isolates, which are also important during indus
trial processing. 

The first problem is air entrapment in concentrated protein disper
sions. This mostly occurs during the initial dispersion stage, and may 
have significant consequences during further processing. Indeed, we 
observed air was included during stirring (visible for FPBI) and air 
bubbles were observed after heat-induced gelation in all sources (Figs. 8 
and 9). In other studies, microscopic images of dense protein gels were 
also found to have air in the system (Herz et al., 2021; Kornet et al., 
2021). Air bubbles can cause deviations in rheological measurements 
and texture analysis. For example, when measuring shear moduli during 
heating and cooling, the bubbles will expand and contract, and this may 
affect the measurements. Alternatively, like solid particles, air bubbles 
may be points of nucleation during fracture. 

Indeed, we found that a mild centrifugation step quite affected gel 
properties in compression testing and rheological analysis (see results 
for FBPI in Figs. SI–9). In our study, we have taken precautions so that 
the impact of air bubbles was minor as compared to the effects of the 
insoluble particles in the protein isolates. However, we hypothesize that 
in an industrial setting, if not controlled properly, air bubbles may 
significantly affect the mechanical properties of any heat-induced gels 

formed during processing. 
We also observed that efficient homogenization is often impeded by 

the high viscosities of the starting dispersions, and repeated homoge
nizations can be difficult since homogenization itself can also lead to 
strong increases in viscosity and even the formation of viscoelastic 
dispersions. 

Hence, from a practical point of view, it should be noted that the 
presence of air, high viscosity and hard particles in protein dispersion 
can be limiting factors in homogenization. Therefore, each commercial 
protein will require a tailored homogenization process to shape its 
functionality and this may include pre-treatment such as centrifugation, 
dilution or high shear mixing. 

Next, we turn to the main conclusions we obtained from our research 
on the impact of insoluble particles on the heat-gelation of industrial 
plant protein isolates. A first, more or less obvious finding is that we 
conclude that homogenization decreased the particle size and insoluble 
fraction of plant protein dispersions. This is of course fully in line with 
the findings of other researchers for both commercial protein isolates 
(Burger, Singh, Mayfield, Baumert, & Zhang, 2022; Huang et al., 2022; 
Keuleyan et al., 2023; Moll, Salminen, Schmitt, & Weiss, 2021; Ong 
et al., 2022; Sun et al., 2022; Tang, Wang, Yang, & Li, 2009) and 
lab-extracted proteins (Baskıncı & Gul, 2023; Kang et al., 2022; Luo, 
Cheng, et al., 2022; Ma et al., 2023; Saricaoglu, 2020; Saricaoglu et al., 
2018; Yang et al., 2018; Zhao et al., 2023) though the extent differs per 
protein source, homogenization pressure and number of cycles. 

However, most of these studies consider homogenization of diluted 
protein dispersions with protein contents between 2 and 10% w/w. 
These concentrations are typically too low for industrial plant protein 
isolates to be directly used in heat-induced gelation. Only in one study a 
20% w/w dry matter dispersion was homogenized, but in this study the 
proteins were freeze-dried to allow more convenient analysis (Huang 
et al., 2022). Such additional drying steps are common in academic 
studies but may lead to additional protein aggregation and challenges 
during redispersion. Therefore, when the aim is to understand the 
impact of homogenization alone, we should aim to directly use ho
mogenized dispersions, when possible. 

Earlier work on plant protein gels has generally shown moderate to 
high increases of storage moduli G′ due to homogenization of the protein 
dispersion (Baskıncı & Gul, 2023; Luo, Cheng, et al., 2022; Ong et al., 
2022; Saricaoglu, 2020; Zhao et al., 2023). In our study, we found that 
the storage modulus G’ and breaking shear strain of heat-induced 
commercial plant gels were not systematically impacted by homogeni
zation, as only one out of three protein dispersions showed an in these 
parameters. We wish to emphasize however, that the linear viscoelastic 
moduli are not particularly relevant in food processing and for food 
texture, and that large-deformation behaviour should always be taken 
into account as well. 

Until now, there is only one study that performed large deformation 
rheology on homogenized heat-induced protein gels (Luo, Cheng, et al., 
2022). Moreover, there are only two studies that use a texture analyser 
to determine the mechanical properties (Bader et al., 2011; Kang et al., 
2022) of which one study also used small deformation rheology. How
ever, none of them studies a system that is comparable to ours, involving 
dense commercial protein isolate dispersions that were homogenized at 
moderate pressure and directly used for heat-induced gelation (except 
for MBPI). 

Indeed, the fracture properties of a gel strongly depend on the defects 
and inhomogeneities present (Foegeding, Bowland, & Hardin, 1995; van 
Vliet, 1996; Van Vliet & Walstra, 1995). We hypothesize that the key 
effect of homogenization was to improve the homogeneity of the gels, 
making them less susceptible to fracture upon compression. A possible 
mechanism could be that by improving the dispersibility of the protein 
particles, we have increased the availability for molecular 
protein-protein interactions driving gelation. We assume the nature of 
these interactions is the same as those identified for general 
heat-induced (plant) protein aggregation: hydrophobic- and 

Table 1 
Thermal characteristics including denaturation onset temperature (Tonset), 
denaturation peak temperature (Td) and endothermic heat enthalpies (ΔHd) of 
15% w/w protein dispersions. Samples were heated from 20 to 120 ◦C and 
measured in triplicate. Standard deviations are shown in superscript.  

Protein source Tonset (◦C) Td (◦C) ΔHd (J/g) 

FBPI 84,4±0,41 95,6±0,27 1,38±0,06 

PPI – – – 
MBPI – – –  
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electrostatic interactions, as well as hydrogen bonds. After homogeni
zation a larger fraction of proteins will be involved in (continuous) gel 
network formation, and the volume fraction and size of insoluble par
ticles that disturb the network is smaller. 

5. Conclusion 

In this work, we showed that decreasing the insoluble fraction of 
three commercial plant protein isolates by homogenization yielded heat- 
induced protein gels with improved resistance to fracture upon 
compression. At the same time, shear deformation properties were not 
consistently impacted by homogenization. We hypothesize that without 
treatment, insoluble particles remain inert upon heating, and act as 
defects in the structure, contributing to the generally poor fracture 
properties of commercial plant proteins. After homogenization particles 
are smaller, allowing more network interaction and delaying fracture 
initiation. Although other studies already showed the effectiveness of 
homogenization as a tool to break up particles and increase dispersible 
matter, we found that treatment parameters and outcomes depended on 
the isolate properties. Even for FBPI, which still contained native pro
teins and had the highest fraction of dispersible proteins, homogeniza
tion still had a positive effect on fracture properties. Until the production 
process of commercial plant proteins is not tuned towards higher func
tionality, we should consider strategies to functionalize commercial 
plant protein isolates. In our upcoming work, we blend different plant 
proteins aiming for a synergistic effect in gel structures and we evaluate 
various enzymes (non-hydrolytic) to improve plant protein gelation 
properties. In these studies, we can use homogenization as a pre- 
treatment, as we have shown that homogenization is a valuable tool 
to improve gelation properties of commercial plant protein isolates in 
food applications. 
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