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ABSTRACT

SILVA, Raiane Rodrigues da, D.Sc., Universidade Federal de Vigosa, March, 2026.
Structural modulation of pea protein and multiscale organization of casein-pea
protein hybrid gels. Adviser: Antonio Fernandes de Carvalho. Co-adviser: Federico
Casanova.

The growing interest in plant-based proteins, driven by environmental concerns and
food security, has stimulated the development of plant-based products. However,
sensory and technological limitations still pose significant challenges. In this context,
hybrid systems combining plant and animal proteins emerge as an alternative to
reduce the consumption of animal proteins while improving the sensory and
technological characteristics associated with plant-based products, making it
essential to understand the interactions and organization of these mixed matrices.
Therefore, this study aimed to investigate, using a multiscale approach, the structure
of hybrid gels formed by casein and pea protein, as well as to assess the effect of pH
shifting on pea protein structure and its implications for the formation and
organization of these gels. Through the multiscale approach, it becomes evident that
the large-scale structural organization is the main factor governing key properties
such as rheology and water mobility in hybrid gels. Moreover, these proteins, when
forming a gel, tend to create individual networks without interacting with each other.
Thus, structural modulation using pH shifting was employed. pH shifting increased
pea protein solubility, induced structural changes in the protein, and consequently
improved water-holding capacity and gel hardness, demonstrating its potential to
enhance pea protein functionality in hybrid systems. The results highlight that the
formation and properties of hybrid gels are strongly related to protein structure,
emphasizing the need for additional strategies to develop hybrid products with
sensory and functional attributes aligned with consumer expectations.

Keywords: hybrid gels; plant protein; sustainability



RESUMO

SILVA, Raiane Rodrigues da, D.Sc., Universidade Federal de Vigosa, marco de
2026. Modulagao estrutural da proteina de ervilha e organizacao multiescalar
de géis hibridos de caseina-proteina de ervilha. Orientador: Antonio Fernandes
de Carvalho. Coorientador: Federico Casanova.

O crescente interesse por proteinas de origem vegetal, impulsionado por
preocupacdes ambientais e seguranca alimentar, tem estimulado o desenvolvimento
de produtos plant-based. No entanto, limitagdes sensoriais e tecnolégicas ainda
representam desafios significativos. Nesse contexto, sistemas hibridos que
combinam proteinas vegetais e animais surgem como uma alternativa para reduzir o
consumo de proteinas de origem animal, ao mesmo tempo em que melhoram as
caracteristicas sensoriais e tecnolégicas associadas a produtos plant-based,
tornando essencial compreender as interagdes e a organizacdao dessas matrizes
mistas. Assim, este trabalho teve como objetivo investigar, sob uma abordagem
multiescala, a estrutura de géis hibridos formados por caseina e proteina de ervilha,
bem como avaliar o efeito do deslocamento de pH na estrutura da proteina de
ervilha e suas implicacées na formacdo e organizacdo desses géis. Atraves da
abordagem em multiescala é possivel perceber que a organizacado estrutural em
larga escala é o principal fator que governa propriedades-chave, como a reologia e a
mobilidade da dgua nos géis hibridos. Além disso, estas proteinas, quando em um
gel, tendem a formar sistemas individuais, sem interacdo umas com as outras.
Sendo assim, uma modulagdo estrutural utilizando deslocamento de pH foi
empregada. O deslocamento de pH aumentou a solubilidade da proteina de ervilha,
provocou alteragbes estruturais na proteina de ervilha e consequentemente
melhorou a capacidade de retencéo de agua e a dureza dos géis, demonstrando seu
potencial para aprimorar a funcionalidade da proteina de ervilha em sistemas
hibridos. Os resultados evidenciam que a formacgao e propriedades de géis hibridos
estdo fortemente relacionadas a estrutura proteica, ressaltando a necessidade de
estratégias adicionais para desenvolver produtos hibridos com atributos sensoriais e
funcionais alinhados as expectativas dos consumidores.

Palavras-chave: géis hibridos; proteina vegetal; sustentabilidade
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GENERAL BACKGROUND
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General introduction

In recent years, concerns regarding sustainability have increased. This
concern is reflected in the UN 2030 Sustainable Development Agenda, where
one of the goals is to take action to combat climate change (United Nations,
2015). Thinking about the food sector, one way to mitigate the impact of climate
change is to reduce animal product consumption. Livestock farming is
responsible for 65% of total greenhouse gas emissions, thus, reducing the
consumption of animal products can have a positive effect on the food industry
on climate change (Gil et al., 2024). Besides that, the Sustainable Development
Agenda aims to achieve food security for the population. However, with the actual
habits based on animal product consumption, especially the protein levels, and
with the increase of the population, which can reach 10 million people by 2050,
current production systems may not be able to meet the growing demand for food
sustainably (Gil et al., 2024; United Nations, 2015).

In this context, plant-based proteins, such as pea protein, offer a promising
alternative, as they produce lower greenhouse gas emissions, require less water
and land, and can yield more protein per unit of land compared to animal
production. This makes them an important strategy for promoting a more
sustainable food system, both from social and environmental perspectives
(Nascimento et al., 2023). Nevertheless, society's acceptability and the complete
migration to plant-based products can be challenging due to the poor taste. Also,
from the industry perspective, the vegetable proteins have low solubility, limiting
their applicability. To overcome these problems, the formulation of a hybrid mixed
with animal proteins can be an alternative, since reducing the drawbacks while
decreasing animal-protein consumption (R. R. da Silva et al., 2025).

Regarding hybrid gel systems formed by pea protein and casein micelles,
several studies have been reported in the literature using different gelation
methods and protein ratios. In general, when these two proteins are combined in
a gel system, they tend to form independent networks with limited interactions
between them, which may significantly influence the resulting gel texture
(Beghdadi et al., 2022; J. L. Mession et al., 2017; Nascimento et al., 2024; J.
Silva et al., 2019).
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To promote stronger interactions between the protein fractions,
conventional modification strategies, including thermal treatment, pH shifting, and
enzymatic modification, may be employed. These approaches can induce
structural alterations such as partial unfolding, exposure of hydrophobic groups,
and rearrangement of intermolecular bonds, thereby increasing protein—protein
interactions (de Sousa et al., 2026; R. R. da Silva et al., 2025). Besides traditional
methods, non-thermal technologies can also be applied to change the protein
structure and induce interaction. From a sustainable perspective, non-thermal
technologies, such as ultrasound, pulsed electric field, cold plasma, and high-
pressure processing, are more energy-efficient, cost-effective, reduced use of
chemical reagents, and have a lower negative impact on nutritional components
(Jadhav et al., 2021; Nascimento, Queiroz, et al., 2023; Safwa et al., 2023).

Therefore, this study aimed to investigate, using a multiscale approach,
the structure of hybrid gels formed by casein and pea protein, as well as to assess
the effect of pH shifting on pea protein structure and its implications for the

formation and organization of these gels.

Research hypothesis and aim

The hypothesis for this study was that the structural organization of hybrid
gels can be effectively modulated by altering the structure of pea protein and
adjusting formulation parameters, such as protein ratio, thereby influencing the
interactions between pea protein and casein micelles. To test this hypothesis, the

following objectives were established:

i. To verify, through a literature review, the potential of non-thermal
technologies to modify the structure of pea protein and enhance its

techno-functional properties.

il To understand the structuration of casein and pea protein hybrid
gels formed by acid gelation with glucono-delta-lactone, at specific
ratios, through multi-scale analysis and the impact of temperature

on their interactions.
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iii. To evaluate the effectiveness of the pH shifting treatment in pea
protein and its impact on hybrid gel systems formed by pea protein

and casein in different protein ratios, induced by acid gelation

Thesis outline

Chapter | brings an overview of pea protein and the importance of hybrid
systems for the food industry. Also, it highlights the importance of structural
modification and compares the traditional methods with non-thermal
technologies, elucidating the research problem, as well as the hypotheses and
objectives of the thesis.

Chapter Il is a literature review about pea protein structure and the use of
non-thermal technologies in the structural modification of it, presenting a strategy
to increase the use of pea proteins in food industries as a substitute for animal
proteins.

Chapter Il investigates multiple scales, the effects of protein ratio and
temperature on the structural organization and rheological properties of mixed
hydrogels formed by casein micelles and pea protein through acid gelation.

Chapter IV elucidates the effect of pH-shifting on pea protein structure and
its impact on the structure of hybrid gels formed with casein micelles in different
ratios.

Chapter IV summarizes the main findings of this research and provides

recommendations for future studies.
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Abstract

The growing demand for sustainable food alternatives is driving increased re-
search into mixed protein systems. In view of this scenario, this study aims to
investigate the structural organization and rheological properties of mixed hydro-
gels formed by casein micelles (CMs) and pea protein through acid gelation, as
well as to understand the effects of protein ratio and temperature on gel structure.
The objective is to elucidate how these variables influence network formation at
multiple scales, providing insights into the design of novel food structures. Small-
angle X-ray scattering (SAXS), nuclear magnetic resonance (NMR), and rheolog-
ical analyses were used to assess gel properties. The results indicate that mixed
gels exhibit non-monotonic rheological behavior, with strong structural changes
depending on the CM:pea ratio. At smaller scales (submicron sizes), there is no
significant difference between pea or casein aggregates formed in mixed gels
compared to those in pure gels. However, at larger scales (micron to tens of mi-
crons), the presence of pea in casein gels (or vice versa) has a significant impact
on the protein network structure and gel properties, as seen in pore sizes and
rheological behavior. Furthermore, temperature plays a crucial role, with effects
observed at temperatures above 40 °C, mainly in casein-rich systems. This study
provides a new perspective on the structuring of mixed protein gels and contrib-

utes to the development of hybrid food products.

Keywords: mixed hydrogels; casein protein; pea protein; rheology; structure;
SAXS.
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1. Introduction

Plant proteins, such as soy, peas, beans, and chickpeas, have been widely
used in the food industry in recent years. Among these, pea protein has gained
significant recognition, primarily due to its low allergenicity, high nutritional value,
availability, low cost, and sustainable production (Lam et al., 2018; Shantha-
kumar et al., 2022). Pea protein consists of globulin and albumin, which make up
approximately 70-80% and 10-20% of the protein content in pea seeds, respec-
tively. Globulins are salt-soluble storage proteins and can be divided into three
groups: legumin (300—400 kDa), vicilin (150-170 kDa), and, in smaller quantities,
convicilin (70 kDa) (Kornet, Penris, et al., 2021; Lam et al., 2018). Albumin, on
the other hand, is a small water-soluble protein (4—26 kDa) responsible for seed-
ling growth (Kornet, Penris, et al., 2021; Shanthakumar et al., 2022).

The biggest challenge associated with plant proteins is their off-flavors,
which reduce consumer acceptability. Additionally, their poor techno-functional-
ity, such as low solubility, complicates their use as ingredients in food formula-
tions (Nascimento et al., 2023). To overcome these disadvantages, combining
plant proteins with dairy proteins, which offer higher sensory acceptability and
superior techno-functional properties, has become a viable option (Oliveira et al.,
2022; Silva et al., 2019).

Bovine milk protein is composed by casein (80% wt) and milk serum pro-
teins (20% wt), primarily B-lactoglobulin, a-lactalbumin, and bovine serum albu-
min (BSA) (Walstra et al., 2006). Casein is a phosphoprotein composed of four
different types: as1-casein, as2-casein, B-casein, and k-casein (~23.6, 25.2,
23.98, and 19.55 kDa, respectively). In milk, caseins are present in the form of
micelles, which consist of casein molecules, water, and salts, primarily calcium
phosphate, which acts as a binding agent between submicelles. These micelles
are held together through hydrophobic and electrostatic interactions (Krishna et
al., 2021; Silva et al., 2019; Walstra et al., 2006). Due to their structure, casein
micelles (CMs) can undergo various modifications depending on operating con-
ditions, e.g., pH, temperature, ionic strength, and enzyme activity, which is of
paramount importance for their application in the dairy industry (Silva et al.,
2019).

One important application of protein-based food systems is gelation, which

plays a crucial role in products such as yogurt, cheese, and gelatin. Hence, the
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application of different proteins and gelation techniques continues to be explored
for the development of new food products (Felix et al., 2017). Acid gelation, also
known as cold gelation, is one of the techniques used to produce protein gels.
This process typically involves glucono-delta-lactone (GDL), a weak acid that dis-
sociates, releasing protons into the solution (Xia et al., 2024). These protons re-
duce the protein's electrostatic repulsion by protonating a charged carboxyl
group. Consequently, the proteins can approach each other and form a three-
dimensional macromolecular network (Chihi et al., 2018; Oliveira et al., 2022;
Nascimento et al., 2024).

The mixed gel formed by plant and milk proteins has been studied by many
researchers, yet focusing on its physical properties, especially rheology (Ben-
Harb et al., 2018; Chihi et al., 2018; Felix et al., 2017; Mession et al., 2017a,
2017b; Silva et al., 2018; Silva et al., 2019; Oliveira et al., 2022; Xia et al., 2024;
Nascimento et al., 2024). In a previous study, Nascimento et al. (2024) identified
a particular property of gels formed by casein and pea protein, particularly at a
20:80 ratio. This finding highlighted the need for a more detailed investigation of
the structural formation of these gels.

In our study, we applied a multi-scale approach to examine the structure
of casein and pea protein mixed gels, considering the impact of specific ratios
and temperature. Small-Angle X-ray Scattering (SAXS) was used due to its ability
to provide insights into the nanoscale structural arrangement of proteins within
the gel network, complementing traditional rheological and macroscopic tech-
niques. Thus, this study aims to understand the structuration of casein and pea
protein mixed gels formed by acid gelation with glucono-delta-lactone, at specific

ratios, through multi-scale analysis and the impact of temperature on their inter-

actions.
2. Material and methods
2.1. Materials

Micellar casein (CM) powder (Promilk 852B, 85.4% protein w/w) was
kindly donated by Ingredia SA (Arras, France), and pea protein (PP) powder (Nu-
tralys F85F, 84% protein w/w) was kindly provided by Roquette SA (Lestrem,
France). The protein content of the powders was as reported by the respective

companies.
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2.2. Suspension preparation

Casein and pea protein suspensions were prepared by hydrating the pow-
ders in ultra-pure water at a protein concentration of 16% (w/w), based on a pre-
vious study conducted by our group (Nascimento et al., 2024). Rehydration was
carried out overnight at 25 °C with continuous stirring at 600 rpm. To prevent
microbiological growth, 0.003% sodium azide was added to each suspension.

After rehydration, the final suspensions were prepared by mixing casein
and pea protein suspensions at ratios of 80:20 (CM:pea protein) and 20:80
(CM:pea protein) for 2 h at 25 °C and 600 rpm. The pure suspensions were also

analyzed.

2.3. Gelation process

Gelation was induced by adding glucono-delta-lactone (GDL) (Sigma-Al-
drich, USA) at concentrations of 1.2% (w/w) for suspensions with a high PP con-
centration (20:80 and 0:100) and 2% (w/w) for suspensions with a high CM con-
centration (80:20 and 100:0). The different concentrations were necessary due
to the varying buffering capacities of the suspensions. At the beginning of gela-
tion, the pH was 7.3 for the 0:100 and 20:80 ratios and 6.8 for the 100:0 and
80:20 ratios. The suspensions were then mixed for 1 min at 400 rpm. Afterward,
they were placed in a water bath at 30 °C for 4.5 h, the time required to reach pH
5.2. As demonstrated by Nascimento et al. (2024), the gel structure at this pH is
representative of the structures formed between pH 5.2 and 4.6, as rheological

properties did not exhibit significant variation within this range.

2.4. Suspension characterization
To ensure that the proteins were properly distributed in the liquid phase,

the suspensions were characterized.

2.4.1. Particle size analyses

The particle size distribution of individual and mixed systems was meas-
ured using Dynamic Light Scattering (DLS) after diluting the suspensions 100-
fold in ultrapure deionized water. The DLS measurements were performed using
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a DynaPro Nanostar (Wyatt, CA, USA) at a 90° scattering angle with a wave-
length of 658 nm at 25 °C.

The apparent hydrodynamic diameter (Dn) was determined using the
Stokes-Einstein equation (Equation 1). The analyte's translational diffusion coef-
ficient (Dt) was obtained through automated nonlinear least squares fitting of the
autocorrelation function, which quantitatively characterizes the time-dependent

fluctuations in light scattering intensity.

KT Equation 1
~ 3mD,

h

where Kb is the Boltzmann's constant; T is the temperature; and 1 is the suspen-
sion viscosity.

2.4.2. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
SDS-PAGE was used to determine the molecular weight distribution fol-
lowing the methodology described by Beghdadi et al. (2022). Samples were first
diluted to 8 mg/mL in ultrapure water, followed by a second dilution in different
buffers: native (125 mM Tris-HCI, 20% glycerol, 0.4% bromophenol blue), re-
duced (0.055 M Tris-HCI, 2% SDS, 5% B-mercaptoethanol, 7% glycerol, 0.0025%
bromophenol blue), and non-reduced (125 mM Tris-HCI, 4% SDS, 20% glycerol,
0.4% bromophenol blue). A molecular weight marker of 260 kDa was also used.
The mini gels consisted of a 4% stacking gel (water, 0.5 M Tris-HCI pH 6.8, 30%
acrylamide, 25% SDS, and 10% ammonium persulfate) and a 12% separating
gel (water, 1.5 M Tris-HCI pH 8.8, 30% acrylamide, 25% SDS, tetramethyleth-
ylenediamine, and 10% ammonium persulfate). A volume of 20 uL of each sam-
ple was loaded per well, and electrophoresis was performed using a running
buffer (0.025 M Tris, 0.192 M glycine, 0.1% SDS) at pH 8.3, applying 150 V for 1
h. After protein migration, the gels were fixed by immersion in a solution of 10%
acetic acid and 30% ethanol, followed by staining with 0.15% Coomassie® Bril-
liant Blue R-250 dissolved in 10% acetic acid, ethanol, and water for 30 min under
agitation. The gels were then destained in a 10% acetic acid solution for 1 h. After
this process, the gels were scanned and analyzed using Imaged. The molecular
weight distributions were subsequently determined based on the gel under re-

duced conditions.
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2.5. Rheology measures

Rheology was used to assess the effect of temperature on gel structure.
The analysis was conducted using a strain-controlled rheometer (ARES, TA In-
struments, USA) equipped with a cone-plate geometry (0.06 rad angle, 112 ym
gap). The linear viscoelastic region was determined through a strain sweep test
(0.01 to 100%) at 1 Hz and 30 °C, allowing the identification of the appropriate
strain to be applied during the rheological tests. The flow behavior was evaluated
through three cycles of varying shear rates from 0.1 to 300 s™ to assess the
thixotropic behavior.

Following the addition of GDL to the suspensions, samples were loaded
into the rheometer, and gelation was carried out for 4.5 h at 30 °C. To further
investigate the interactions governing the mixed gel systems, a temperature
sweep test was performed according to the methodology described by Andlinger
and Kulozik (2023). The temperature was initially set to 20 °C and maintained for
10 min to allow sample equilibration, ensuring a standardized starting tempera-
ture after gelation in the rheometer. This was followed by a temperature sweep
from 20 °C to 60 °C, with a heating rate of 5 °C-min™.

2.6. Nuclear magnetic resonance (NMR)

Gels were prepared as described in section 2.3, with water replaced by deu-
terium oxide. The samples were then analyzed using solid-state nuclear magnetic
resonance (NMR) spectroscopy. Proton dynamics (*H NMR) were measured on a
9.4T AVIII Bruker spectrometer equipped with a 4 mm probe, operating at a spin-
ning frequency of 700 Hz. To investigate the effect of temperature, NMR relaxation
times (T,) of water protons were measured for different gel ratios at 20 °C, 30 °C,
and 40 °C. Data analysis was performed by spectral observation and comparison
of the water peak and protein peak (2.79 ppm) using TopSpin 4.0 software (Bruker,
USA).

2.7. Small-angle X-ray scattering (SAXS)
The gels were prepared as described in section 2.3 and placed in fixed
capillaries for SAXS analysis. Measurements were conducted following the meth-

odology of Nogueira et al. (2023) at the SOLEIL synchrotron facility (Gif-sur-
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Yvette, France) on the SWING beamline, operating at ~12 keV photon energy.
The scattered intensity was recorded using a detector positioned ~6.2 m from the
sample. For each sample, initial data acquisition was performed at a short expo-
sure time (~0.2 s) to prevent any radiation damage (aggregation), which could
introduce artifacts at low scattering wavevector (q) values. Subsequently, data
were collected at longer exposure times (~15 s) using a larger beam stop to im-
prove the signal-to-noise ratio at high q values without damaging the detector.
The intensities recorded at both exposure times were radially averaged and com-
bined to generate a scattering curve covering a g-range of 1.03 x 1073 to 0.18
A=". Prior to merging, inconsistent intensity values were discarded. For each sam-
ple, the intensity scattered by the solvent (ultra-pure water) in the same capillary
was measured and subtracted from the gel sample pattern. Measurements were
conducted at 20 °C, 30 °C, and 40 °C. A unified model was applied to fit the
scattering data, and the radius of gyration (Rg) of aggregates of various sizes

was determined using the fitting method according to Equation 2.

ZRZ- 2R2 . 1 P;
G; exp (— 1 3gl> + Bjexp <— —q g3(1+1)) (q_>
l

Equation 2

N
I (q) = background + Z

=1

where q =q [erf(qj/%‘gi)]_3

and i represents the structural level; R, is the intensity-weighted average radius

of gyration of the scatters; P; is the power law exponent; G; is the Guinier scale,
and B; is the perfector for power-law scattering at structural level i (Chen et al.,
2022).

The Bouchoux model was also applied to fit the scattering data for gels

with a higher casein content. The intensity I(q) is given by Eq. 3:

1(q) = c[povo(4po)?Po(q) + $1v1(4Ap1)*P1(q) + Pov2(4p,)?*P,(q)]  (Equation 3)

where cis a constant that accounts for the total concentration of the ca-

seins; ¢, is the volume fraction occupied by the structural element nin the
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dispersion; v,, and 4p,, are the volume and average scattering contrast of each
structural element, respectively; P,(q) are the form factors of the different ob-

jects, modeled using the expression of Aragon & Pecora (1976).

2.8. Statistical analysis

The data were analyzed using analysis of variance (ANOVA) with Statis-
tica (StatSoft Inc., Maisons-Alfort, France) to assess the influence of ratios and
temperature. When a significant difference (p < 0.05) was detected, Tukey's HSD
test was applied at a 5% confidence level to differentiate means. All experiments

were performed at least twice independently.

3. Results and discussion
3.1 Diluted suspension characterization

The aggregation state of pea protein, both in individual and mixed systems,
was determined by measuring the hydrodynamic radius using dynamic light scat-

tering (DLS). The results are presented in Figure 1.
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Figure 1. Particle size distribution for different ratios: 100:0 (CMs/pea protein) (A),
80:20 (B), 20:80 (C), 0:100 (D).

For the 100:0 ratio (pure casein), the monomodal distribution showed a
hydrodynamic diameter of 269 nm, which aligns with the findings of Beghdadi et
al. (2022), who reported a diameter of 280 nm. In the 0:100 ratio (pure pea pro-
tein), the suspension exhibited two peaks: one around 212 nm and another at
approximately 880 nm, consistent with the results of Kornet et al. (2021). Since
the expected hydrodynamic diameter for pea proteins is approximately 15 nm
(Beghdadi et al., 2022), these peaks correspond to larger aggregates. Previous
studies have suggested that these aggregates form during the production of pea
protein isolate, which involves precipitation, purification, and drying (Barac et al.,
2010; Beghdadi et al., 2022; Chihi et al., 2016). In the mixed gels (ratios 80:20
and 20:80), the observed particle sizes matched those previously reported for
pure protein samples, indicating that no new stable aggregates were formed.
Since even a small fraction of aggregates can significantly influence DLS meas-
urements, electrophoresis was also employed to further characterize the protein

suspensions.
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The electrophoresis technique was applied to determine the protein com-
position of the powders. Figure 2 presents the protein band profiles in the gel,
showing the composition of casein (Figure 2A) and pea (Figure 2B) proteins. Pro-
tein molecular weights were estimated based on migration distances (Rrvalues).
For casein, the molecular weights of the a-, B-, and k-casein fractions ranged
from 35 to 25 kDa. The presence of serum proteins in the casein powder was
also detected, indicated by the first peak corresponding to bovine serum albumin
(BSA, 71 kDa) and the last peak associated with B-lactoglobulin (15 kDa). The
presence of these proteins in the casein powder may be due to residual contam-
ination from the production line.

Regarding the pea protein suspension (Figure 2B), the electrophoresis
profile revealed the globulin fractions convicilin, legumin, and vicilin. The first
peak in the molecular distribution corresponds to convicilin (Con), a storage pro-
tein with 73 kDa. Legumin (Leg), a protein with a sedimentation coefficient of 11S,
consists of three subunits: an acidic subunit (Leg-a, 37 kDa), a basic subunit
(Leg-B, 17 kDa), and a Leg-ap subunit covalently linked by a disulfide bond (63
kDa). The vicilin (Vic) protein also contains three subunits: vic-a (45 kDa), vic-B
(29 kDa), and vic-y (13 kDa). Similar results were found by Beghdadi et al. (2022)
and Shand et al. (2007), who investigated the impact of heat treatment on pea

protein gel formation.

a, B, K - casein

B-lacto
BSA
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Molecular weight (KDa)
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Figure 2. Molecular weight distribution of pure casein suspension (A) and pure
pea protein suspension (B) at 16% (w/w).

At the top of the electrophoresis gel (Figure 3), some samples did not pen-
etrate the gel, even after treatment with SDS and -mercaptoethanol. This sug-
gests the presence of large aggregates in the pea suspension that are covalently
linked. These results indicate that, in addition to disulfide and non-covalent inter-
actions, covalent bonds are responsible for the formation and cohesion of these
protein aggregates (Sun & Arntfield, 2012).
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Figure 3. Electrophoresis gel of pure casein and pure pea protein suspensions

under native, non-reduced, and reduced conditions.

3.2 Gel characterization
3.2.1 Nuclear magnetic resonance (NMR)
Solid-state "H NMR was used to analyze the effects of the CM:pea protein

ratio and temperature on water dynamics and protein mobility. Water in gels can
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be classified into two groups: bound water, which is located near the protein sur-
face, and free water, which exists a few nanometers away from the protein sur-
face. In gels or dense protein systems, free water dynamics are influenced by the
size of the gel's cavities, which can range from hundreds of nanometers to the
micron scale in diameter (Baumgartner et al., 2002; Mariette et al., 2002). The
present study primarily focuses on free water, as it is significantly more abundant

than bound water in gels (Baumgartner et al., 2002; Mariette et al., 2002).
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Figure 4. Spin-lattice relaxation times (T1) of water (4.79 ppm) as a function of

gel ratio. Black columns: 20 °C; red columns: 30 °C; blue columns: 40 °C. Differ-
ent lowercase letters indicate significant differences between protein ratios at dif-
ferent temperatures. Different uppercase letters indicate significant differences
within the same temperature across different protein ratios. The significance level
of the Tukey test was 5%.

As shown in Figure 4, water dynamics in the gels depend on the CM:pea
protein ratio and temperature. Higher water relaxation times (T1) indicate greater
water mobility within the gel structure. At 20 °C, T1 values increase with the ca-

sein concentration, with the 100:0 ratio exhibiting the highest T1 (Figure 4). On
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the other hand, the pea protein gel (0:100 ratio; 0% casein) shows the lowest T1,
indicating reduced water dynamics. The increased water mobility in casein-rich
gels is attributed to the presence of larger water-filled cavities (also referred to as
"pore size") (Ruan et al., 1997). Although the total amount of matter in both sys-
tems is similar, the organization of proteins substantially influences water dynam-
ics. The data suggest that CM gels form a more heterogeneous structure (on the
submicron to micron scale), creating larger cavities between proteins and allow-
ing for greater water mobility. In contrast, pea protein gels form a more homoge-
neous network, restricting water movement.

Regarding the different CM/pea protein ratios, Figure 4 shows that T1 does
not exhibit a linear evolution as a function of the ratio. The difference in T1 be-
tween the pure casein gel (100:0) and the gels with 20% pea protein (80:20) or
80% pea protein (20:80) is relatively small compared to the difference between
the 80% pea protein gel (20:80) and the pure pea protein gel (0:100). This means
that even a small amount of casein significantly disrupts the homogeneity of the
pea protein gel, creating pores almost as large as those found in the pure casein
gel. Additionally, replacing a large proportion of casein with pea protein (shifting
from 20% to 80% pea) results in only a moderate reduction in T1. This indicates
that the gels with 20% and 80% pea protein exhibit similar porosity, in contrast to
the more compact network of the pure pea gel.

The temperature dependence of water in the casein gel shows a small,
roughly linear shift in T1 with increasing temperature. This linearity suggests that
heating does not induce significant structural transformations in the network, im-
plying that casein does not drastically alter water behavior. Moreover, no sub-
stantial shift is observed in the gels composed solely of pea protein. This shows
that in pea protein gels, the smaller pores can strongly counteract the effect of
temperature on water dynamics.

Figure 5 shows the 'H T1 values of pea proteins (measured using the pea
protein peaks at 2.79 ppm), which reflect the dynamics of both the proteins and
the free water in close proximity to them. In contrast to the T1 values of water,
Figure 5 displays an almost linear increase in proton T1 as a function of the
CM/pea protein ratio. This suggests that adding 20% casein to a pure pea protein
system does not induce significant changes in the protein network at a local scale.

The same trend is observed at all temperature values, indicating that the
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reorganization of the protein network in terms of porosity is less pronounced at

smaller scales.
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Figure 5. Spin-lattice relaxation times (T1) of pea protein (2.79 ppm) as a function

of gel ratio. Black columns: 20 °C; red columns: 30 °C; blue columns: 40 °C.
Different lowercase letters indicate significant differences between protein ratios
at different temperatures. Different uppercase letters indicate significant differ-
ences within the same temperature across different protein ratios. The signifi-

cance level of the Tukey test was 5%.

3.2.2 SAXS
3.2.2.1 SAXS curves visualization

Small-angle scattering is a technique that can provide multiscale infor-
mation about the protein network in gels (Chen et al., 2022; Pedersen et al.,

2022). Several differences between the ratios can be observed in Figure 6.
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Figure 6. SAXS profiles of mixed gels formed by CMs:pea protein gels at 20 °C.

Red circles: 100:0; green circles: 80:20; blue circles: 20:80; black circles: 0:100

An overview of the superposed SAXS data (Figure 6) shows distinct pro-
files across different ratios. In the low to intermediate q region, the SAXS profiles
exhibit noticeable variations, indicating that the presence of just 20% pea protein
in casein gels, or 20% casein in pea protein gels, induces structural changes. In
the high q region, a "shoulder" feature appears to decrease roughly in proportion
to the casein content in the sample. This may be attributed to the fact that the
"shoulder" in this region is strongly influenced by the inter-distance between cal-
cium phosphate clusters associated with casein (CCP) (Bouchoux et al., 2010).
This explains why casein-rich gels exhibit some similarity in this region despite
clear differences in the intermediate region. A more detailed interpretation of this
data is provided in the next section.

Regarding the temperature effect, Figure 7A presents the X-ray scattering
profiles at 20 °C and 30 °C. In this temperature range, only the low g region shows
minor modifications for the pure casein sample and the two mixed gels, suggest-
ing that the temperature effect observed by NMR primarily affects large-scale

structures.
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Temperature s | Region 1 (Low q) Region 2 (Intermediate q) Region 3 (High q)
° ample
(°C) P bo (A) C o (A?) N ¢1 (A) C o(A) N ¢,(A) C o (A?) N
20 °C 100:0 800 5.0E-11 0.33 1.0 120 1.07E-05 0.33 20 20 1.514E-05 0.2 550
20 °C 80:20 800 2.50E-05 0.33 1.0 120 1.07E-05 0.33 50 20 1.51E-05 0.2 350

Table 1. Fits of the Bouchoux model to the SAXS data. ¢, C, o, N represents the volume fraction occupied by the structural element,
constant, polydispersity, and relative number density, respectively.

Temperature Samble Region 1 (Low q) Region 2 (Intermediate q) Region 3 (High q)
(°C) P G(em') Rgy(A) B(em') P G(m') Rg(A) B(cm™) P G(em') Rg(A) B (cm’) P
20 °C 80:20 0.001 3500 250 1.2 150 720 8.00E-04 3.1 30 30 2.00E-05 4.3
20 °C 20:80 0.01 3500 150 1.2 150 700 8.00E-04 3.1 10 30 2.00E-05 4.3
20 °C 0:100 538.13  1428.40 237E-02 2 500 329.30 3.98E-05 2 188.25 150.91 4.50E-06 3.8

Table 2. Fits of the Unified model to the SAXS data. G, Ry, B, and P represent the Guinier scale, the intensity-weighted average radius of
gyration of scatters, the prefactor of power-law scattering at structural level i, and the power law exponent, respectively.
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3.2.2.2 SAXS curves fitting and interpretation

To gain a more comprehensive understanding of the structural variations
in the gels, two different models were used to fit the data. Since the CM gel
(100:0) appears qualitatively similar to previously published data for native casein
micelles (Bouchoux et al., 2010), this sample was fitted using the “casein sponge
model.” This model describes micelles as sponge-like porous structures (Table
1) with three main characteristics: i) The low g range (below 6 x 10-3 A-'), which
corresponds to the distance between CMs and their micellar envelope, with a
diameter of approximately 100 nm; ii) The intermediate g range (6 x 103 A-'to 2
x 102 A-"), which correlates with smaller micelle structures or inhomogeneities
(20 — 40 nm in diameter) that are referred to as "hard" since they remain incom-
pressible under osmotic pressure; and iii) The high g range (above 7-8 x 102 A-
1), where the inter-distance between calcium phosphate nanoclusters (CCP) cov-
ered by proteins is responsible for a characteristic “shoulder” in the q range of
0.042-0.27 nm™ ",

The model fit suggests slightly larger micelle diameters (¢, (A)) for the dif-
ferent structural regions (120 nm for the “hard regions” and 20 nm for the CCP
regions), indicating that at pH 5.2, the casein structure may exhibit structures
approximately 30% larger than native micelles at neutral pH. Moreover, the rela-
tive quantity of CCPs (N) is considerably low (Table 1), which is expected, as
micelles begin to lose their CCP centers at pH 5.2 (Day et al., 2017). This reduc-
tion may contribute to an increase in internal cavities within the micelle structure.

For the 80:20 ratio, the presence of just 20% pea protein in the casein gel
induces a significant structural modification. The change is so pronounced that it
was not possible to fit the data using the sponge model (see Sl for details). In-
stead, for this sample, as well as the other samples containing pea protein, a
more general unified fit model was applied. This model assumes that the gel
structures exhibit fractal behavior, described by Porod exponents (Chen et al.,
2022), which may better represent pea protein gels. Since the structure of pea
protein gels is not well understood, the interpretation of the data focuses on rela-
tive differences between samples rather than absolute values. The values ex-
tracted using this model (Table 2) for regions 1 and 2 are quite similar between
the 80:20 and 20:80 samples, with the main difference being an increase in pre-

factors. The small variations in Rq for regions 1 and 2 suggest that the SAXS
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signal in these regions is primarily dominated by pea proteins. Additionally, in-
creasing the amount of pea protein in the mixed gels does not significantly affect
the structure of aggregates at smaller scales. A greater difference is observed in
region 3, likely due to the more marked reduction of CCP casein clusters when
transitioning from a casein-rich sample (80:20) to a casein-poor sample (20:80).
Furthermore, transitioning from a pea-protein-rich gel (20:80) to a pure pea pro-
tein gel (0:100) induces significant structural modifications across multiple scales.
At larger scales (regions 1 and 2), there is a notable decrease in the inter-distance
radius, Rg (A), by approximately 110%. These SAXS data suggest that the inho-
mogeneities formed by pea proteins in the pure pea gel are smaller, which ex-
plains the reduction in water cavities within the gels and, consequently, the de-

creased dynamics of free water.

3.2.3 Rheology measurement

Rheological properties describe a material’s behavior when subjected to
normal and tangential stresses (Rao, 2013). These properties are typically char-
acterized by the elastic modulus (G’) and the viscous modulus (G”), which are
parameters for evaluating the structural networks of materials (Rao, 2013;
Stojkov et al., 2021). Previous studies have shown that protein interactions and
gel structure depend on the ratio of each protein during acid gelation. For in-
stance, Roesch et al. (2004) observed this effect in acid gelation of soy and skim
milk suspensions. Similarly, Silva et al. (2018) and Silva et al. (2019), in their
studies on casein and plant protein heat gelation, found that casein and pea pro-
tein do not co-aggregate during gelation, demonstrating that structural modifica-
tions are ratio-dependent. Our previous study (Nascimento et al., 2024) also con-
firmed that the CM:pea ratio is an important factor in gel properties. Additionally,
no drastic changes were observed in the rheological profile due to pH variations
within the range of pH 5.4 to pH 4.6, the latter being the isoelectric point of casein.

Figure 8A presents the G’ values of the samples as a function of temper-
ature after gel formation at pH 5.2. At 20 °C, G’ for the pure casein gel was 2523.5
Pa. However, when 20% pea protein was incorporated into the system (80:20
ratio), the gel strength was 505.45 Pa. This suggests that the presence of pea

protein domains in casein-rich gels considerably weakens the cohesive forces of
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the gel. For the other pea protein concentrations, G’ increases, indicating that, in
the present case, G’ in casein gels is more dependent on long-range interactions
than in pea gels. The addition of 20% pea protein to a casein-rich gel (80:20)
reduces stiffness, whereas incorporating 20% casein into a pea-rich gel has min-
imal impact. This observation is in line with the NMR data, which shows that ca-
sein gels exhibit larger inhomogeneities than pea gels. A gel with smaller struc-
tural distances (smaller "pores") has a greater number of contact points between
pea proteins at a smaller scale. Thus, adding casein domains to such gels is less
likely to disrupt the long-range pea protein network.

The impact of temperature is slightly more pronounced in casein-rich gels
than in pea-rich gels before 40 °C. However, after 40 °C, the casein-rich gel un-
dergoes a sharp decrease in G’, indicating significant structural changes. The
error bars also increase with rising temperature, suggesting that the casein net-
work evolves rapidly, progressively reducing the reproducibility of the experi-
ments. This behavior is further supported by the tan & values, which represent
the ratio between the viscous and elastic moduli (tan & = G”/G’), which is related
to the bonds present, independent of their quantity (Gastaldi et al., 2003). As can
be seen in Figure 8C, the 0:100 and 20:80 gels remain more stable across all
temperature ranges, while the 100:0 and 80:20 gels show an increasing tan 0

with rising temperature.
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4. Conclusion

This study investigated the effects of protein ratio (CMs/pea protein) and
temperature on the rheology and multi-scale structure of mixed gels. The addition
of 20% pea protein to casein gels had a significant impact on gel organization,
reducing stiffness compared to pure casein gels. The data indicate that casein
and pea protein form independent network domains, with no evidence of molec-
ular interactions between them. The results suggest that large-scale structural
organization is the dominant factor governing key properties such as rheology
and water mobility within the gels. Since no interactions between the proteins
were observed, future studies could explore strategies to enhance pea-casein
interactions, particularly using green technologies such as pulsed electric fields,
cold plasma, and ohmic heating. Understanding the structure of mixed gels and

improving their interactions could pave the way for the development of new foods
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enriched with plant proteins, meeting growing consumer demand and driving

transformations in the food industry.
CRediT authorship contribution statement

Raiane Rodrigues da Silva: Writing — original draft, Methodology, Investigation.
Davide Odelli: Writing — original draft, Investigation. Amandine Descamps: Meth-
odology, Investigation. Luisa Azevedo Scudeller: Writing — original draft, Formal
analysis. Bertrand Doumert: Methodology, Investigation. Javier Perez: Methodol-
ogy, Investigation. Guillaume Delaplace: Writing — original draft, Validation, Re-
sources, Funding acquisition, Conceptualization. Antonio ~ Fernandes de Car-
valho: Writing — original draft, Validation, Resources, Funding acquisition, Con-
ceptualization. Paulo Peres de Sa “ Peixoto Junior: Writing — original draft, Vali-

dation, Supervision, Formal analysis, Conceptualization.
Declaration of Competing Interest

The authors declare that they have no known competing financial interests
or personal relationships that could have appeared to influence the work reported

in this paper.
Acknowledgements

We gratefully acknowledge the Brazilian funding agencies CNPq, Fape-
mig, International Laboratory in Agri-food and Biotechnology (SAMBA) and Coor-
denacao " de Aperfeicoamento de Pessoal de Nivel Superior — Brasil (CAPES) —

Finance Code 001, for their financial support

References

Andlinger, D. J., & Kulozik, U. (2023). Protein—protein interactions explain the
temperature-dependent viscoelastic changes occurring in colloidal protein gels.
Soft Matter. https://doi.org/10.1039/D2SM01092E

Aragon, S. R., & Pecora, R. (1976). Theory of dynamic light scattering from pol-
ydisperse systems. The Journal of Chemical Physics, 64(6), 2395-2404.
https://doi.org/10.1063/1.432528



42

Barac, M., Cabrilo, S., Pesic, M., Stanojevic, S., Zilic, S., Macej, O., & Ristic, N.
(2010). Profile and functional properties of seed proteins from six pea (Pisum
sativum) genotypes. International Journal of Molecular Sciences, 11(12), 4973—
4990. https://doi.org/10.3390/ijms11124973

Baumgartner, S., Lahajnar, G., Sepe, A., & Kristl, J. (2002). Investigation of the
State and Dynamics of Water in Hydrogels of Cellulose Ethers by 1 H NMR Spec-
troscopy. In AAPS PharmSciTech (Vol. 3, Issue 4). http://www.aap-

spharmscitech.org

Beghdadi, A., Picart-Palmade, L., Cunault, C., Marchesseau, S., & Chevalier-Lu-
cia, D. (2022). Impact of two thermal processing routes on protein interactions
and acid gelation properties of casein micelle-pea protein mixture compared to
casein micelle-whey protein one. Food Research International, 155.
https://doi.org/10.1016/j.foodres.2022.111060

Ben-Harb, S., Panouillé, M., Huc-Mathis, D., Moulin, G., Saint-Eve, A., Irlinger,
F., Bonnarme, P., Michon, C., & Souchon, |. (2018). The rheological and micro-
structural properties of pea, milk, mixed pea/milk gels and gelled emulsions de-
signed by thermal, acid, and enzyme treatments. Food Hydrocolloids, 77, 75—-84.
https://doi.org/10.1016/j.foodhyd.2017.09.022

Bouchoux, A., Gésan-Guiziou, G., Perez, J., Cabane, B., ve Gésan-Guiziou, G.,
& Pé rez, J. (2010). Casein Micelles under Osmotic Stress, a SAXS Study. Bio-
physical Journal, 11, 99. https://doi.org/10.1016/j.bpj.2010.10.019i

Chen, D., Kuzmenko, I., llavsky, J., Pinho, L., & Campanella, O. (2022). Structural
evolution during gelation of pea and whey proteins envisaged by time-resolved
ultra-small-angle x-ray scattering (USAXS). Food Hydrocolloids, 126.
https://doi.org/10.1016/j.foodhyd.2021.107449

Chihi, M. L., Mession, J. L., Sok, N., & Saurel, R. (2016). Heat-Induced Soluble
Protein Aggregates from Mixed Pea Globulins and B-Lactoglobulin. Journal of
Agricultural and Food Chemistry, 64(13), 2780-2791. https://doi.org/10.1021/acs
Jjafc.6b00087



43

Chihi, M. L., Sok, N., & Saurel, R. (2018). Acid gelation of mixed thermal aggre-
gates of pea globulins and B-lactoglobulin. Food Hydrocolloids, 85, 120-128.
https://doi.org/10.1016/j.foodhyd.2018.07.006

Day, L., Raynes, J. K,, Leis, A., Liu, L. H., & Williams, R. P. W. (2017). Probing
the internal and external micelle structures of differently sized casein micelles
from individual cows milk by dynamic light and small-angle X-ray scattering. Food
hydrocolloids, 69, 150-163.

Felix, M., Perez-Puyana, V., Romero, A., & Guerrero, A. (2017). Development of
thermally processed bioactive pea protein gels: Evaluation of mechanical and
antioxidant properties. Food and Bioproducts Processing, 101, 74-83.
https://doi.org/10.1016/j.fbp.2016.10.013

Gastaldi, E., Trial, N., Guillaume, C., Bourret, E., Gontard, N., & Cuq, J. L. (2003).
Effect of controlled k-casein hydrolysis on rheological properties of acid milk gels.
Journal of Dairy Science, 86(3), 704—711. https://doi.org/10.3168/jds.S0022-
0302(03)73650-9

Kornet, R., Penris, S., Venema, P., van der Goot, A. J., Meinders, M. B. J., & van
der Linden, E. (2021). How pea fractions with different protein composition and
purity can substitute WPI in heat-set gels. Food Hydrocolloids, 120.
https://doi.org/10.1016/j.foodhyd.2021.106891

Krishna, T. C., Najda, A., Bains, A., Tosif, M. M., Paplinski, R., Kaptan, M., &
Chawla, P. (2021). Influence of ultra-heat treatment on properties of milk proteins.
In Polymers (Vol. 13, Issue 18). MDPI. https://doi.org/10.3390/polym13183164

Lam, A.C.Y., CanKaraca, A., Tyler, R. T., & Nickerson, M. T. (2018). Pea protein
isolates: Structure, extraction, and functionality. Food Reviews International,
34(2), 126—-147. https://doi.org/10.1080/87559129.2016.1242135

Mariette, F., Topgaard, D., Jénsson, B., & Soderman, O. (2002). 1H NMR dif-
fusometry study of water in casein dispersions and gels. Journal of Agricultural
and Food Chemistry, 50(15), 4295-4302. https://doi.org/10.1021/jf0115948

Mession, J. L., Roustel, S., & Saurel, R. (2017a). Interactions in casein micelle —
Pea protein system (part |): Heat-induced denaturation and aggregation. Food
Hydrocolloids, 67, 229-242. https://doi.org/10.1016/j.foodhyd.2015.12.015



44

Mession, J. L., Roustel, S., & Saurel, R. (2017b). Interactions in casein micelle -
Pea protein system (Part Il): Mixture acid gelation with glucono-6-lactone. Food
Hydrocolloids, 73, 344-357. https://doi.org/10.1016/j.foodhyd.2017.06.029

Nascimento, L. G. L., Odelli, D., Fernandes de Carvalho, A., Martins, E., Dela-
place, G., Peres de sa Peixoto Junior, P., Nogueira Silva, N. F., & Casanova, F.
(2023). Combination of Milk and Plant Proteins to Develop Novel Food Systems:
What Are the Limits? Foods, 12(12), 2385. https://doi.org/10.3390/fo-
0ds12122385

Nascimento, L. G. L., da Silva, R. R., Odelli, D., Doumert, B., Martins, E., Casa-
nova, F., ... & Junior, P. P. D. S. P. (2024). Acid gelation of high-concentrated
casein micelles and pea proteins mixed systems. Food Research International,
196, 114982.

Nogueira, M. H., Scudeler, L. A., Humblot, L., Doumert, B., Hennetier, M., Viol-
leau, F., Lesur, C., Delaplace, G., & Peixoto, P. P. S. (2023a). Assessment of
structures in phosphocaseinate dispersions by A4F, NMR and SAXS: The impact
of demineralization and heat treatment on viscosity. Food Hydrocolloids, 137.
https://doi.org/10.1016/j.foodhyd.2022.108366

Oliveira, |. C., de Paula Ferreira, |. E., Casanova, F., Cavallieri, A. L. F., Lima
Nascimento, L. G., de Carvalho, A. F., & Nogueira Silva, N. F. (2022). Colloidal
and Acid Gelling Properties of Mixed Milk and Pea Protein Suspensions. Foods,
11(10), 1383. https://doi.org/10.3390/foods11101383

Pedersen, J. S., Mgller, T. L., Raak, N., & Corredig, M. (2022). A model on an
absolute scale for the small-angle X-ray scattering from bovine casein micelles.
Soft Matter, 18(45), 8613—-8625. https://doi.org/10.1039/D2SM00724J

Rao, M. A. (2013). Rheoloy of fluid, semisolid and solid foods: principles and ap-
plications. Springer Science & Business Media. http://www.springer.com/serie
s/5996

Roesch, R., Juneja, M., Monagle, C., & Corredig, M. (2004). Aggregation of
soy/milk mixes during acidification. Food Research International, 37(3), 209-215.
https://doi.org/10.1016/j.foodres.2003.11.003



45

Ruan, R. R., Han, J., Chen, P. L., & Martinez, B. C. (1997). Pulse NMR study of
structural characteristics of temperature-sensitive hydrogel. In Chapman & Hall

Biotechnology Techniques - (Vol. 11, Issue 4).

Shand, P. J., Ya, H., Pietrasik, Z., & Wanasundara, P. K. J. P. D. (2007). Physi-
cochemical and textural properties of heat-induced pea protein isolate gels. Food
Chemistry, 102(4), 1119-1130. https://doi.org/10.1016/j.foodchem.2006.06.060

Shanthakumar, P., Klepacka, J., Bains, A., Chawla, P., Dhull, S. B., & Najda, A.
(2022). The Current Situation of Pea Protein and Its Application in the Food In-
dustry. In Molecules (Vol. 27, Issue 16). MDPI. https://doi.org/10.3390/mole-
cules27165354

Silva, J. V., Balakrishnan, G., Schmitt, C., Chassenieux, C., & Nicolai, T. (2018).
Heat-induced gelation of aqueous micellar casein suspensions as affected by
globular protein addition. Food Hydrocolloids, 82, 258-267 .

Silva, J., Cochereau, R., Schmitt, C., Chassenieux, C., & Nicolai, T. (2019). Heat-
induced gelation of mixtures of micellar caseins and plant proteins in aqueous
solution. Food Research International, 116, 1135-1143.
https://doi.org/10.1016/j.foodres.2018.09.058

Silva, N. N., Casanova, F., da Silva Pinto, M., de Carvalho, A. F., & Gaucheron,
F. (2019). Casein micelles: From the monomers to the supramolecular structure.
Brazilian Journal of Food Technology, 22. https://doi.org/10.1590/1981-
6723.18518

Stojkov, G., Niyazov, Z., Picchioni, F., & Bose, R. K. (2021). Relationship be-
tween structure and rheology of hydrogels for various applications. In Gels (Vol.
7, Issue 4). MDPI. https://doi.org/10.3390/gels7040255

Sun, X. D., & Arntfield, S. D. (2012). Molecular forces involved in heat-induced
pea protein gelation: Effects of various reagents on the rheological properties of
salt-extracted pea protein gels. Food Hydrocolloids, 28(2), 325-332.
https://doi.org/10.1016/j.foodhyd.2011.12.014

Walstra, P., Walstra, P., Wouters, J.T.M., & Geurts, T.J. (2006). Dairy Science
and Technology (2nd ed.). CRC Press. https://doi.org/10.1201/9781420028010


https://doi.org/10.3390/molecules27165354
https://doi.org/10.3390/molecules27165354
https://doi.org/10.1590/1981-6723.18518
https://doi.org/10.1590/1981-6723.18518

46

XIA, Wenijie et al. Acid-induced gels from mixtures of micellar casein and pea
protein: Effect of protein ratio and preheating route. Food Hydrocolloids, v. 153,
p. 110045, 2024.



CHAPTERIIIL.
RESEARCH ARTICLE TWO

47



48

Effect of pH shifting on the physicochemical properties of pea proteins and its
effect in hybrid gel with casein micelles

Silva et al.

Manuscript published in Foods 2025, 14(16), 2887
DOI: https://doi.org/10.3390/foods 14162887

Chapter presented according to the final format of the journal.



49

Effect of pH shifting on the physicochemical properties of pea proteins and its

effect in hybrid gel with casein micelles.

Raiane Rodrigues da Silva?, Luis Henrique de Paula Souza?, Lucas Silva de Sousa?,
Laura Destro Rodrigues?, Gustavo Schafer Nogueira?, Luis Gustavo Lima Nascimen-

to?, Antdnio Fernandes Carvalho®

@ InovalLeite Research Group, Department of Food Technology, Federal University of
Vigosa (UFV), Vigosa, Minas Gerais, 36570-900, Brazil.

" Corresponding author: Anténio Fernandes de Carvalho. Department of Food Tech-
nology, Federal University of Vigosa (UFV), 36570-900 Vigosa, Minas Gerais, Brazil.

E-mail address: antoniofernandes@ufv.br (A. F. de Carvalho).



50

Abstract

Hybrid systems combining animal and vegetable proteins are gaining attention in the
food industry to promote plant protein consumption. However, these proteins often
show incompatibility, making it challenging to form stable colloidal systems like gels.
pH shifting has emerged as a strategy to structurally modify vegetable proteins and
can be a strategy to enhance their interaction with animal proteins. Thus, this study
evaluated the effect of pH shifting on pea protein and its influence on hybrid gels
formed with casein in different ratios (80:20, 50:50, and 20:80, casein:pea protein),
using acid gelation. The treatment improved pea protein solubility by inducing struc-
tural changes, which led to reduced particle size, increased zeta potential, and altered
intrinsic fluorescence, especially in pure pea protein suspensions. Additionally, these
structural modifications enhanced the water retention capacity of the gels and altered
their texture, increasing hardness in gels with higher pea protein content. Overall, the
results demonstrate the potential of pH shifting to improve the functionality of pea pro-

tein and its compatibility in hybrid protein systems.

Keywords: Pea protein; Casein; pH shifting; Structure; Sustentability;
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1. Introduction

Climate change has become a growing global concern, with food production
being a significant contributor to this issue. It significantly impacts greenhouse gas
(GHG) emissions, freshwater scarcity, eutrophication, land degradation, and biodiver-
sity loss (C. Chen et al., 2022). In the United Nations 2030 Sustainable Development
Goals, the achievement of certain targets, such as those related to Climate Action and
Life on Land, is highly dependent on consumption patterns (C. Chen et al., 2022;
United Nations, 2015). Furthermore, population growth and concerns about food se-
curity related to food production, especially protein, increase the need for changes in
eating habits (Nascimento et al., 2023).

It is not easy to change a society's eating habits. Generally, a gradual shift is
needed. As a result, industries and research teams are looking more and more at hy-
brid systems as a means for introducing new eating practices (C. Wu et al., 2021). As
an example, several studies have been investigating the replacement of animal protein
with vegetable protein in the food system (Lee et al., 2022; Omrani Khiabanian et al.,
2020; Yan et al., 2022; Yuliarti et al., 2021), since animal production demands more
land and water use, emits more greenhouse gases, and has a lower conversion rate
into dietary protein (Nascimento et al., 2023).

Among vegetable proteins, pea proteins have been gaining attention due to their
high productivity, low cost, and excellent amino acid profile, especially due to the pres-
ence of lysine and tyrosine (Shanthakumar et al., 2022b), thus being a great option for
replacing animal proteins. However, the combination of proteins from different origins,
such as milk and pea proteins, might drastically alter some colloidal systems charac-
teristics (Wu et al., 2021). When pea and milk proteins, such as casein, coexist in the
same system, their thermodynamic incompatibility induces a competitive dynamic be-
tween them, impacting the colloidal systems structure, for example, in gel formation
(Ben-Harb et al., 2018; Nascimento et al., 2024). To enhance the interaction between
these two proteins and minimize their incompatibility, several techniques have been
employed, such as thermal treatment (J. L. Mession et al., 2017; Nascimento et al.,
2024), ultra-sound (Nascimento, Queiroz, et al., 2023), and high hydrostatic pressure
(Serrano Leodn et al., 2024). A potential new approach to further improve their interac-
tion could involve structural modifications induced by pH shifts.

The pH shifting technique consists of the adjustment of pH to extreme condi-

tions, whether acidic or basic, and afterward a return to the neutral pH of the medium
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as a way of inducing the “molten globules”, which during protein unfolding, are recog-
nized as an intermediate conformational state and have the same secondary structural
as in the native state (Zhu et al., 2021). In the last years, the pH shifting effect in veg-
etable proteins has been evaluated. Comparing the effect of the pH shifting in the pea
protein hydrogel formed by heating, Zhu et al. (2021) noticed that the pH shifting to pH
12 causes changes in the gel microstructure, resulting in a uniform polymer-like gel
network microstructure, with a higher WHC, depending on the treatment holding time.
Li el al. (2020) studying the modifications cause by pH-shifting at different pH (2, 4, 10,
and 12) in peanut protein isolate heat induced gel, noticed that the modification was
capable to decreased particle size, increased solubility, free sulfhydryl group content
and surface hydrophobicity in pH 10, thus being an effective treatment for the formation
of gels with different structural properties. In systems formed by soy/potato (Sun et al.,
2025), mung bean protein (Jeong & Cho, 2024) and soy protein (Tan et al., 2021), the
pH shifting alone or combined with other methods has also proven to be effective in
modifying proteins and consequently in gels structuring.

This study aims to evaluate the effectiveness of the pH shifting treatment in pea
protein and its impact on hybrid gel systems formed by pea protein and casein in dif-
ferent protein ratios, induced by acid gelation. The approach of this study involves first
the pea protein modification using pH-shifting treatment (pH 12) and then the mixture
with casein at different ratios (80:20, 50:50, and 20:80). The effects of this modification
are evaluated in the protein suspensions and gel structure formed by acid gelation,

and from the best of our knowledge, being the first time investigated.

2. Materials and methods
2.1 Materials

Pea proteins (Nutralys, F85F, 83%) was kindly donated by Roquette (Lestrem,
France), and Micellar Casein Isolate (Lacprodan Micelpure 86.5%) was donated by
Arla Food Ingredients (Arhus, Denmark). The protein content was determined by the
Kjeldahl method (Kjeldahl, 1883), with nitrogen conversion factors (N) of 6.25 and 6.38

to pea protein and casein, respectively.

2.2 Methods

2.2.1. Suspension preparation
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The protein suspension was prepared by diluting the protein isolates in deion-
ized water to a concentration of 12% (w/w). This concentration was chosen to simulate
a high-protein yogurt. The suspensions were stirred for at least 12 hours in a mechan-
ical agitator to guarantee complete protein hydration. Sodium azide (0.003%) was

added to the suspensions to avoid microbiological growth.

2.2.2. pH modification

Pea protein suspension modification was done by adjusting the pH to 12 with
3M NaOH and maintaining it under agitation for 24 hours. After this period, the pH was
adjusted to 7 using 3M HCI [19]. The time was determined by a preliminary test, taking
into consideration the protein solubility after the pH modification.

After the modification, the pea protein suspension (PPS) was mixed with casein
micelles suspension (CMs) in different proportions of proteins, following Table 1. The
mixture was stirred for 30 minutes before the analysis. The systems without modifica-

tion were also evaluated.

Ratio Protein concentration in the suspension
100:0 100% casein

80:20 80% casein and 20% pea protein
50:50 50% casein and 50% pea protein
20:80 20% casein and 80% pea protein
0:100 100% pea protein

Table 1. Protein proportions in the different ratios
2.2.3. Solubility

The solubility test was performed according to Li et al. (2020), with modifica-
tions. The suspensions were centrifuged at 3600 x g for 15 min, and then the protein
content was determined using the biuret method. The protein content was also deter-
mined before centrifugation. The solubility was then calculated by Equation 1. Bovine

serum albumin (BSA) was used as the standard protein.

. Protein content in supernatant
Solubility (%) =

Equation 1
Total protein content g
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2.2.4. Particle size and zeta potential

The particle size distribution and zeta potential were measured with the
Zetasizer Nano ZS (Malvern Instrument Ltd., UK) according to Li et al., (2020). First,
the suspensions were diluted 100 times, and then, 1 mL of the sample was injected
into the capillary cells. After, the zeta potential and particle size distribution were tested.

All measurements were conducted at 25 °C in three independent tests.

2.2.5. Polyacrylamide Gel Electrophoresis

The protein profile was determined by the electrophoresis technique, following
the methodology described by Beghdadi et al., (2022). The samples were prepared by
a first dilution to 10 mg/mL in deionized water and after added to the buffer for native
conditions (Tris-HCI 0,5M pH 6,8, pH 6.8, glycerol, Bromophenol Blue) and reduced
conditions (Tris-HCI 0,5M pH 6,8, SDS, glycerol, B-mercaptoethanol, Bromophenol
Blue). The gels Midi (7x10) were composed of 4% stacking and 15% separating gels.
After gel solidification, 10 uL of the samples was placed in the well and the running of
the gel was carried out using a running buffer (0.025 M Tris, 0.192 M glycine, 0.1%
SDS) at pH 8.3, applying 150 V for 1 hour. After the protein migration, gel staining was
done by immersion in a solution of 0.15% Coomassie® Brilliant Blue R-250 dissolved
in acetic acid, methanol, and water for 30 minutes under agitation, followed by discol-

oration in acetic acid solution (10%).

2.2.6. Intrinsic fluorescence

The intrinsic fluorescence of tryptophan was analyzed according to the method
described by Nascimento et al. (2023) with minor modifications. Samples were diluted
in deionized water to a final concentration of 10 mg/mL and transferred to a 96-well
microplate. The excitation wavelength was set at 280 nm, and the emission spectra

were recorded from 280 to 500 nm.

2.2.7. Gel preparation

The gel preparation was performed according to the method described by Nas-
cimento et al. (2024). To promote the gelation, glucono-delta-lactone (GDL) was added
to the suspension and stirred for one minute to ensure complete solubilization. Ulti-
mately, the suspension was incubated in a water bath at 30 °C for 4.5 h, allowing the

pH to gradually decrease to 4.5.
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2.2.8. Water holding capacity (WHC)

The water holding capacity was measured according to Nascimento et al.
(2024), with minor modifications. 10 g of the gels were prepared in a centrifuge tube at
30 °C. After the formation, the tube was centrifuged at 3600 x g for 15 min, and the
supernatant was carefully removed and weighed. The WHC was calculated by Equa-

tion 2.

WHC (%) = % Equation 2

Where mb is the gel mass before centrifugation, and ms is the mass of the supernatant.

2.2.9. Texture analysis

The gel textural characteristics were analyzed according to Batista et al. (2022)
using the universal machine test (Instron Corporation, USA), after 1 day of storage at
4 °C. A cylindrical probe with 12 mm diameter was displaced perpendicularly under the
gel, with a 250 N load cell, compression distance of 60% of the initial height, test speed
of 1 mm.s™", with two penetration cycles, and three repetitions. The hardness, gummi-

ness, and springiness have been evaluated.

2.2.10. Statistical analysis

To confirm the impact of pH shifting on the ratios, the data were analyzed using
analysis of variance (ANOVA) with Statistica software (StatSoft Inc., Maisons-Alfort,
France). The data were further examined using Tukey's HSD test at the 5% confidence
level to distinguish between means when a significant difference (p < 0.05) was seen.

Every experiment was carried out at least three times on its own.

3. Results and discussion
3.1.  Solubility

Protein solubility (Figure 1) is an important parameter to characterize proteins.
Through this parameter, it is an indication of protein techno-functional properties, such
as gelation [23]. In the untreated ratios, as the pea proportion in the system increases,
solubility decreases relative to casein. The same tendency can be seen in a study
developed by Nascimento et al. (2023), where CMs had a solubility of 64.0% and pea

proteins of 42.8%. The solubility of vegetable proteins, especially pea protein, tends to
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be low, making their application a challenge, thus highlighting the need for additional
treatments, such as pH shifting to improve their techno-functional characteristics and
subsequent application in the food industry.

Therefore, applying pH shifting treatment, all the ratios showed an increase in
protein solubility. When the proteins are submitted to extreme conditions, such as al-
kaline pH, the structure that is normally folded is then unfolded, leaving a high repulsion
in the system. After the return to natural conditions (pH 7), the proteins tend to fold
again, however, the strong interactions that previously existed are reduced, thus form-
ing a protein in the state named “molten globule”, which is an intermediate state during
the unfolding, with same secondary structure as the native one but with a disrupted
tertiary structure. This modification is capable of increasing techno-functional proper-
ties like solubility, probably as a result of charged proteins and water having more ionic
interactions [15,20,23]. Besides that, some protein subunits can be dissociated from
the protein aggregates, contributing to increasing the solubility [24].

After the pH shifting, the ratio 0:100 had a higher increase, increasing from
26.89% to 55.54%. In a study developed by Jiang et al. (2017), the solubility of pea
protein suspension after pH shifting modification to 12 was 54.94%, was similar to the
result of our study, which demonstrates that pH shifting modification has a great impact
on pea protein solubility and thus can be applied to improve protein techno-functional
properties. The less impacted ratio was 80:20, being the solubility after the pH shifting
treatment of 45.84%. Compared to the other ratios, the smaller increase can be ex-
plained by the small amount of modified pea protein in the system. Therefore, the con-

tribution of CMs to solubility is much greater than that of pea protein.
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Solubility (%)

100:0 80:20 50:50 20:80 0:100

Figure 1. Protein solubility before and after pH shifting. Dark blue represents the sus-
pensions before the modification, and light blue after the modification. Uppercase let-
ters indicate differences between the treatments in the same ratios, while lowercase

letters indicate differences between the ratios under the same treatments.

3.2. Particle size and zeta potential

The particle size is an important parameter to infer the effect of a treatment on
the techno-functional properties of a protein. One characteristic that can be influenced
by particle size modification is solubility, since the small protein aggregates have a
higher contact area, the aggregates can interact more with water, increasing their sol-
ubility and subsequently having a significant effect on the techno-functional character-
istics (Jiang et al., 2017). Thus, the particle size of the protein suspensions was eval-
uated, and the results are presented in Figure 2.

Before the modification, the ratios 0:100, 50:50, and 20:80 presented a bimodal
distribution. In the ratio 0:100, the first peak is around 122.4 nm, and the second one
is around 615.1 nm. Already in the ratio of 50:50, the size in the first peak was the
same, with an increase in the intensity, and in the second peak, the particle size was
955.4 nm. In the ratio 20:80, the first peak was around 61.2 nm, and the second one
was 553.2 nm. This two-peak distribution is a characteristic of pea protein powder, due

to the presence of aggregates. Normally, during the powder obtention, the pea flour
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passes through a harsh processing condition, forming aggregates (Beghdadi et al.,
2022).

After the modification, there was a reduction in the particle size of the hybrid
systems (80:20; 50:50; 20:80). Also, the ratios 50:50 and 20:80, which before pre-
sented two peaks distribution, after the treatment presented only one peak, due to
particle size reduction. This reduction can be due to the dissociation of protein aggre-
gates, thus reducing their size and modifying the distribution profile (Jiang et al., 2017).
In the ratio 80:20, the particle size was also reduced. In the ratio 0:100, no modification
can be noticed, which may indicate that the improvement in solubility did not occur just
because of the dissociation of small protein units from the aggregates, but rather due

to a conformational change, which can be confirmed by the zeta potential.
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Figure 2. Particle size distribution of protein suspensions. A) 100:0 B) 0:100 C) 20:80
D) 50:50 E) 80:20. Dark blue represents the suspensions before the modification, and
light blue after the modification.

The zeta potential (Figure 3) is an indicator of suspension electrostatic stability,
which quantifies the particles' resulting surface charge (Nascimento et al., 2023). All

the suspensions presented a negative charge, which means that these particles
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contained more negatively charged amino acids on the surface than positively charged
(Nascimento et al., 2023; Sun et al., 2025). Before pH shifting, the hybrid systems,
80:20, 50:50, and 20:80, presented the highest values for zeta potential, being -21.71
mV, -22.25 mV, and -26.62 mV, respectively. Then followed by the ratio 100:0 (-27.19
mV) and the lowest was the pure pea protein suspension (0:100: -31.58 mV), being
consistent with previously published results (Nascimento et al., 2023; Post et al.,
2012).

100:0 80:20 50:50 20:80 0:100

{ potential (mV)

-40

Figure 3. Zeta potential (mV) of protein suspensions. Dark blue represents the sus-
pensions before the modification, and light blue after the modification. Uppercase let-
ters indicate differences between the treatments in the same ratios, while lowercase

letters indicate differences between the ratios under the same treatments.

After the pH shifting, the zeta potential increased for most of the suspensions,
except 80:20, where, probably, the small amount of modified pea protein in the system
was insufficient to significantly alter the magnitude of the electric charge on the particle
surface. As the amount of pea proteins increased, the zeta potential also increased,
reaching a value of -34.09 + 0.09 mV for the ratio 0:100, showing that the increase in
solubility is due to a structural change. After the return to pH 7, due to the molten struc-
ture, groups that were previously buried or participating in protein stabilization may be

more exposed and negatively charged, increasing the zeta potential of the particles.
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(Sun et al., 2025). This result can also be confirmed by the intrinsic fluorescence that
is presented later in this study.

The particle charge can also be correlated with the solubility. Indeed, according
to Li et al. (2020), as the absolute value of zeta potential rises, the repulsive interac-
tions between the molecules also increase, causing the system to become more stable
by a reduction in their aggregation and ultimately improving their solubility. When the
zeta potential is greater than or equal to £ 30 mV, more stable the system is, and the

less particles tend to aggregate.

3.3. Electrophoresis

The pH-shifting effect in the pea protein subunits can be visualized by the elec-
trophoresis profile (Figure 4). Pea proteins are composed mainly of two protein frac-
tions: albumin (15-25%) and globulin (49-70%), with globulin being the most abundant
fraction. Regarding this fraction, globulin can be divided into several subunits depend-
ing on the sedimentation coefficient, 11s (legumin) and 7s (vicilin) (Grossmann, 2024).

Pea legumin (11S) is a hexameric globular protein with a molecular mass rang-
ing from approximately 310 to 400 kDa. Each subunit of legumin has a molecular mass
of ~65 kDa and is composed of two polypeptide chains, an acidic a-chain (38—40 kDa)
and a basic B-chain (19-22 kDa), linked by disulfide bonds (Grossmann, 2024; Jiang
et al., 2017; Nascimento, et al., 2023). Instead, vicilin is a trimeric protein, and the
interaction between them is independent of disulfide bridges. However, when the
cleavage occurs, some subunits can appear (Vapy ~50; Vap, ~30-36 kDa; Va, ~20
kDa; VB, ~13kDa; Vy, ~12kDa) (Emkani et al., 2023). Also, another important vicilin
protein is covicilin. Covicilin is a trimeric structure and appears in SDS-page gel around
70 kDa (Grossmann, 2024).
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Figure 4. SDS-page gel analysis under non-reduced and reduced conditions. Bt: be-

fore pH shifting and at: after pH shifting.

Regarding the gel in native condition, comparing the ratio 0:100 after the modi-
fication, clear changes in the band patterns can be observed. The bands related to
legumin-af and vicilin-aBy had a decrease in intensity. The molten state can promote
the disruption of S-S bonds, leading to the cleavage of vicilin-afy and legumin-af3,
increasing the intensity of the subunits (Zhang et al., 2022). Jiang et al. (2017), ana-
lyzing the effect of different pH levels in the pH shifting, also observed the reduction in
the legumin-ap intensity after the pH shifting at pH 12.

Comparing the native condition and reduced condition, a clear increase in the
number of bonds in the gel can be observed. This increase is due to the use of the [3-
mercaptoethanol, which acts as a reducing agent and promotes the cleavage of the
disulfide bonds of the proteins (Jiang et al., 2017). One of the bands that is influenced
by the use of B-mercaptoethanol is legumin-a, which disappeared, being converted
into the bands referring to legumin-a and legumin-B. Other bands, such as vicilin-q,
vicilin-B, and vicilin-y, appear under reduced conditions due to the cleavage of S-S
bonds by B-mercaptoethanol. Probably, its effect was more intense than the pH shifting
effect, causing a more significant effect in the S-S bonds.
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3.4. Intrinsic fluorescence

The intrinsic fluorescence of tryptophan (Trp) can indicate changes in the ter-
tiary structure due to its sensitivity to the polarity of the microenvironment (S. Zhang et
al., 2022). Comparing the samples before the pH-shifting treatment (Figure 5), the in-
trinsic fluorescence decreases as the pea amount increases. The difference between
the samples can be attributed to the distinct amounts of tryptophan residues in the
protein structures. Casein contains approximately 1.55% more tryptophan than pea
protein, which contributes to the higher fluorescence intensity observed in the 100:0

sample (Nascimento et al., 2023).
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Figure 5. Intrinsic fluorescence of protein suspensions. A) 100:0 B) 80:20 C) 50:50 D)
20:80 E) 0:100. Dark blue represents the suspensions before the modification, and

light blue after the modification.

Regarding the pH shifting treatment, no red or blue shift was observed in the
emission spectra, with the highest value at 335 nm. However, a decrease in fluores-

cence intensity was detected after the modification. In the 80:20 ratio, no significant
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structural changes were observed, probably because the amount of modified pea pro-
tein in the system was insufficient to alter the Trp microenvironment. In contrast, the
50:50 and 20:80 ratios showed a slight reduction in fluorescence intensity, with the
most pronounced decrease found in the 0:100 sample. This suggests that the pH-shift-
ing treatment induced structural modifications in the protein, modifying the microenvi-
ronment of Trp. Controversially, J. Zhang et al. (2022) observed an increase in intrinsic
fluorescence when pea protein isolate was subjected to pH-shifting modification. How-
ever, in the referenced study, the pH-shifting time was relatively short (1 hour), which
may have limited the extent of Trp residue exposure. In contrast, the decrease in fluo-
rescence intensity observed in our study may be attributed to a quenching effect, po-
tentially caused by increased solvent accessibility or interactions with quenching
agents (Nascimento et al., 2023). Despite these quenching effects, the reduction in
fluorescence intensity still suggests that the pH-shifting treatment promoted the expo-
sure of Trp residues. This interpretation is further supported by complementary results

obtained in this study, such as solubility and zeta potential measurements.

3.5.  Water Holding Capacity (WHC)

Water holding capacity (WHC) is the ability of a protein to retain and hold water
when centrifugal force is applied. This characteristic is extremely important in food tex-
ture, such as yogurt and cheese (Jeong & Cho, 2024). For the pure systems, before
the pH shifting treatment, the WHC was 58.10 + 0.86% and 77.70 + 2.13% (Figure 6)
from ratios 100:0 and 0:100, respectively. These results are lower than the results pre-
sented by Nascimento et al., (2024), which were 82.6% and 98.3%, however, they
follow the same pattern, being the casein gel capable of holding less water than pea
protein gel. According to the authors, this difference can occur because of the inter-
connection inside the gels. Pea protein gel has a stronger interconnected network,
enabling it to retain more water in its structure. On the other hand, casein gels have
large pores in their structure and are capable of holding less water. Related to the
mixed systems, no significant difference was noticed between the ratios 80:20 and
20:80, however, at the ratio 50:50, the WHC was the smallest, 62.54% + 0.58%. In
hybrid systems formed by pea protein and casein protein, both proteins tend to form
independent systems, generating a less cohesive gel network, and reducing water re-
tention (Oliveira et al., 2022; Xia et al., 2024).
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After pH shifting treatment, the ratio 0:100 had the highest WHC, 92.39% =+
0.55%. Zhu et al. (2021) studying the pH-shift effect in pea protein gel noticed that after
the pH-shifting the gels tend to form a more uniform pore size of 3—5 pm in the gel,
and because the more uniformly distributed network, the structure tends to hold more
water because its molecules are more tightly retained within this dense structure.

Between the hybrid systems, the ratio 80:20 had the highest WHC, 89.08%
11.43%. In the ratios 50:50 and 20:80, a reduction in WHC was noticed from 62.54%
to 59.89% and from 69.58% to 54.62%, respectively. When a significant proportion of
pea protein is incorporated into a casein gel, it disrupts the cohesion of the casein
network due to lower structural and functional compatibility, probably reducing the
WHC (Xia et al., 2024). However, in the ratio 80:20, the modification of pea protein
structure probably increased the interaction with water, having a dominant effect on

WHC.

100

WHC (%)

100:0 80:20 50:50 20:80 0:100

Figure 6. Water holding capacity of hybrid gels. Dark blue represents the gel without
modification, and light blue is the gel produced after pH shifting. Uppercase letters
mean differences between the treatments in the same ratios, and lowercase letters

mean differences between the different ratios under the same treatments.

3.6. Texture profile analysis (TPA)
During a TPA test, samples are subjected to two successive compressions,

mimicking the biting action of the human mouth. This process allows for the evaluation
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of the sample's textural properties and their behavior during mastication (Xia et al.,
2024). Hardness describes the mechanical strength of a material. Its value is calcu-
lated by the maximum peak formed when a hard body penetrates the gel (Masia et al.,
2023; Xia et al., 2024). In Table 2, among the ratios without modification, the gel hard-
ness is reduced when more pea protein is added to the system, changing from 2.673
+0.0222 N t0 0.145 + 0.01 N for the ratio 100:0 and 0:100, respectively. This difference
can be related to the WHC of the gels. The casein gel has a smaller WHC, thus allow-
ing a more rigid structure. Instead, the pea protein has a higher WHC, causing the
hardness reduction. Xia et al. (2024), studying acid gels formed by pea proteins and
casein micelles, also noticed that after the addition of pea proteins to a casein micelle

gel, the hardness is reduced.
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Hardness (N)

Chewiness (N)

Resilience

Gumminess (N)

Springiness (mm)

Cohesiveness

2.6735+0.0224 @
2.1129 + 0.0455 *A

0.8241 + 0.0080 <A
0.1116 £ 0.0104

0.1452 £ 0.0100

17.0898 + 0.4235 @
13.0187 + 2.0603 8

5.7489 + 0.2305 A
0.4765 + 0.1002

0.5379 £ 0.0531 %

0.8947 + 0.0103 @
0.7998 + 0.0165 4

0.7987 + 0.0074 @A
0.7516 + 0.0387 PA

0.6747 £ 0.0193 <A

1.1628 + 0.0503 @
0.8699 + 0.1400 A

0.2983 + 0.0733 <A
0.0324 + 0.0070

0.0369 + 0.0040

11.9540 + 0.2416

a

10.9078 + 0.2395

aA

7.8289 + 0.5428 A

0.4342 + 0.0288

abA

0.4125 £ 0.0670

abA

0.3778 + 0.0964 &

0.2857 £ 0.0800
bcA

0.2273 £ 0.0400 <A

Sample

100:0

Before ~ 80:20

pH .

shifting 50:50
20:80

0:100

80:20

AfterpH  gg.50
shifting 20:80
0:100

1.3828 + 0.0571 B

0.4215 £ 0.0479 B
0.5267 + 0.0135 A
0.6179 + 0.0694 *A

8.6147 + 0.7808 PA

2.4497 + 0.3426 **

39.8140 + 3.0960 2

3.0360 + 0.6526 °A

0.7573 £ 0.0217 2

0.8108 + 0.0093
0.8431 + 0.0330 A
0.7849 + 0.0318 2

0.5747 + 0.0515 A

0.1651 £ 0.0217 B
2.6644 + 0.1999 A
0.2028 + 0.0434 A

11.2789 + 0.0283

aA
7.9378 £ 0.6187 @+
9.5650 * 0.2996 @
7.6442 +1.1931 2

0.4138 + 0.0371 A

0.3933 + 0.0601 **
5.2000 + 0.4228 @
0.3333 + 0.0882 A

Table 2. Texture profile analysis of hybrid gels. Uppercase letters mean differences between the treatments in the same ratios, and
lowercase letters mean differences between the different ratios under the same treatments.
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Comparing the ratios 80:20 and 50:50, after the modification, the hardness was
reduced from 2.113 N to 1.383 N and from 0.824 N to 0.422 N, respectively. In the
80:20 ratio, after the modification, the gel was capable of holding more water in the
structure, probably due to the opening of the pea protein structure, causing the hard-
ness reduction. Related to the ratio 50:50, despite structural alterations in the pea pro-
tein, as indicated by the decrease in particle size and the rise in zeta potential, the
protein's thermodynamic incompatibility was unavoidable. Probably, after the pH shift-
ing, pea proteins tended to interact even more with themselves, decreasing the WHC
and the gel hardness.

For the 20:80 after the modification, the hardness increased. This suggests that
in mixed gels with a higher proportion of pea protein, the modification in pea protein
structure may enhance protein-protein interactions during gelation, overcoming the
negative effect that caseins can have on the system, increasing gel hardness. The
same behavior was verified in the ratio 0:100. Studying the effect of pH-shifting on soy
and potato protein and also their mix, Sun et al. (2025), also observed an increase in
the hardness of the gel, due to the increase of SH groups, after the pH shifting, which
is favored by the formation of disulfide and covalent bonds during gel structuration.

Gumminess is the energy needed to break up a semi-solid food in the mouth
before swallowing (Hwang et al., 2012). Before the modification, the gumminess is
reduced as the amount of pea protein increases in the system. This reduction can be
attributed to the structural characteristics of pea protein, which, compared to casein,
tends to form looser, more porous networks that require less effort to break down. After
the modification, for the ratios 20:80 and 0:100, the gumminess of the system in-
creases, from 0.032 N to 2.664 N and from 0.037 N to 0.203 N, respectively, showing
that the modification in these ratios can favor more pea-pea interactions, increasing
the hard structure of the gel. Conversely, for the 80:20 and 50:50 ratios, the presence
of pea protein in a system with greater or equal amounts of casein can cause a disrup-
tive effect on the gel, resulting in the reduction of gumminess.

Related to the springiness, which indicates how well the gels return to their orig-
inal height after the first downward compression (Xia et al., 2024). Comparing the dif-
ferent ratios, the springiness decreases as the amount of pea in the system decreases,
indicating that the gels with higher amounts of casein have a more elastic and inte-

grated gel structure (Zhu et al., 2021). Comparing the ratios before and after the
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modification, the springiness increases. Probably, the modification is capable of in-

creasing the gel elasticity.

4. Conclusion

This study has demonstrated that pH shifting can be an effective tool for
improving the techno-functional properties of hybrid systems formed by casein and pea
proteins. Related to the hybrid systems, depending on the majority protein (more
casein or more pea protein) in the suspension or gel, the properties are different. For
the ratio 80:20, the pH shifting effect was less significant. However, the presence of
the modified pea protein in the casein gel was able to improve the interactions between
the proteins, increasing the WHC and reducing hardness. For the 50:50 and 20:80
ratios, even with the increase in solubility, after gelation, the gel was able to hold less
water in its structure, and the gel hardness decreased. In the ratio 0:100, structural
modification promoted by the pH shifting resulted in a significant increase in solubility
and WHC, resulting in a gel with different structural characteristics. The different effects
of pH shifting in the pea protein indicate that the structural and functional compatibility
between the proteins directly influences the behavior of the hybrid systems. The results
highlight the potential of pH shifting in the modification of pea protein and, consequently
in hybrid systems. The use of this technique is a promising process in food formulation,
especially in high-protein hybrid products aimed at balancing the functionality of casein

and the sustainability of pea proteins.

Author Contributions: Conceptualization: R.R.d.S. and A.F.C.; methodology:
R.R.d.S. and L.S.d.S.; formal analysis: R.R.d.S., L.H.d.P.S., L.D.R. and G.S.N.; inves-
tigation: R.R.d.S., L H.d.P.S., L.D.R. and G.S.N.; writing—original draft preparation:
R.R.d.S. and L.S.d.S.; writing—review and editing, L.G.L.N. and A.F.C.; supervision:
A.F.C.; funding acquisition: A.F.C. All authors have read and agreed to the published

version of the manuscript.

Funding: We gratefully acknowledge the Brazilian funding agencies CNPq, Fapemig,
and the Coordenacao de Aperfeicoamento de Pessoal de Nivel Superior—Brasil

(CAPES), Finance Code 001, for the financial support.



71

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are in-
cluded in the article, further inquiries can be directed to the corresponding author.
Acknowledgments: The authors would like to thank the Packaging Laboratory (DTA,
UFV) for providing knowledge and infrastructure support.

Conflicts of Interest: The authors declare no conflicts of interest.

References

United Nations (2015). Transforming Our World: The 2030 Agenda for Sustainable De-
velopment. Report No. A/RES/70/1. New York, NY.

Akharume, F. U., Aluko, R. E., & Adedeji, A. A. (2021). Modification of plant proteins
for improved functionality: A review. In Comprehensive Reviews in Food Science and
Food Safety (Vol. 20, Issue 1, pp. 198-224). Blackwell Publishing Inc.
https://doi.org/10.1111/1541-4337.12688

Aragén, S. R., & Pecora, R. (1976). Theory of dynamic light scattering from
polydisperse systems. The Journal of Chemical Physics, 64(6), 2395-2404.
https://doi.org/10.1063/1.432528

Asen, N. D., Aluko, R. E., Martynenko, A., Utioh, A., & Bhowmik, P. (2023). Yellow
Field Pea Protein (Pisum sativum L.): Extraction Technologies, Functionalities, and
Applications.  Foods 2023, Vol. 12, Page 3978, 12(21), 3978.
https://doi.org/10.3390/FOODS 12213978

Barac, M., Cabrilo, S., Pesic, M., Stanojevic, S., Zilic, S., Macej, O., & Ristic, N. (2010).
Profile and functional properties of seed proteins from six pea (Pisum sativum)
genotypes. International Journal of Molecular Sciences, 11(12), 4973-4990.
https://doi.org/10.3390/ijms11124973

Batista, L. F., Silva, M. F., Dias, M. M. dos S., Soares, N. de F. F., Pires, A. C. dos S.,
& Vidigal, M. C. T. R. (2022). Caracterization and optimization of nonfat yogurt based



72

on texture properties: instrumental texture profile and rheological properties. Research,
Society and Development, 11(8), €59011831457. https://doi.org/10.33448/rsd-
v11i8.31457

Beghdadi, A., Picart-Palmade, L., Cunault, C., Marchesseau, S., & Chevalier-Lucia, D.
(2022). Impact of two thermal processing routes on protein interactions and acid
gelation properties of casein micelle-pea protein mixture compared to casein micelle-
whey protein one. Food Research International, 155.
https://doi.org/10.1016/j.foodres.2022.111060

Ben-Harb, S., Panouillé, M., Huc-Mathis, D., Moulin, G., Saint-Eve, A., Irlinger, F.,
Bonnarme, P., Michon, C., & Souchon, I. (2018). The rheological and microstructural
properties of pea, milk, mixed pea/milk gels and gelled emulsions designed by thermal,
acid, and enzyme  treatments. Food Hydrocolloids, 77, 75-84.
https://doi.org/10.1016/j.foodhyd.2017.09.022

Bhargava, N., Mor, R. S., Kumar, K., & Sharanagat, V. S. (2021). Advances in
application of ultrasound in food processing: A review. Ultrasonics Sonochemistry, 70,
105293. https://doi.org/10.1016/J.ULTSONCH.2020.105293

Bu, F., Nayak, G., Bruggeman, P., Annor, G., & Ismail, B. P. (2022). Impact of plasma
reactive species on the structure and functionality of pea protein isolate. Food
Chemistry, 371, 131135. https://doi.org/10.1016/J.FOODCHEM.2021.131135

Chang, L., Lan, Y., Bandillo, N., Ohm, J. B., Chen, B., & Rao, J. (2022). Plant proteins
from green pea and chickpea: Extraction, fractionation, structural characterization and
functional properties. Food Hydrocolloids, 123.
https://doi.org/10.1016/j.foodhyd.2021.107165

Chao, D., Jung, S., & Aluko, R. E. (2018). Physicochemical and functional properties
of high pressure-treated isolated pea protein. Innovative Food Science and Emerging
Technologies, 45, 179-185. https://doi.org/10.1016/j.ifset.2017.10.014



73

Chen, C., Chaudhary, A., & Mathys, A. (2022). Dietary Change and Global Sustainable
Development Goals. In Frontiers in Sustainable Food Systems (Vol. 6). Frontiers
Media S.A. https://doi.org/10.3389/fsufs.2022.771041

Chen, S. K., Lin, H. F., Wang, X., Yuan, Y., Yin, J. Y., & Song, X. X. (2023).
Comprehensive analysis in the nutritional composition, phenolic species and in vitro
antioxidant activities of different pea cultivars. Food Chemistry: X, 17, 100599.
https://doi.org/10.1016/J.FOCHX.2023.100599

Chen, Y., Wang, T., Zhang, Y., Yang, X., Du, J., Yu, D., & Xie, F. (2022). Effect of
moderate electric fields on the structural and gelation properties of pea protein isolate.
Innovative Food Science and Emerging Technologies, 77.
https://doi.org/10.1016/j.ifset.2022.102959

Chen, Z. L., Li, Y., Wang, J. H., Wang, R., Teng, Y. X,, Lin, J. W.,, Zeng, X. A., Woo,
M. W., Wang, L., & Han, Z. (2023). Pulsed electric field improves the EGCG binding
ability of pea protein isolate unraveled by multi-spectroscopy and computer simulation.
International Journal of Biological Macromolecules, 244.
https://doi.org/10.1016/j.ijbiomac.2023.125082

Chigwedere, C. M., Stone, A., Konieczny, D., Lindsay, D., Huang, S., Glahn, R,,
House, J. D., Warkentin, T. D., & Nickerson, M. (2023). Examination of the functional
properties, protein quality, and iron bioavailability of low-phytate pea protein
ingredients. European Food Research and Technology, 249(6), 1517-1529.
https://doi.org/10.1007/s00217-023-04232-x

Chiozzi, V., Agriopoulou, S., & Varzakas, T. (2022). Advances, Applications, and
Comparison of Thermal (Pasteurization, Sterilization, and Aseptic Packaging) against
Non-Thermal (Ultrasounds, UV Radiation, Ozonation, High Hydrostatic Pressure)
Technologies in Food Processing. Applied Sciences 2022, Vol. 12, Page 2202, 12(4),
2202. https://doi.org/10.3390/APP 12042202



74

Chuang, B. F., Chen, S. Y., Lin, J. A,, & Yen, G. C. (2025). Modifying pea protein by
cold plasma for the development of functional vegan cheese. Food Bioscience, 65.
https://doi.org/10.1016/j.fbio.2025.106017

Costantini, M., Summo, C., Centrone, M., Rybicka, |., D’Agostino, M., Annicchiarico,
P., Caponio, F., Pavan, S., Tamma, G., & Pasqualone, A. (2021). Macro- And micro-
nutrient composition and antioxidant activity of Chickpea and Pea Accessions. Polish
Journal of Food and Nutrition Sciences, 71(2), 177-185.
https://doi.org/10.31883/pjfns/135813

Cui, L., Bandillo, N., Wang, Y., Ohm, J. B., Chen, B., & Rao, J. (2020). Functionality
and structure of yellow pea protein isolate as affected by cultivars and extraction pH.
Food Hydrocolloids, 108. https://doi.org/10.1016/j.foodhyd.2020.106008

Daveby, Y. D., Abrahamsson, M., & Aman, P. (1993). Changes in chemical
composition during development of three different types of peas. Journal of the
Science of Food and Agriculture, 63(1), 21-28.
https://doi.org/10.1002/JSFA.2740630105

Dreyer, L., Astier, C., Dano, D., Hosotte, M., Jarlot-Chevaux, S., Sergeant, P., &
Kanny, G. (2014). Consommation croissante d’aliments contenant du pois jaune : un
risque d’allergie  ? Revue Francaise d'Allergologie, 54(1), 20-26.
https://doi.org/10.1016/J.REVAL.2013.11.007

Emkani, M., Moundanga, S., Oliete, B., & Saurel, R. (2023). Protein composition and
nutritional aspects of pea protein fractions obtained by a modified isoelectric
precipitation method using fermentation. Frontiers in Nutrition.
https://doi.org/10.3389/fnut.2023.1284413

Fadimu, G. J., Le, T. T., Gill, H., Farahnaky, A., Olatunde, O. O., & Truong, T. (2022).
Enhancing the Biological Activities of Food Protein-Derived Peptides Using Non-
Thermal Technologies: A Review. In Foods (Vol. 11, Issue 13). MDPI.
https://doi.org/10.3390/foods11131823



75

Farshi, P., Mirmohammadali, S. N., Rajpurohit, B., Smith, J. S., & Li, Y. (2024). Pea
protein and starch: Functional properties and applications in edible films. Journal of
Agriculture and Food Research, 15, 100927.
https://doi.org/10.1016/J.JAFR.2023.100927

Gao, K., Rao, J., & Chen, B. (2022). Unraveling the mechanism by which high intensity
ultrasound improves the solubility of commercial pea protein isolates. Food
Hydrocolloids, 131, 107823. https://doi.org/10.1016/J.FOODHYD.2022.107823

Gokul Nath, K., Pandiselvam, R., & Sunil, C. K. (2023). High-pressure processing:
Effect on textural properties of food- A review. Journal of Food Engineering, 351,
111521. https://doi.org/10.1016/J.JFOODENG.2023.111521

Gravel, A., & Doyen, A. (2023). Pulse Globulins 11S and 7S: Origins, Purification
Methods, and Techno-functional Properties. In Journal of Agricultural and Food
Chemistry (Vol. 71, Issue 6, pp. 2704-2717). American Chemical Society.
https://doi.org/10.1021/acs.jafc.2c07507

Gravel, A., Dubois-Laurin, F., Turgeon, S. L., & Doyen, A. (2023). Combination of
Ultrafiltration/Diafiltration and Ammonium Sulfate Precipitation for the Purification of
11S and 7S Pea Globulin Fractions. ACS Food Science and Technology, 3(12), 2208—
2218. https://doi.org/10.1021/acsfoodscitech.3c00418

Gravel, A., Dubois-Laurin, F., Turgeon, S. L., & Doyen, A. (2024). The role of the
7S/11S globulin ratio in the gelling properties of mixed B-lactoglobulin/pea proteins
systems. Food Hydrocolloids, 156. https://doi.org/10.1016/j.foodhyd.2024.110273

Grossmann, L. (2024). Structural properties of pea proteins (Pisum sativum) for
sustainable food matrices. In Critical Reviews in Food Science and Nutrition (Vol. 64,
Issue 23, pp. 8346—-8366). Taylor and Francis Ltd.
https://doi.org/10.1080/10408398.2023.2199338

Guo, L., Wang, X., Ren, Y., Zhang, X., Li, Q., Zhang, C., & Qian, J. Y. (2024).

Outcomes of structure, function and flavor of pea protein isolate treated by AC, DC and



76

pulsed electric fields. Food Research International, 176.
https://doi.org/10.1016/j.foodres.2023.113817

Hall, A. E., & Moraru, C. I. (2021). Structure and function of pea, lentil and faba bean
proteins treated by high pressure processing and heat treatment. LWT, 152, 112349.
https://doi.org/10.1016/J.LWT.2021.112349

Hansen, L., Bu, F., & Ismail, B. P. (2022). Structure-Function Guided Extraction and
Scale-Up of Pea Protein Isolate Production. Foods 2022, Vol. 11, Page 3773, 11(23),
3773. https://doi.org/10.3390/FOODS11233773

Hertzler, S. R., Lieblein-Boff, J. C., Weiler, M., & Allgeier, C. (2020). Plant proteins:
Assessing their nutritional quality and effects on health and physical function. In
Nutrients (Vol. 12, Issue 12, pp. 1-27). MDPI AG. https://doi.org/10.3390/nu12123704

Hite, B. H., & Giddings, N. James. (1914). The effect of pressure on certain micro-
organisms encountered in the preservation of fruits and vegetables. The Station.
https://researchrepository.wvu.edu/wv_agricultural_and_forestry experiment_station
_bulletins/146

Husband, H., Ferreira, S., Bu, F., Feyzi, S., & Ismail, B. P. (2024). Pea protein
globulins: Does their relative ratio matter? Food Hydrocolloids, 148, 109429.
https://doi.org/10.1016/j.foodhyd.2023.109429

Hwang, J., Kim, D.-K., Bae, J. H., Kang, S. H., Seo, K. M., Kim, B. K., & Lee, S. Y.
(2012). The Effect of Rheological Properties of Foods on Bolus Characteristics After
Mastication. Annals of Rehabilitation Medicine, 36(6), 776.
https://doi.org/10.5535/arm.2012.36.6.776

Jadhav, H. B., Annapure, U. S., & Deshmukh, R. R. (2021). Non-thermal Technologies
for Food Processing. In Frontiers in Nutrition (Vol. 8). Frontiers Media S.A.
https://doi.org/10.3389/fnut.2021.657090



44

Jeong, M.-S., & Cho, S.-J. (2024). Effect of pH-shifting on the water holding capacity
and gelation properties of mung bean protein isolate. Food Research International,
177, 113912, https://doi.org/10.1016/j.foodres.2023.113912

Jiang, S., Ding, J., Andrade, J., Rababah, T. M., Almajwal, A., Abulmeaty, M. M., &
Feng, H. (2017). Modifying the physicochemical properties of pea protein by pH-
shifting and ultrasound combined treatments. Ultrasonics Sonochemistry, 38, 835—
842. https://doi.org/10.1016/j.ultsonch.2017.03.046

Kjeldahl, J. (1883). Neue Methode zur Bestimmung des Stickstoffs in organischen
Korpern. Fresenius’ Zeitschrift Far Analytische Chemie, 22(1), 366-382.
https://doi.org/10.1007/BF01338151

Kornet, C., Venema, P., Nijsse, J., van der Linden, E., van der Goot, A. J., & Meinders,
M. (2020). Yellow pea aqueous fractionation increases the specific volume fraction and
viscosity of its dispersions. Food Hydrocolloids, 99, 105332.
https://doi.org/10.1016/J.FOODHYD.2019.105332

Kornet, R., Penris, S., Venema, P., van der Goot, A. J., Meinders, M. B. J., & van der
Linden, E. (2021). How pea fractions with different protein composition and purity can
substitute WPI in heat-set gels. Food Hydrocolloids, 120.
https://doi.org/10.1016/j.foodhyd.2021.106891

Kornet, R., Yang, J., Venema, P., van der Linden, E., & Sagis, L. M. C. (2022).
Optimizing pea protein fractionation to yield protein fractions with a high foaming and
emulsifying capacity. Food Hydrocolloids, 126.
https://doi.org/10.1016/j.foodhyd.2021.107456

Lam, A. C. Y., Can Karaca, A., Tyler, R. T., & Nickerson, M. T. (2018). Pea protein
isolates: Structure, extraction, and functionality. Food Reviews International, 34(2),
126-147. https://doi.org/10.1080/87559129.2016.1242135

Lee, J.-S., Oh, H., Choi, I, Yoon, C. S., & Han, J. (2022). Physico-chemical

characteristics of rice protein-based novel textured vegetable proteins as meat



78

analogues produced by low-moisture extrusion cooking technology. LWT, 157,
113056. https://doi.org/10.1016/j.lwt.2021.113056

Li, J., Wu, M., Wang, Y., Li, K, Du, J., & Bai, Y. (2020). Effect of pH-shifting treatment
on structural and heat induced gel properties of peanut protein isolate. Food
Chemistry, 325. https://doi.org/10.1016/j.foodchem.2020.126921

Li, R., Roman, L., Hansen, L., Bu, F., & Ismail, B. P. (2022). Structure-Function Guided
Extraction and Scale-Up of Pea Protein Isolate Production.
https://doi.org/10.3390/foods11233773

Li, Y., Cheng, Y., Zhang, Z., Wang, Y., Mintah, B. K., Dabbour, M., Jiang, H., He, R.,
& Ma, H. (2020). Modification of rapeseed protein by ultrasound-assisted pH shift
treatment: Ultrasonic mode and frequency screening, changes in protein solubility and
structural characteristics. Ultrasonics Sonochemistry, 69, 105240.
https://doi.org/10.1016/j.ultsonch.2020.105240

Lu, Z. X., He, J. F., Zhang, Y. C., & Bing, D. J. (2020). Composition, physicochemical
properties of pea protein and its application in functional foods. Critical Reviews in
Food Science and Nutrition, 60(15), 2593-2605.
https://doi.org/10.1080/10408398.2019.1651248

Marcinauskas, L., Kavaliauskas, Z., Jonynaité, K., Uscila, R., Aikas, M., Kersulis, S.,
Straks8ys, A., Stirké, A., & Stankevic, V. (2024). The Influence of Voltage on Gliding Arc
Discharge Characteristics, the Composition of Air Plasma, and the Properties of BG-
11 Medium. Applied Sciences 2024, Vol. 14, Page 2135, 14(5), 2135.
https://doi.org/10.3390/APP 14052135

Masia, C., Keshanidokht, S., Due Preisler, L., Risbo, J., & Jensen, P. E. (2023). Plant
lipid sources in fermented pea protein gels: Emulsion stability and gel microstructure.
LWT, 182, 114890. https://doi.org/10.1016/j.lwt.2023.114890

McClements, D. J. (2015). Food Emulsions. CRC Press.
https://doi.org/10.1201/b18868



79

Melchior, S., Calligaris, S., Bisson, G., & Manzocco, L. (2020). Understanding the
impact of moderate-intensity pulsed electric fields (MIPEF) on structural and functional
characteristics of pea, rice and gluten concentrates. Food and Bioprocess Technology,
13(12), 2145—-2155. https://doi.org/10.1007/s11947-020-02554-2

Mession, J. L., Roustel, S., & Saurel, R. (2017). Interactions in casein micelle - Pea
protein system (Part Il): Mixture acid gelation with glucono-d-lactone. Food
Hydrocolloids, 73, 344-357. https://doi.org/10.1016/j.foodhyd.2017.06.029

Mession, J.-L., Sok, N., Assifaoui, A., Saurel, mi, Dijon, A., Pam, U., & PAPC Proce,
E. (2013). Thermal Denaturation of Pea Globulins (Pisum sativum L.)[1Molecular
Interactions Leading to Heat-Induced Protein Aggregation.
https://doi.org/10.1021/jf303739n

Millar, K. A., Gallagher, E., Burke, R., McCarthy, S., & Barry-Ryan, C. (2019).
Proximate composition and anti-nutritional factors of fava-bean (Vicia faba), green-pea
and yellow-pea (Pisum sativum) flour. Journal of Food Composition and Analysis, 82.
https://doi.org/10.1016/j.jfca.2019.103233

Moller, A. C., van der Padt, A., & van der Goot, A. J. (2022). Influence of the
fractionation method on the protein composition and functional properties. Innovative
Food Science & Emerging Technologies, 81, 103144.
https://doi.org/10.1016/J.IFSET.2022.103144

Mozafarpour, R., Koocheki, A., & Nicolai, T. (2022). Modification of grass pea protein
isolate (Lathyrus sativus L.) using high intensity ultrasound treatment: Structure and
functional properties. Food Research International, 158.
https://doi.org/10.1016/j.foodres.2022.111520

Murray, B. S. (2020). Recent developments in food foams. Current Opinion in Colloid
& Interface Science, 50, 101394. https://doi.org/10.1016/J.COCIS.2020.101394

Nascimento, L. G. L., da Silva, R. R., Odelli, D., Descamps, A., Trivelli, X., Casanova,
F., Marie, R., Martins, E., de Carvalho, A. F., Delaplace, G., & de Sa Peixoto Junior,



80

P. P. (2025). Impact of protein ratio and thermal treatment on the aggregation and
rheological properties of high-concentrated milk and pea protein suspensions. Food
Research International, 206, 116024. https://doi.org/10.1016/j.foodres.2025.116024

Nascimento, L. G. L., da Silva, R. R., Odelli, D., Doumert, B., Martins, E., Casanova,
F., Marie, R., Carvalho, A. F., Delaplace, G., & de Sa Peixoto Junior, P. P. (2024). Acid
gelation of high-concentrated casein micelles and pea proteins mixed systems. Food
Research International, 196. https://doi.org/10.1016/j.foodres.2024.114982

Nascimento, L. G. L., Odelli, D., Fernandes de Carvalho, A., Martins, E., Delaplace,
G., Peres de sa Peixoto Junior, P., Nogueira Silva, N. F., & Casanova, F. (2023).
Combination of Milk and Plant Proteins to Develop Novel Food Systems: What Are the
Limits? Foods, 12(12), 2385. https://doi.org/10.3390/foods12122385

Nascimento, L. G. L., Queiroz, L. S., Petersen, H. O., Marie, R., Silva, N. F. N.,
Mohammadifar, M. A., de Sa Peixoto Junior, P. P., Delaplace, G., de Carvalho, A. F.,
& Casanova, F. (2023). High-intensity ultrasound treatment on casein: Pea mixed
systems: Effect on gelling properties. Food Chemistry, 422.
https://doi.org/10.1016/j.foodchem.2023.136178

Nasir, G., Zaidi, S., Siddiqui, A., & Sirohi, R. (2023). Characterization of pea processing
by-product for possible food industry applications. Journal of Food Science and
Technology, 60(6), 1782—-1792. https://doi.org/10.1007/s13197-023-05718-y

Nikolopoulou, D., Grigorakis, K., Stasini, M., Alexis, M. N., & lliadis, K. (2007).
Differences in chemical composition of field pea (Pisum sativum) cultivars: Effects of
cultivation area and year. Food Chemistry, 103(3), 847-852.
https://doi.org/10.1016/J.FOODCHEM.2006.09.035

O’Kane, F. E., Happe, R. P., Vereijken, J. M., Gruppen, H., & Van Boekel, M. A. J. S.
(2004). Heat-induced gelation of pea legumin: Comparison with soybean glycinin.
Journal  of  Agricultural and Food  Chemistry, 52(16), 5071-5078.
https://doi.org/10.1021/jf035215h



81

Oliveira, I. C., de Paula Ferreira, I. E., Casanova, F., Cavallieri, A. L. F., Lima
Nascimento, L. G., de Carvalho, A. F., & Nogueira Silva, N. F. (2022). Colloidal and
Acid Gelling Properties of Mixed Milk and Pea Protein Suspensions. Foods, 11(10),
1383. https://doi.org/10.3390/foods11101383

Omrani Khiabanian, N., Motamedzadegan, A., Naghizadeh Raisi, S., & Alimi, M.
(2020). Chemical, textural, rheological, and sensorial properties of wheyless feta
cheese as influenced by replacement of milk protein concentrate with pea protein
isolate. Journal of Texture Studies, 51(3), 488-500. https://doi.org/10.1111/jtxs.12508

Ozkan, G., Tataroglu, P., Gulec, S., & Capanoglu, E. (2024). Modification of pea
protein isolates by high-intensity ultrasonication: Functional, structural and nutritional
properties. Food Chemistry Advances, 5, 100793.
https://doi.org/10.1016/J.FOCHA.2024.100793

Pan, J., Zhang, Z., Mintah, B. K., Xu, H., Dabbour, M., Cheng, Y., Dai, C., He, R., &
Ma, H. (2022). Effects of nonthermal physical processing technologies on functional,
structural properties and digestibility of food protein: A review. In Journal of Food
Process Engineering (Vol. 45, Issue 4). John Wiey and Sons Inc.
https://doi.org/10.1111/jfpe.14010

Pelgrom, P. J. M., Boom, R. M., & Schutyser, M. A. I. (2015). Functional analysis of
mildly refined fractions from vyellow pea. Food Hydrocolloids, 44, 12-22.
https://doi.org/10.1016/J.FOODHYD.2014.09.001

Périé, L., Savoire, R., Harscoat-Schiavo, C., Delample, M., Roze, M., Crepin, M.,
Lebrun, C., & Leal-Calderon, F. (2025). Improvement of the foaming properties of pea
protein concentrate suspensions by physical or enzymatic treatments. Colloids and
Surfaces A: Physicochemical and Engineering Aspects, 709, 136076.
https://doi.org/10.1016/J.COLSURFA.2024.136076

Post, A. E., Arnold, B., Weiss, J., & Hinrichs, J. (2012). Effect of temperature and pH

on the solubility of caseins: Environmental influences on the dissociation of aS- and [3-



82

casein. Journal of Dairy Science, 95(4), 1603—1616. https://doi.org/10.3168/jds.2011-
4641

Ratnayake, W. S., Hoover, R., & Warkentin, T. (2002). Pea Starch: Composition,
Structure and Properties — A Review. Starch - Starke, 54(6), 217-234.
https://doi.org/10.1002/1521-379X(200206)54:6<217::AID-STAR217>3.0.CO;2-R

Rout, S., & Srivastav, P. P. (2024). Modification of soy protein isolate and pea protein
isolate by high voltage dielectric barrier discharge (DBD) atmospheric cold plasma:
Comparative study on structural, rheological and techno-functional characteristics.
Food Chemistry, 447, 138914. https://doi.org/10.1016/J.FOODCHEM.2024.138914

Safwa, S. M., Ahmed, T., Talukder, S., Sarker, A., & Rana, M. R. (2023). Applications
of non-thermal technologies in food processing Industries-A review. Journal of
Agriculture and Food Research, 100917. https://doi.org/10.1016/j.jafr.2023.100917

serGeant, P., & Moneret-Vautrin, D. (2015). Cross-reactivity of a new food ingredient,
dun pea, with legumes, and risk of anaphylaxis in legume allergic children. Eur Ann
AllErgy Clin Immunol, 47, 118—125.

Serrano Leon, G., Gravel, A., Perreault, V., Pouliot, Y., & Doyen, A. (2024). Impact of
high hydrostatic pressure on casein micelle-pea protein systems and comparison with
heat treatment. Sustainable Food Proteins, 2(4), 268-281.
https://doi.org/10.1002/sfp2.1041

Shanthakumar, P., Klepacka, J., Bains, A., Chawla, P., Dhull, S. B., & Najda, A.
(2022a). The Current Situation of Pea Protein and Its Application in the Food Industry.
In Molecules (Vol. 27, Issue 16). MDPI. https://doi.org/10.3390/molecules27165354

Shanthakumar, P., Klepacka, J., Bains, A., Chawla, P., Dhull, S. B., & Najda, A.
(2022b). The Current Situation of Pea Protein and Its Application in the Food Industry.
Molecules, 27(16), 5354. https://doi.org/10.3390/molecules27165354



83

Shen, Q., Li, J., Shen, X., Zhu, X., Dai, J., Tang, C., Song, R., Li, B., & Chen, Y. (2023).
Linear and nonlinear interface rheological behaviors and structural properties of pea
protein (vicilin, legumin, albumin). Food Hydrocolloids, 139.
https://doi.org/10.1016/j.foodhyd.2023.108500

Shen, Y., Hong, S., & Li, Y. (2022). Pea protein composition, functionality, modification,
and food applications: A review. In Advances in Food and Nutrition Research (Vol. 101,
pp. 71-127). Academic Press. https://doi.org/10.1016/bs.afnr.2022.02.002

Song, J., Sun, C.,, Gul, K., Mata, A., & Fang, Y. (2021). Prolamin-based complexes:
Structure design and food-related applications. In Comprehensive Reviews in Food
Science and Food Safety (Vol. 20, Issue 2, pp. 1120-1149). Blackwell Publishing Inc.
https://doi.org/10.1111/1541-4337.12713

Stone, A. K., Karalash, A., Tyler, R. T., Warkentin, T. D., & Nickerson, M. T. (2015).
Functional attributes of pea protein isolates prepared using different extraction
methods and cultivars. Food Research International, 76(P1), 31-38.
https://doi.org/10.1016/J.FOODRES.2014.11.017

Sun, Y., Wang, L., Wang, H., Zhou, B., Jiang, L., & Zhu, X. (2025). Effect of pH-shifting
and ultrasound on soy/potato protein structure and gelation. Food Hydrocolloids, 159,
110672. https://doi.org/10.1016/j.foodhyd.2024.110672

Tahir, A. Bin, Jiang, B., & Ali, K. (2024). Unraveling distinct potential of pea (Pisum
sativum L.) fractions (legumin, vicilin and albumin) by structural and functional
characterization. Food Research International, 198.
https://doi.org/10.1016/j.foodres.2024.115332

Tan, M., Xu, J., Gao, H., Yu, Z,, Liang, J., Mu, D., Li, X., Zhong, X., Luo, S., Zhao, Y.,
Jiang, S., & Zheng, Z. (2021). Effects of combined high hydrostatic pressure and pH-
shifting pretreatment on the structure and emulsifying properties of soy protein isolates.
Journal of Food Engineering, 306, 110622.
https://doi.org/10.1016/j.jfoodeng.2021.110622



84

Tang, Z. X, Ying, R. F., & Shi, L. E. (2021). Physicochemical and functional
characteristics of proteins treated by a pH-shift process: a review. In International
Journal of Food Science and Technology (Vol. 56, Issue 2, pp. 515-529). Blackwell
Publishing Ltd. https://doi.org/10.1111/ijfs.14758

Tanger, C., Engel, J., & Kulozik, U. (2020). Influence of extraction conditions on the
conformational alteration of pea protein extracted from pea flour. Food Hydrocolloids,
107, 105949. https://doi.org/10.1016/J.FOODHYD.2020.105949

Taylor, S. L., Marsh, J. T., Koppelman, S. J., Kabourek, J. L., Johnson, P. E., &
Baumert, J. L. (2021). A perspective on pea allergy and pea allergens. Trends in Food
Science & Technology, 116, 186—198. https://doi.org/10.1016/J.TIFS.2021.07.017

United Nations. (2015). Transforming Our World: The 2030 Agenda for Sustainable

Development.

Valdelomar-Mufoz, S., & Murgado-Armenteros, E. M. (2024). Environmental
Concerns of Agri-Food Product Consumers: Key Factors. Agriculture 2024, Vol. 14,
Page 1197, 14(7), 1197. https://doi.org/10.3390/AGRICULTURE14071197

Villalobos Solis, M. I., Patel, A., Orsat, V., Singh, J., & Lefsrud, M. (2013). Fatty acid
profiling of the seed oils of some varieties of field peas (Pisum sativum) by RP-LC/ESI-
MS/MS: Towards the development of an oilseed pea. Food Chemistry, 139(1-4), 986—
993. https://doi.org/10.1016/J.FOODCHEM.2012.12.052

Wu, C., Wang, T., Ren, C., Ma, W., Wu, D., Xu, X., Wang, L., & Du, M. (2021).
Advancement of food-derived mixed protein systems: Interactions, aggregations, and
functional properties. Comprehensive Reviews in Food Science and Food Safety,
20(1), 627-651. https://doi.org/10.1111/1541-4337.12682

Wu, D. T., Li, W. X,, Wan, J. J,, Hu, Y. C, Gan, R. Y., & Zou, L. (2023). A
Comprehensive Review of Pea (Pisum sativum L.): Chemical Composition,

Processing, Health Benefits, and Food Applications. In Foods (Vol. 12, Issue 13).



85

Multidisciplinary Digital Publishing Institute (MDPI).
https://doi.org/10.3390/foods12132527

Xia, W., Drositi, I., Czaja, T. P., Via, M., & Ahrné, L. (2024). Towards hybrid protein
foods: Heat- and acid-induced hybrid gels formed from micellar casein and pea protein.
Food Research International, 198. https://doi.org/10.1016/j.foodres.2024.115326

Xu, G, You, W., Kashenye, B. N., Zheng, H., Li, R., Zhang, Q., & Yang, Y. (2025).
Ultrasound treatment on commercial pea protein isolates systems: Effect on structure,
rheology and gelling properties. Food Chemistry, 464.
https://doi.org/10.1016/j.foodchem.2024.141908

Xu, H. N,, Liu, Y., & Zhang, L. (2015). Salting-out and salting-in: Competitive effects of
salt on the aggregation behavior of soy protein particles and their emulsifying
properties. Soft Matter, 11(29), 5926—5932. https://doi.org/10.1039/c5sm00954e

Yan, G., Cui, Y., Lia, D., Ding, Y., Han, J., Wang, S., Yang, Q., & Zheng, H. (2022).
The characteristics of soybean protein isolate obtained by synergistic modification of
high hydrostatic pressure and phospholipids as a promising replacement of milk in ice
cream. LWT, 160, 113223. https://doi.org/10.1016/j.lwt.2022.113223

Yang, J., Zamani, S., Liang, L., & Chen, L. (2021). Extraction methods significantly
impact pea protein composition, structure and gelling properties. Food Hydrocolloids,
117, 106678. https://doi.org/10.1016/J.FOODHYD.2021.106678

Yuliarti, O., Kiat Kovis, T. J., & Yi, N. J. (2021). Structuring the meat analogue by using
plant-based derived composites. Journal of Food Engineering, 288, 110138.
https://doi.org/10.1016/j.jffoodeng.2020.110138

Zhan, F., Youssef, M., Shah, B. R,, Li, J., & Li, B. (2022). Overview of foam system:
Natural material-based foam, stabilization, characterization, and applications. Food
Hydrocolloids, 125, 107435. https://doi.org/10.1016/J.FOODHYD.2021.107435



https://doi.org/10.1016/j.jfoodeng.2020.110138
https://doi.org/10.1016/J.FOODHYD.2021.107435

86

Zhang, J., Liu, Q., Chen, Q., Sun, F., Liu, H., & Kong, B. (2022). Synergistic
modification of pea protein structure using high-intensity ultrasound and pH-shifting
technology to improve solubility and emulsification. Ultrasonics Sonochemistry, 88,
106099. https://doi.org/10.1016/J.ULTSONCH.2022.106099

Zhang, S., Han, J., & Chen, L. (2023). Fabrication of pea protein gels with modulated
rheological properties using high pressure processing. Food Hydrocolloids, 144,
109002. https://doi.org/10.1016/J.FOODHYD.2023.109002

Zhang, S., Huang, W., Feizollahi, E., Roopesh, M. S., & Chen, L. (2021). Improvement
of pea protein gelation at reduced temperature by atmospheric cold plasma and the
gelling mechanism study. Innovative Food Science and Emerging Technologies, 67.
https://doi.org/10.1016/j.ifset.2020.102567

Zhang, S., Huang, W., Roopesh, M. S., & Chen, L. (2022). Pre-treatment by combining
atmospheric cold plasma and pH-shifting to prepare pea protein concentrate powders
with  improved gelling properties. Food Research International, 154.
https://doi.org/10.1016/j.foodres.2022.111028

Zhao, R., Fu, W., Li, D., Dong, C., Bao, Z., & Wang, C. (2024). Structure and
functionality of whey protein, pea protein, and mixed whey and pea proteins treated by
pH shift or high-intensity ultrasound. Journal of Dairy Science, 107(2), 726-741.
https://doi.org/10.3168/jds.2023-23742

Zhou, Z., He, Y., Liu, Y., Deng, Y., Chen, J., & Liu, X. (2025). Improving the interfacial
performance of pea protein via mild fractionation for enhanced lubrication behavior in
plant-based emulsions. Food Hydrocolloids, 164, 111214.
https://doi.org/10.1016/J.FOODHYD.2025.111214

Zhu, P., Huang, W., Guo, X., & Chen, L. (2021). Strong and elastic pea protein
hydrogels formed through pH-shifting method. Food Hydrocolloids, 117.
https://doi.org/10.1016/j.foodhyd.2021.106705


https://doi.org/10.1016/J.FOODHYD.2023.109002
https://doi.org/10.1016/J.FOODHYD.2025.111214

87

CHAPTERIV.
REVIEW ARTICLE



88

Structural and techno-functional modifications of pea protein fractions by
non-thermal technologies

Silva et al.

Manuscript published in Food Research Interational 2026, 223,31 May 2026, 118944
DOI: https://doi.org/10.3390/foods 14162887

Chapter presented according to the final format of the journal.



89

Structural and techno-functional modifications of pea

protein fractions by non-thermal technologies

Raiane Rodrigues da Silva?®’, Raimonda Celiesiute-Germaniene?, Antanas
Straksys?, Ahmed Taha®, Alain Doyend, Antonio Fernandes de Carvalho®, Fede-

rico Casanova®, Arunas Stirke?

a Department of Functional Materials and Electronics, State research institute
Center for Physical Sciences and Technology, Saulétekio ave. 3, LT-10257, Vil-

nius, Lithuania

b Departamento de Tecnologia de Alimentos, Universidade Federal de Vigosa
(UFV), 36570-900 Vigosa, Minas Gerais, Brazil

¢ Department of Food Science, The Pennsylvania State University, University
Park, PA, 16802, USA

d Department of Food Sciences and Institute of Nutrition and Functional Foods,
Université Laval, Quebec city, QC, Canada, G1V 0AG.

¢ Food Production Engineering, National Food Institute, Technical University of

Denmark, 2800 Kgs. Lyngby, Denmark

Corresponding authors:

‘Raiane Rodrigues da Silva, Department of Functional Materials and Electron-
ics, Center for Physical Sciences and Technology, Saulétekio al. 3, Vilnius, Lith-
uania;

raiane.rodrigues@ftmc.lt

“Ariinas Stirké, Department of Functional Materials and Electronics, Center for
Physical Sciences and Technology, Saulétekio al. 3, Vilnius, Lithuania; aru-
nas.stirke@ftmc.It



mailto:raiane.rodrigues@ftmc.lt
mailto:arunas.stirke@ftmc.lt
mailto:arunas.stirke@ftmc.lt

90

Abstract

Animal-based food production is highly associated with greenhouse gas emis-
sions, land degradation, and animal welfare issues. In response to growing envi-
ronmental and ethical concerns about this production system, consumers are in-
creasingly adopting more sustainable dietary habits. This shift includes reducing
the consumption of animal-derived products in favor of plant-based alternatives,
with legumes standing out as a promising source of protein. Pea proteins have
gained attention due to their high productivity, low allergenicity, and non-genet-
ically modified (non-GMO) status. Pea is primarily composed of globulins (legu-
min 11S and vicilin 7S) and albumins 2S, each exhibiting distinct structural and
techno-functional properties that influence their behavior in complex food formu-
lations. To overcome formulation challenges, non-thermal technologies (NTTs)
such as ultrasound (US), cold plasma (CP), high hydrostatic pressure processing
(HPP), and pulsed electric fields (PEF), have emerged as innovative tools for
modulating protein structure and improving their techno-functional properties. De-
spite the promising capacity of NTTs to modify the protein structure and techno-
functionalities, the current research remains limited, particularly regarding the im-
pact of these NTTs on isolated protein fractions and their effects in improving
plant-based formulations. Consequently, this literature review critically explores
the potential of the NTTs to modulate the structure of pea protein fractions,
thereby enhancing their techno-functionalities and broadening their utilization in

complex food systems.

Keywords: Pea protein; Techno-functional properties; Pulsed electric Field; Ul-

trasound; Cold plasma; High pressure processing.
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Highlights

e Each pea protein fraction has a different structure, giving them different
technological properties

e Most non-thermal treatment studies target pea protein isolates, not the
fractions.

e The response of pea protein fractions subjected to NTTs remains unex-
plored.

e Tailored applications can be developed by linking NTT effects to specific

fractions
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1. Introduction

Concerns regarding the environmental impact of human activities are in-
creasing, particularly in the agrifood sector, which is a substantial contributor to
these issues (Valdelomar-Mufioz & Murgado-Armenteros, 2024). Among the var-
ious challenges posed by this sector, the consumption of animal-derived foods
stands out, as its production is responsible for significant greenhouse gas emis-
sions, land and water use, and deforestation (Nascimento et al., 2023). In re-
sponse, policymakers are encouraging consumers to change their eating habits,
emphasizing the adoption of sustainable food sources, particularly plant-based
products. Furthermore, increasing consumer awareness of the health and envi-
ronmental benefits of plant-based diets is driving this shift (Gil et al., 2024).

Consequently, plant-based materials are of great interest due to their lower
carbon footprint and interesting nutritional composition, particularly due to their
high protein content (Akharume et al., 2021; Hertzler et al., 2020). Among plant
sources, peas have attracted much attention due to their high productivity, low
allergenicity, and non-genetically modified (non-GMO) status. Pea (Pisum sa-
tivum L.) is one of the oldest crops cultivated for human consumption. It is cur-
rently grown in 84 countries and is the second most cultivated crop (Lu et al.,
2020). According to FAO, the global production of dry peas was approximately
14.17 million tons in 2022, with the main producers being Canada, Russia, China,
India, and Ukraine (FAO, 2023).

The growing interest in peas is largely due to their nutritional profile and
various applications in the food industry. Depending on cultivar, agricultural con-
ditions, and maturity at harvest, pea seeds contain 60-65% carbohydrates, 23.1-
30.9% protein, and 1.5-2.0% lipids. Pea seed is also composed of micronutrients
such as vitamins, minerals, phytic acid, polyphenols, saponins, and oxalates
(Lam et al., 2018). From a protein composition perspective, the growing global
interest in peas as a sustainable protein source is reflected in scientific literature.
Indeed, as shown in Figure 1, over the last decade, the number of studies on pea
proteins has grown considerably, reflecting increased interest in protein extrac-

tion strategies, structural properties, and potential applications in food systems.
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Figure 1. Number of publications related to pea protein from 2015 to 2025. Data
was collected using Scopus with the keyword "pea protein" on April 10", 2025.

Pea seed is primarily composed of globulins (49-70%), including legumin
11S and vicilin 7S, and albumins 2S (15-25%), with minor amounts of prolamins
and glutelins (Grossmann, 2024). Regarding their three-dimensional structures,
these protein fractions differ in solubility and techno-functional properties. Indeed,
globulins are mainly responsible for gelation and emulsification (Q. Shen et al.,
2023; Tahir et al., 2024), while albumins contribute to solubility and foaming ca-
pacity (R. Kornet et al., 2022). The minor fractions, prolamins, and glutelins, play
a lesser role in the overall techno-functionalities of pea protein, but there is a lack
of studies related to these fractions (Lam et al., 2018). However, using these pro-
teins in food systems is often hindered by their native structural characteristics
and sensitivity to extraction methods, which can adversely affect their solubility,
functionality, and overall performance (Lam et al., 2018; Tanger et al., 2020).
Moreover, limited research has explored the utilization of isolated pea protein
fractions, limiting their full application in food formulations.

Numerous studies have investigated technological strategies to modify the
native structure of proteins in order to improve their techno-functional properties
and broaden their applications in the food industry, such as conventional heating,
pH shifting, and enzymatic treatment. Among these, heating treatments are the

most widely used in the food industry. However, these techniques can reduce the
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nutritional value of proteins and are less sustainable, for example, in heat pro-
cessing, fossil fuels are used for heat generation, which increases their environ-
mental impact (Toepfl et al., 2006; M. Yang & Wang, 2025). To overcome these
issues, non-thermal technologies (NTTs), such as pulsed electric field (PEF), cold
plasma (CP), ultrasound (US), and high-pressure processing (HPP), have
emerged as an alternative, as they are more energy-efficient, cost-effective, have
a lower impact on nutritional components, and present a reduced environmental
footprint (Jadhav et al., 2021; Safwa et al., 2023).

From an energy-efficient perspective, the comparison of non-thermal tech-
nologies with conventional heating processes is highly dependent on the process
goal, the type of system, the type of material to be treated, and other specific
processing parameters, and there is still a gap in the literature regarding compar-
ing the costs and energy efficiency (Landi et al., 2025; Raso et al., 2022). Toepfl
et al. (2006) state that non-thermal technologies such as PEF and HPP can in-
crease energy efficiency by reducing overall energy consumption. In the PEF
case, the reduction of energy consumption was demonstrated by Landi et al.
(2025) comparing the PEF efficiency against high-temperature short-time pas-
teurization in orange juice. The authors demonstrated that PEF reduces electric-
ity and fuel consumption by 20% and 60%, thus increasing energy efficiency and
reducing greenhouse gas emissions by ~30%. In the HPP, a decrease of 20% in
energy consumption was observed for sterilization (Toepfl et al., 2006). In CP,
energy efficiency is also higher, since the energy is directly used to generate re-
active species with lower energy dissipation (M. Yang & Wang, 2025). The energy
efficiency, together with shorter processing times, less water consumption, and
improved product quality and shelf life, can offset the higher initial and operational
costs of NTTs, making them economically viable (Raso et al., 2022; Toepfl et al.,
2006; M. Yang & Wang, 2025).

Concerning the NTTs nutritional impact, especially the heat-sensitive nu-
trients, the NTTs have minimal or no impact on their stability. Since these tech-
nologies have low processing time and normally operate in ambient temperature
or low temperature, compared to conventional heating, preserving the sensorial
aspects. However, with long processing time or high intensity, some modifications

in sensorial characteristics can happen (Jadhav et al., 2021).
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Regarding NTTs use in the pea protein modification, PEF enhanced pro-
tein solubility, increasing gelling and emulsifying capacity by inducing structural
rearrangements and reducing protein aggregation (Guo et al., 2024; Melchior et
al., 2020). Similarly, CP has been reported to enhance solubility and modify sur-
face hydrophobicity of pea protein, altering the three-dimensional structure by
breaking intermolecular interactions. This effect is attributed to the hydroxyl (-OH)
radicals generated during CP treatment, which cleave peptide and disulfide
bonds in pea protein (Chuang et al., 2025; Zhang et al., 2021). The US has been
widely investigated for its ability to modify the conformation of pea proteins
through acoustic cavitation effects, improving their techno-functional properties
(Nascimento et al., 2023; Xiong et al., 2018). Finally, HPP, depending on the level
of pressurization applied, can promote the dissociation of pea protein aggregates
or induce reversible unfolding and exposure of functional groups, increasing the
technological application of different proteins, including pea proteins. The pub-
lished works on NTTs and their effects on protein structures reveal promising op-
portunities to enhance key techno-functionalities of pea proteins, such as solubil-
ity, emulsification, gelation, and foaming properties, and, consequently, their ap-
plications in a wide range of food formulations.

However, most of these studies have been conducted on pea protein iso-
lates as a whole, overlooking the fact that individual fractions (globulin, vicilin,
legumin, and albumins) differ significantly in their molecular structure, amino acid
composition, and functional potential. This review therefore provides a critical
analysis of pea protein fractions, with a particular focus on globulins (legumin and
vicilin) and albumins, and examines how different NTTs may differentially modu-
late their structural and techno-functional properties. By emphasizing fraction-
specific responses, this review offers new insights for tailoring protein functional-
ity and advancing the development of next-generation plant-based and hybrid

food systems.

2. The protein fraction of pea seed

The protein content in pea ranges from 23.1-30.9% (Barac et al., 2010;
Shen et al., 2022; Wu et al., 2023) and is the second most abundant macromol-
ecule after carbohydrates. Pea proteins contain all essential amino acids, ac-

counting for approximately 23.6% of the total amino acid content, higher than in
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soy and wheat (Asen et al., 2023). Among the essential amino acids, lysine, leu-
cine, and phenylalanine are the most prevalent, with lysine levels notably higher
in peas compared to other pulses (Asen et al., 2023; Zeidanloo et al., 2019).
However, sulfur-containing amino acids such as methionine and cysteine are pre-
sent in lower amounts, which limits the overall protein quality (Lu et al., 2020).
Regarding non-essential amino acids, aspartic acid, glutamic acid, and arginine
are the most abundant in pea proteins (Zeidanloo et al., 2019). Compared to other
conventional pulse and legumes, pea proteins are not associated with major al-
lergenic issues in the population (Lu et al., 2020; Nascimento et al., 2023), even
if allergenic proteins in pea were already detected and characterized (Dreyer et
al., 2014; serGeant & Moneret-Vautrin, 2015; Taylor et al., 2021). In addition,
peas have not undergone genetic modification, which is advantageous for con-
sumers seeking non-GMO products. However, their techno-functional properties
are generally lower than those of soy, and the presence of beany flavor, mainly
generated from the oxidation of unsaturated lipids, can negatively affect con-
sumer acceptance (Guo et al., 2024; Shen et al., 2022).

Pea protein fractions (Figure 2) are divided into four groups, i.e., globulin,
albumin, prolamin, and glutelin, with globulin and albumin being the most abun-
dant (Lu et al., 2020). Globulins (55 to 65% of total pea proteins) are salt-soluble
proteins and classified into three fractions based on their sedimentation coeffi-
cient, mainly legumin (11S) and vicilin (7S), with small amounts of convicilin (8S)
(Shen et al., 2022). The legumin/vicilin ratio ranges from 0.4 to 2.0, and variability
could occur due to agricultural practices, cultivars, environmental conditions, and
extraction methods (Lam et al., 2018; Shen et al., 2022).
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Figure 2. Structural organization of pea protein fractions. The figure summarizes
the main pea protein fractions: legumin (11S), vicilin (7S), convicilin (8S), and
albumin (2S). For each fraction, the content corresponding to the total pea protein
is presented (content), followed by its native quaternary structure and molecular
weight (native). The subunit composition is shown under subunits, and the main
peptides are illustrated under peptides. PA1 and PA2 represent the pea albumin
fractions. PA1a, PA1B, -q, -3, and -y represent the pea protein subunits. Disulfide

bonds (S-S) and free sulfhydryl groups (—SH) are also represented.

Legumin (11S) is a hexameric storage protein with molecular weights rang-
ing from 320 to 410 kDa. Each monomer unit consisted of an acidic (~40 kDa, pl
~4.5-5.8) and a basic (~20 kDa, pl:6.22-8.0) polypeptide covalently linked by a
disulfide bond, forming a subunit of approximately 60-65 kDa. These subunits
assemble into a quaternary structure stabilized by non-covalent interactions
(Gravel & Doyen, 2023; Grossmann, 2024; Kornet et al., 2021). The hydrophilic
a-chains are located on the molecular surface, while hydrophobic regions are
buried within the core, limiting their interaction with water and enhancing the
structural stability of the protein (Lu et al., 2020). Legumins remain in their native
conformation between pH 7 and 9 and exhibit moderate heat stability, with ther-
mal denaturation ranging from 80-94 °C, depending on the extraction conditions
(Gravel et al., 2023; Hansen et al., 2022; J.-L. Mession et al., 2013). Legumin is

particularly rich in sulfur-containing amino acids, with approximately five cysteine
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residues per 60 kDa subunit (Husband et al., 2024; O’Kane et al., 2004). Also, it
contains higher levels of acid and basic amino acids compared to vicilin (Husband
et al., 2024).

Vicilin (7S) is a glycosylated trimeric protein with a molecular weight of
~150 kDa. Its subunits consist of ay (50 kDa), a3 (31 kDa), By (28 kDa), a (19
kDa), B (13 kDa), and y (16-12 kDa), linked by hydrophobic interactions (Gravel
et al., 2024; Lam et al., 2018). Vicilin is less hydrophobic than legumin due to its
lower content of sulfur-containing amino acids such as cysteine and methionine
(Grossmann, 2024). Convicilin 8S, present in relatively small amounts in pea, has
a trimeric structure with a molecular weight of ~ 210 kDa, composed of subunits
of 70 kDa (Gravel et al., 2024). In terms of amino acid composition, convicilin
contains cysteine and features a strongly charged N-terminal extension, distin-
guishing it from vicilin. Nevertheless, it shares approximately 80% sequence sim-
ilarity with native vicilin (Lam et al., 2018; Lu et al., 2020).

Albumin (2S) (18-25% of total pea proteins) is less extensively studied
than globulins (Lam et al., 2018). Albumins include two main components: pea
albumin 1 (PA1), comprising PA1a (~6 kDa) and PA1b (~4 kDa), and pea albumin
2 (PA2), a dimer of ~26 kDa subunits (Gravel et al., 2023; Shen et al., 2022).
These proteins are highly soluble and exhibit a wide range of isoelectric points
(~4.2-8.1). Rich in cysteine, albumins contribute to the functional properties of
pea protein due to their capacity to form disulfide bonds (Grossmann, 2024). This
fraction also includes proteins with biological functions, such as lipoxygenases,
lectins, and trypsin inhibitors (Grossmann, 2024; Lam et al., 2018).

Prolamins (4-5%) are storage proteins that are more commonly found in
cereals than in legumes, such as peas (Shen et al., 2022). They are primarily
composed of glutamine and proline, which strongly influence their solubility and
structural characteristics. Based on these properties, prolamins are classified into
four groups: a- (the most abundant), B-, y-, and &-/w-prolamins (Song et al.,
2021). Unlike many other proteins, prolamins do not coagulate under heat, but
they can be hydrolyzed into proline and ammonia (Lu et al., 2020). Glutelins (3-
4%) were also present in small concentrations in pea flour (Shen et al., 2022).
Regarding their amino acid composition, glutelins are rich in phenylalanine, va-

line, tyrosine, and proline, which contribute to their insolubility (Lu et al., 2020).
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The different pea protein fractions, like other legume and pulse proteins,
can be fractionated according to Osborne’s classification. Indeed, globulins are
soluble in saline solutions, albumins in water, prolamins in alcohol, and glutelins
in diluted alkaline or acid solution (Lu et al., 2020; Shen et al., 2022). Using these
properties, different strategies, mainly alkaline extraction-isoelectric precipitation,
salt extraction, and mild fractionation, were developed to generate pea protein-

rich ingredients (Shanthakumar et al., 2022), as detailed in Figure 3.
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Figure 3. Protein extraction and concentration processes to generate pea protein-
rich ingredients.

Alkaline extraction followed by isoelectric precipitation is widely used to
generate pea protein isolate (PPI) (J. Yang et al., 2021). In this method, pea flour
is dispersed in water and alkalinized by using NaOH or KOH at pH 9-10. The
suspension is maintained at 50-60°C for 30 to 180 minutes and then centrifuged.
The supernatant, rich in protein, is collected for isoelectric precipitation while the
pellet, rich in starch and other non-soluble compounds, is discarded. The protein-
rich supernatant is then subjected to isoelectric precipitation by adjusting the pH
to the isoelectric point, generally around pH 4.5, followed by centrifugation. The

supernatant is discarded while the pellet, corresponding to the protein isolate, is
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washed, generally neutralized (pH 7), and dried, typically by freeze-drying at lab-
scale or spray-drying at commercial-scale (Moller et al., 2022; Shanthakumar et
al., 2022; Tanger et al., 2020). The resulting freeze-dried protein isolate is mainly
composed of globulins, as albumins, which remain soluble across a wide pH
range, staying in the supernatant (Kornet et al., 2020). This supernatant can also
goes under another centrifugation and dialysis to promote the fractionation of the
pellet into legumin and vicilin (Gravel & Doyen, 2023). Instead of the isoelectric
precipitation, the ultrafiltration and/or diafiltration membranes can also be used to
isolate specific fractions from the supernatant (Lam et al., 2018). Another tech-
nique that can be applied to separate the fractions and purify them is chromatog-
raphy. This technique involves separating fractions based on molecular weight,
net charge, hydrophobicity, and affinity to the stationary phase, and can be useful
for producing purified fractions (Crévieu et al., 1996; Gravel & Doyen, 2023; J. L.
Mession et al., 2012).

The salt extraction method is based on the salting-in and salting-out char-
acteristics of proteins (Gravel & Doyen, 2023). In low salt concentrations (salting-
in), where the ionic strength is low, protein solubility increases. However, as the
ionic strength exceeds a specific threshold, the solubility decreases due to en-
hanced protein-protein interactions (H. N. Xu et al., 2015). Exploiting this princi-
ple, pea flour is mixed with a salt solution (typically in a ratio 1/10 v/w), stirred (30
min), and centrifuged (4500 xg/20 min). After that, the supernatant is desalted by
dialysis and dried, applying freeze-drying (Li et al., 2022; Shanthakumar et al.,
2022; Tanger et al., 2020). This method results in a mixture of globulins and al-
bumins. Micellization, a similar technique, also relies on this principle. In this pro-
cess, protein solubility in the salt solution is decreased through dilution, leading
to the formation of protein micelles and enabling protein extraction (Shantha-
kumar et al., 2022; Stone et al., 2015).

The mild fractionated method was developed to have a lower environmen-
tal impact and combine dry and wet fractionation (Kornet et al., 2022). First, the
pea flour, obtained by milling, undergoes air classification. The resulting fine frac-
tion, rich in proteins, is then subjected to aqueous phase separation. This process
involves mixing the pea flour with water, stirring the mixture, and centrifuging it at
4500 rpm for 30 minutes. After centrifugation, three visually distinct layers are

formed. The upper layers are collected and further processed by ultrafiltration to
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concentrate the proteins (Pelgrom et al., 2015; Zhou et al., 2025). According to
Pelgrom et al. (2015), this method can provide a native high-protein concentrate
with less water and energy use compared to a wet route.

Depending on the extraction method used, differences are observed in the
protein content of the isolates, as well as in the extraction yield and purification
efficiency achieved during the process. Comparing different methods, J. Yang et
al. (2021), observed that a higher protein content was observed in the sample
obtained by alkaline extraction followed by ultrafiltration (89.89%), while the low-
est was found in air classification (54.68%). Other methods, such as alkaline ex-
traction—isoelectric precipitation, salt extraction—dialysis, salt extraction—ultrafil-
tration, and micellar precipitation, resulted in protein contents of 88.83%, 86.76%,
86.33%, and 83.97%, respectively. Lower values were observed by Tanger et al.
(2020), which determined the protein content of 74.5, 75.1, and 73.2% for alkali
extraction—isoelectric precipitation, micellar precipitation, and salt extraction, re-
spectively. In this study, the yield for these methods was 46, 25, and 39.5%. Due
to solubilization, alkaline precipitation typically yields high protein yields (Asen et
al., 2023).

The method described in this section can separate the distinct pea protein
fractions. A detailed characterization of these fractions in terms of techno-func-
tionalities is crucial for a better understanding of their behavior in different model

food systems and complex food formulations.

3. Techno-functional properties of pea protein fractions

The techno-functional properties of protein are closely linked to its suita-
bility for food applications. Extensive research has aimed to understand and im-
prove these properties, particularly solubility and the capacity to form colloidal
systems such as gels, emulsions, and foams (Asen et al., 2023; Lam et al., 2018).
This techno-functionality is largely influenced by various factors, including the pea
cultivar, which affects protein content, composition, and conformation, as well as
the extraction method and physico-chemical environment (ionic strength, pH,
temperature, etc.), which exposes the protein to external conditions that may alter
its structure and properties (Cui et al., 2020). Also, when comparing the protein

fractions, their functionality is highly diverse, as shown in Table 1. Therefore,
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understanding how each fraction can act in a colloidal system is essential for
applying them in the food industry.

Table 1. Solubility and colloidal properties of PPI and its fractions.

PPI Legumin Vicilin Albumin  Globulin Authors
Solubility (%)

32.21 57.42 72.56 34.52 - Tahir 2024

95.00 84.60 92.00 89.00 - Shen 2023

- 92.12 90.14 97.44 Gravel 2023

- 68.30 96.00 - 96.00 Chang 2022
WHC (g/g)

0.68 0.37 0.86 0.96 - Tahir 2024
OHC (g/g)

0.5 0.71 0.34 0.24 - Tahir 2024

Gelling
440N 8.58 N 2.34N 217N - Tahir 2024

- - - 545 Pa 300 Pa Kornet 2022
Emulsifying ability (%)

67.52 77.45 55.03 59.87 - Tahir 2024

- 12.28 - 28.70 43.69 Chang 2023
Foam capacity (%)

143.80 206.67 180.23 185.62 - Tahir 2024

- 36.79 183.33 - 82.21 Chang 2022

- - - 258.00 61.00 Kornet 2022

400.38 397.39 390.56 392.12 - Shen 2023

When numerical values were not explicitly reported, they were extracted from

figures using WebPlotDigitizer software (automeris.io).

3.1. Solubility

Protein solubility is a key functional property, particularly in industrial ap-
plications, as it reflects the balance between protein—protein and protein—solvent
interactions. It is influenced by extrinsic factors such as solvent type, temperature,
and protein concentration, all of which affect the protein's surface characteristics
(Asen et al., 2023; Lam et al., 2018).

Tahir et al. (2024) used isoelectric precipitation combined with dialysis to
generate legumin, vicilin, and albumin fractions, and their solubility was com-
pared to a commercial PPI. The highest solubility (72.56%) was obtained for vi-
cilin, while albumin, legumin, and PPI exhibited solubilities of 57.42, 34.52, and
32.21%, respectively. The higher solubility of vicilin can be attributed to a lower

level of protein aggregation, driven by its lower degree of polymerization, higher
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structural flexibility, and relatively lower molecular weight compared to other frac-
tions. Additionally, a higher proportion of intermolecular 3-sheets and a lower con-
tent of random coil structures contribute to improving solubility by influencing pro-
tein-water interactions. The presence of glycosylated subunits further contributes
to enhancing the vicilin solubility. Similarly, Shen et al. (2023) observed higher
solubility for vicilin compared to albumin and legumin, reinforcing the role of struc-
tural flexibility and smaller particle size in promoting solubility. However, in con-
trast to Tahir et al. (2024) no significant difference in solubility between PPI and
vicilin was observed, which can be an effect of the history and isolation process,
since the study of Shen et al. (2023) presented a higher solubility for the PPI
(~95%).

Even greater differences are observed when comparing these results with
those reported by Gravel & Doyen (2023), who found considerably higher solu-
bility values for legumin (92.12%), vicilin (90.14%), and albumin (97.44%). These
variations are unlikely to be attributed only to intrinsic structural differences
among fractions. In their study, solubility was evaluated at pH 8 in the presence
of 0.25 M NaCl, conditions that favor protein solubilization due to increased elec-
trostatic repulsion and improved protein—water interactions.

The pH also significantly impacts protein solubility, as it can induce struc-
tural modifications that affect protein-water interactions. Chang et al. (2022) com-
pared the solubility of pea globulin with legumin and vicilin. Under acidic condi-
tions, solubility was 68, 57, and 37% for globulin, legumin, and vicilin, respec-
tively. The highest solubility was measured in alkaline conditions (pH 9-10), where
solubility exceeded 90% for globulin and vicilin and reached 73% for legumin.
The lowest solubility (2-3%) in the pH range of 4.0-6.0 is attributed to the proximity
of these pH values to the isoelectric point, which is estimated to be 4.59 for glob-
ulin, 5.26 for legumin, and 4.70 for vicilin. This study also indicates that the solu-
bility and characteristics of globulins are not merely the sum of legumin and vicilin.

Djoullah et al. (2015) compared the solubility of globulin and albumin frac-
tions and observed a U-shaped profile for globulin, while albumin was soluble
from pH 2-10, with a small reduction at pH 5 (85% of solubility). The main differ-
ence between these fractions is related to the structure of albumin. Albumins pre-
sent a hydrophilic nature and low surface hydrophobicity, which minimizes aggre-

gation near the isoelectric point. For globulin, the lowest solubility (25%) occurred
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at pH 4.0-6.0, corresponding to the pl, while the highest solubility was observed
in alkaline conditions, exceeding 90%. In this study, the effect of ionic strength
was also evaluated. Globulins showed greater ionic strength dependence, with
maximum solubility observed at 50 mM NaCl (90%). Beyond this concentration,
solubility decreased, likely due to the salting-in and salting-out effects.

Due to their distinct molecular structures, pea protein fractions display
markedly different solubility profiles and respond differently to external conditions
such as pH and ionic strength. For example, vicilin generally shows higher solu-
bility than legumin, while albumins remain soluble across a wide range of condi-
tions. These inherent differences suggest that each fraction may interact uniquely
with NTTs, leading to fraction-specific structural modifications. Understanding
these distinct responses is essential, as they can be strategically used for differ-

ent applications as food ingredients.

3.2. Colloidal properties
3.2.1. Water and oil holding capacities

Water holding capacity (WHC) refers to the ability of a protein to retain
water or absorb water. In the food industry, this parameter is extremely important
as it influences sensory attributes such as texture, mouthfeel, and flavor (Shen et
al., 2022). This capacity is governed by various molecular interactions, including
ion-dipole, dipole-dipole, dipole-induced dipole, and hydrophobic interactions
(Shanthakumar et al., 2022). Gaining a deeper understanding of how different
pea protein fractions contribute to WHC is essential for expanding their applica-
tion in food formulations.

A study by Tahin et al. (2024) demonstrated that WHC varies significantly
among pea protein fractions. Albumin, vicilin, and legumin exhibited WHC values
of 0.96, 0.86, and 0.37 g/g, respectively. These differences are closely linked to
structural attributes such as surface hydrophobicity: legumin showed the highest
hydrophobicity (427), compared to 144 for albumin, thus interacting less with wa-
ter, decreasing the WHC. Additionally, legumin's elevated B-sheet content limits
water accessibility, further reducing its WHC. Chihi et al. (2018) reported a WHC
of 42% for a globulin-rich gel formed via acidification at 4% protein concentration,

which was higher than that of legumin alone but lower than that of vicilin. This
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indicates that the relative proportion of vicilin and legumin in the system can mod-
ulate the WHC, highlighting the importance of protein composition.

Oil holding capacity (OHC) describes a protein’s ability to retain oil within
its structure, another key functionality for applications in meat products, bever-
ages, and dressings (Shen et al., 2022). OHC is primarily driven by lipid-protein
interactions, where the aliphatic chains of lipids are associated with the nonpolar
side chains of amino acids. Thus, proteins with higher hydrophobicity generally
exhibit stronger oil-binding capacities (Shanthakumar et al., 2022).

According to Tahir et al. (2024), legumin, due to its higher hydrophobic
group content and (B-sheet structure, showed the highest OHC (0.71 g/g), fol-
lowed by vicilin (0.34 g/g) and albumin (0.24 g/g). While these structural features
reduce legumin’s affinity for water, they enhance its oil-binding capability. How-
ever, even with the increased interest in the functional properties of pea protein
fractions, few studies have investigated WHC and OHC in these fractions. The
limited research available highlights the need for further studies to explore these
properties in greater detail and their implications for food and industrial applica-

tions.

3.2.2. Gelling properties

Gelation refers to the ability of proteins to form a three-dimensional net-
work capable of entrapping liquids such as water and oil within its structure (Fig-
ure 4). Various methods can induce gelation, with heat-induced and acid-induced
gelation being the most commonly used in food applications (Shanthakumar et
al., 2022; Shen et al., 2022). In heat-induced gelation, proteins such as those
from peas are subjected to elevated temperatures, leading to the unfolding of
their native structure and the exposure of hydrophobic amino acid residues.
These exposed regions facilitate new intermolecular interactions, primarily hydro-
phobic, but also hydrogen bonding and disulfide bridges, depending on the spe-
cific protein fractions involved. If these interactions are sufficiently strong, a stable
protein network is formed, resulting in gel formation (Nascimento et al., 2025). In
acid-induced gelation, gelation is driven by a gradual decrease in pH through the
addition of a weak acid, which slowly dissociates in the medium. As the pH drops,

proteins begin to unfold, exposing reactive side chains. These destabilized chains
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then interact via ionic, hydrophobic, and hydrogen bonds to form a cohesive gel

network (Nascimento et al., 2024).
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Figure 4. Pea proteins use in the development of colloidal systems and their
applications in plant-based products. Protein structures obtained from RCSB
PDB (https://www.rcsb.org/, accessed March 06, 2026): references: Albumin
PA1b (1P8B), Convicilin (7U1J), Vicilin (7U11), Legumin (3KSC). Green circles in
the colloidal systems indicate pea proteins. lcons of plant-based applications
were generated using ChatGPT (OpenAl). The figure exemplifies how pea protein
fractions can be used in the development of colloidal systems, which are the

structure of plant-based products.

In recent years, numerous studies have investigated the gelation proper-
ties of pea proteins. However, most have focused on whole protein isolates with-
out differentiating between individual protein fractions. Given that each fraction
exhibits distinct structural and functional characteristics, it is essential to study

them separately to better understand their specific contributions to gel formation.
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R. Kornet et al. (2021) examined the heat-induced gelation behavior of globulin
and albumin fractions at a concentration of 15 wt%. Following gelation, the elastic
modulus (G') of the gels the globulin presented a solid soft behavior with an elas-
tic modulus of 300 Pa, with a purity of 87.3%. On the other side, albumin behaves
like a weak solid with a G’ of 8 Pa, with a purity of 21.1%. However, for a better
comparison, the authors purify the albumin, producing a rich fraction with a purity
of 53.5%. In this condition, the albumin-rich fraction exhibited an elastic modulus
of 545 Pa, demonstrating a greater gelling capacity per gram of protein than glob-
ulin. Moreover, albumin-based gels exhibited lower sensitivity to changes in pH
and ionic strength, making them more versatile for diverse food applications.

Comparing the fractions, Tahir et al. (2024), reported higher gel strength in
legumin-based gels compared to those formed from albumin or vicilin. In this
study, heat-induced gels exhibited strengths of 8.58 N, 2.34 N, and 2.17 N for
legumin, vicilin, and albumin, respectively. The authors attributed legumin’s su-
perior gel strength to the formation of disulfide bonds that occur upon heating the
protein beyond its denaturation temperature. Notably, the study did not report the
protein purity of the fractions used, which may affect the interpretation of the re-
sults.

Despite the limited number of studies specifically addressing the gelation
properties of individual pea protein fractions, the available evidence highlights
clear functional distinctions. Legumin, with its compact structure and has high
cysteine content, tends to form stronger and more stable gels through disulfide
crosslinking. In contrast, vicilin and albumin produce weak gel networks. These
structural differences suggest that fraction-specific gelation behavior could be
strategically harnessed in food applications. However, systematic studies com-
paring the gelation performance of these fractions under standardized conditions
are still lacking, representing an important research gap for optimizing their use

in plant-based food development.

3.2.3. Emulsifying properties

Emulsions are mixtures of two immiscible liquids, typically oil and water,
where one is dispersed as small spherical droplets within the other (Figure 4).
Proteins can act as emulsifiers due to their amphiphilic nature, enabling them to

reduce interfacial tension and stabilize the emulsion system (McClements, 2015).
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This property is referred to as emulsifying ability. Emulsion formation generally
involves two steps. In the first step, protein is absorbed at the oil/water interface,
while the second step involves a protein structural rearrangement, including par-
tial denaturation, where hydrophilic regions orient toward the aqueous phase
while hydrophobic regions embed in the oil phase (Shanthakumar et al., 2022).
Two key parameters are used to assess protein emulsification performance, i.e.,
the emulsifying ability (EA), which reflects the protein’s capacity to form emul-
sions, and the emulsion stability (ES), which indicates the resistance of the sys-
tem to phase separation over time (Ozkan et al., 2024).

Several studies have explored the use of pea protein fractions in emulsifi-
cation. R. Kornet et al. (2022) compared the emulsifying performance of a glob-
ulin-rich fraction, an albumin-rich fraction, and a pea protein concentrate. Globu-
lin-rich fraction and pea protein concentrate produced emulsions with droplet
sizes below 1 um, while albumin-rich fraction formed emulsions with two distinct
droplet populations (0.3—3 pm and 3—-30 um). After treatment with sodium dodecyl
sulfate, the larger droplet population in albumin-rich fraction disappeared, sug-
gesting flocculation. In contrast, globulin-rich fraction and pea protein concentrate
showed no signs of flocculation. Moreover, albumin-rich fraction exhibited addi-
tional destabilization phenomena such as coalescence and creaming, indicating
inferior stabilizing performance at a protein concentration of 0.7% (w/w). The
smallest albumin capacity to prevent the destabilization phenomenon is because
albumins have a lower protein charge than globulins; thus, electrostatic repulsion
is low, leading to destabilization. Besides that, due to the low protein charge, more
albumins can fit at the interface, and consequently, more protein is required to
stabilize it.

When considering the individual fractions, Tahir et al. (2024) reported
higher EA values for legumin, followed by PPI, albumin, and vicilin. The authors
linked higher EA with increased surface hydrophobicity, which, despite reducing
solubility, improves adsorption at the oil-water interface. They also observed an
inverse correlation between droplet size and surface hydrophobicity in legumin,
suggesting that interfacial activity was more influenced by surface chemistry than
by particle size. Although albumin had a smaller particle size and lower surface
hydrophobicity than vicilin, it formed smaller droplets, resulting in better EA per-

formance. Comparing the studies by R. Kornet et al. (2022) and Tahir et al.
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(2024), when the globulin is fractioned into legumin and vicilin, different behaviors
can be observed, demonstrating the necessity of analyzing the fractions individ-
ually to determine which one is more responsible for emulsifying properties. The
same behavior can be observed in the study of Chang et al. (2022). In this study,
the author compared the functional properties of legumin, vicilin, and total globu-
lin fractions from peas and chickpeas under varying pH conditions (3.0, 7.0, and
9.0). Globulins exhibited higher EA than legumin and vicilin. Nevertheless, com-
paring the fractions, vicilin showed a higher EA than legumin, likely due to its
lower molecular weight and more flexible structure. Despite this, legumin demon-
strated superior ES, attributed to its strong interfacial anchoring capacity due to
the more sulfur-containing amino acids, SH and SS groups, and larger molecular
weight. Related to the pH conditions, EA and ES values were improved under
alkaline conditions due to enhanced protein solubility and greater net surface
charge, which facilitated faster diffusion to the interface.

Shen et al. (2023) further analyzed interfacial properties of PPl and its
fractions, focusing on the dilatational rheological properties. reporting the highest
EA for vicilin, likely due to its flexible structure that enables rapid interfacial rear-
rangement. However, legumin showed the highest ES, consistent with its higher
surface hydrophobicity, which supports the formation of a more cohesive interfa-
cial network. Albumin, in contrast, displayed low EA and ES, which the authors
attributed to its simple, less interactive structure.

In summary, pea protein fractions exhibit significant differences in their
emulsifying properties. Legumin exhibits strong emulsifying activity and stability
due to its interfacial anchoring and hydrophobic characteristics. In contrast, albu-
min and vicilin, owing to their smaller molecular size, show rapid adsorption at
the interface. However, because of their lower content of hydrophobic groups, the
stability of the emulsions is reduced. These findings underscore the importance
of selecting specific protein fractions to tailor emulsification performance in food

formulations.

3.2.4. Foaming properties
Foam can be described as a system where gas is the dispersed phase,
distributed within a liquid or solid continuous phase (Figure 4). Normally, in the

food industry, the gas phase is air, nitrogen, or carbon dioxide, and the continuous
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phase is an aqueous solution (Murray, 2020). This colloidal system is really com-
mon in the food industry and is an example: sponge cakes, chocolates, ice
creams, bread, mousses, confectionery products, whipped creams, soufflés, and
carbonated beverages (Murray, 2020; Zhan et al., 2022).

Foam formation depends on the reduction in interfacial tension between
the two phases, and this phenomenon occurs due to the presence of surfactants,
typically proteins or other small molecules. These molecules migrate from the
bulk phase to the air/water interface, where they accumulate and cause a reduc-
tion in interfacial tension. As they unfold and reorganize, they form a viscoelastic
layer that helps prevent drainage, coalescence, and disproportionation (Zhan et
al., 2022).

In a study by Kornet et al. (2022), albumins and globulins were compared
to investigate their foaming properties (overrun, air bubble size, and stability (half-
life time)). Related to the foaming ability (FA) and air bubble size, albumin has
higher FA and a smaller air bubble size, probably because of the protein size.
Albumin has a molecular weight varying from 48-53 kDa, while globulin, from 170-
380 kDa. The small size allows the protein to diffuse faster to the interface and
have a lower surface adsorption energy. Regarding stability, albumins also
showed a higher ability to stabilize foam, presenting a half-time life of 272 min,
while globulins showed a 70 min. This difference results from the small air bubble
size and stiffer interfacial layer.

Concerning globulin and its fractions, Chang et al. (2022) comparing
acidic, neutral, and alkaline conditions, reported a significant influence of pH on
FA, with acidic pH being more effective for all fractions due to the increased net
charges in the protein surface. Observing the fractions, vicilin presented a higher
FA in all the tested pHs, probably because the small Mw and less rigid structure
allow the protein to fast adsorption in the interface. Regarding foaming stability
(FS), globulins showed higher stability under alkaline conditions, whereas vicilin
and legumin had greater stability under acidic conditions. Comparing the frac-
tions, legumin showed better stability results (~60%) than vicilin (~30%) due to
the structural differences, for example, the higher a-helix content, which can con-
tribute to forming a thick and cohesive film, increasing stability.

In contrast, Tahir et al. (2024) reported a higher FA for legumin (206.67%)
than vicilin (180.23%). In this study, the authors attribute this greater FA to two
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main factors: one is the fact that legumin has greater surface-active properties,
making it more capable of stabilizing air bubbles, and the second is better drain-
age resistance. Another difference from Chang et al. (2022), is the higher FS for
vicilin and albumin compared to legumin. The higher FS of vicilin is probably be-
cause of the flexible structure, the absence of disulfide bonds, and cysteine resi-
dues, which favor the formation of a cohesive and resilient interfacial film. These
discrepancies between the studies reflect differences in experimental conditions,
protein isolation methods, and fraction purity, highlighting that the foaming per-
formance of pea protein fractions is strongly system-dependent.

Even with the scarcity of studies correlating foaming properties with pea
protein fractions, the available studies highlight these fractions' ability to be used
in foam formation, presenting a promising alternative to animal proteins and syn-
thetic molecules commonly used in the industry. However, compared to the tradi-
tional ingredients used in the food industry, the pea protein fractions functionali-
ties are reduced, requiring structural modifications to improve their use. In this

context, non-thermal technologies can appear as a solution.

4. Non-thermal technologies (NTTs)

The adoption of NTTs in the food industry has grown significantly in recent
years, driven by the demand for safer, more sustainable, and higher-quality food
products. Conventional thermal processing, while effective in microbial inactiva-
tion, is associated with several drawbacks, including the formation of harmful
chemical compounds, such as acrylamide (Galani et al., 2017), and the degrada-
tion of heat-sensitive nutrients such as vitamins and polyphenols, compromising
food quality (Fadimu et al., 2022; Safwa et al., 2023). Also, from a sustainable
perspective, in the food industry, the generation of heat comes from the use of
fossil fuels, thereby increasing greenhouse gas emissions (Toepfl et al., 2006; M.
Yang & Wang, 2025).

NTTs are considered eco-friendly and cost-effective, which is particularly
advantageous given the growing concern about environmental issues (Table 2)
(Pan et al., 2022).

Currently, NTTs are widely used in the food industry for sterilization pro-
cesses, including milk, juice, meat, fruits, and various other food products, de-

pending on the technology (Chiozzi et al., 2022). Beyond sterilization and safety
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assurance, ultrasound (US) has been used for the extraction of valuable com-
pounds, as well as in homogenization and emulsification processes (Bhargava et
al., 2021). PEF, in contrast, has been particularly applied in potato processing
(e.g., French fries and potato chips production) and tomato peeling (Raso et al.,
2022; Taha et al., 2022). Even though these technologies are already applied in
the food industry, many consumers remain unfamiliar with them, which can lead
to reluctance in accepting products processed in this way. In addition, concerns
related to product safety and the potentially higher price of treated foods may
further reduce consumer acceptance. However, when the benefits of these tech-
nologies, such as enhanced food safety, improved sensory quality, and reduced
environmental impact, are clearly communicated, acceptance tends to increase
(Melios et al., 2025).

In addition to classic food applications, NTTs have been explored as a
strategy to modify protein structures (Pan et al., 2022). The modifications caused
by NTTs in pea protein structure (Table 3) are important for their use in the food
industry, for example, in the formulation of vegan products, since its native struc-
ture makes its application difficult, mainly because of the low solubility and
techno-functional properties are reduced compared with other proteins utilized in
the industry. Each NTTs works through distinct mechanisms that induce structural
modifications in proteins (Table 2). The following sections will explore these tech-
nologies in detail, highlighting their principles, effects on pea protein fractions'

structure, and potential applications in the food industry.

4.3. High hydrostatic pressure processing

High hydrostatic pressure processing (HPP), also known as cold pasteur-
ization or pascalization, is a non-thermal technology first studied in 1899 for milk
pasteurization (Hite & Giddings, 1914). HPP involves applying high levels of iso-
static pressure, typically between 300 and 600 MPa, to food materials placed in
a sealed pressure vessel (Gokul Nath et al., 2023; Houska et al., 2022). Treat-
ment durations may range from a few seconds to 20 minutes. While temperatures
can reach up to 100 °C due to adiabatic compression heating, HPP is classified
as non-thermal, since it is conducted at or below 30 °C to preserve food quality
(Barbhuiya et al., 2021).
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The HPP equipment consists of a robust pressure vessel with secure clo-
sures, an intensifier pump to generate and maintain pressure, and instrumenta-
tion for precise control and monitoring of pressure and temperature (Safwa et al.,
2023). HPP offers multiple advantages it is energy-efficient, preserves food sen-
sory and nutritional properties, and improves food safety while supporting "clean
label" product development (Barbhuiya et al., 2021; Gokul Nath et al., 2023). As
a disadvantage, this method operates only in batch or semi-continuous mode,
reducing productivity. Besides that, the food products need to be packed to go
under the treatment and present some restrictions on products with low humidity
(Gokul Nath et al., 2023).

Beyond microbial and enzyme inactivation, HPP has been widely studied
for its ability to alter protein structures. Pressure-induced structural changes pri-
marily affect non-covalent interactions such as hydrophobic, ionic, electrostatic,
and hydrogen bonds. Moderate pressures (100-200 MPa) can dissociate multi-
meric protein complexes into subunits by disrupting hydrophobic interactions. At
higher pressures (400-800 MPa), proteins may undergo reversible unfolding,
leading to exposure of buried functional groups and a reorganization of tertiary
structure (Barbhuiya et al., 2021; Zhang et al., 2023). These modifications en-
hance the techno-functional properties of plant proteins, such as pea protein, fa-
cilitating their application in food formulations (see Table 3).

Zhang et al. (2023) investigated the effects of pH (5, 7, 10), pressure (300
and 600 MPa), treatment time (5 and 15 min), and protein concentration (10-15%,
w/v) on pea protein gelation. Comparing the protein concentrations (10 and 15%),
gel formation at 10% occurs only with pressure increase (600 MPa) because at
low protein concentration, the exposition of more active sites is required to form
the gel, and the gel formed has a coarser and less compact structure. In different
pH (5, 7, and 10) at the same concentration (15%), the pressure effect was also
important to form the gel. At pH 5, even in low pressure (300 Mpa) and low time
(5 min), the gel structure was formed, because the pH is close to the isoelectric
point, thus, the electrostatic repulsion is low, allowing protein interaction. At pH 7,
the gel network was formed only at 600 Mpa. In low pressure, the disruption of
electrostatic and hydrophobic bonds can occur, and during the pressure release,

the formation of new interactions can be insufficient to form the gel. However,
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when the pressure increases, more active sites can be exposed, allowing gel
formation.

Compared to heat-induced gel (90 °C for 30 min), HPP was able to form
gels at pH 5, whereas heat-induced gels did not form at pH 5. Also, at pH 7, the
protein concentration required to produce a gel was lower, demonstrating the ef-
fectiveness of HPP in inducing gel formation. Regarding the gel structure, the gel
formed through HPP exhibits a higher storage modulus than the heat-induced
gel, indicating a harder network with greater resistance to elastic deformation
(Tang et al., 2024). This difference indicates that HPP can be better exploited for
the development of food products, as it can be applied over a wider pH range and
at lower protein concentrations.

The same behavior was observed by Hall & Moraru (2021) . The authors
reported reduced solubility (from 57 to 30%), probably due to protein aggregation,
and increased ES, FS, and WHC after applying 600 MPa for 4 min. They also
observed that HPP induced gelation at high protein concentrations (15%, w/w),
attributed to hydrophobic interactions between exposed residues following pro-
tein unfolding. In comparison with the heat treatment,

Chao et al. (2018) assessed the impact of pressures (200, 400, 600 MPa)
on yellow field PPI. HPP had minimal effect on solubility but significantly influ-
enced emulsifying and foaming properties, depending on pH and protein concen-
tration. The effect of pH on ES is more relevant than protein concentration be-
cause it influences the net protein charge. Regarding HHP, high-pressure treat-
ments generally increased ES, probably because moderate protein aggregation
and higher net charges promoted stronger interfacial membranes and greater re-
pulsion between oil droplets, thereby reducing coalescence and consequently in-
creasing stability. Compared with different heat treatments reported by the same
author, HHP was more effective in enhancing emulsion stability. In contrast, mod-
erate heat treatment could improve ES under certain conditions by increasing
protein flexibility and interfacial adsorption. In contrast, high-temperature treat-
ments (>70°C) generally reduced ES due to excessive protein denaturation and
weakened interfacial membranes (Chao & Aluko, 2018).

The authors also observed the HPP effect on FS (Chao et al., 2018). The
FS increased at pH 3.0 and 50 mg/mL but declined at higher pressures due to

protein aggregation. FS was more influenced by protein concentration than HPP,
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with lower FS observed in treated samples, likely due to reduced protein flexibility
and interfacial strength. However, when the samples were heat-treated, the sta-
bility increased at pH 5.0 and 7.0, especially at 50 mg/mL protein concentration,
probably due to the presence of heat-induced polypeptides with increased net
charge or formed of strong interfacial films through increased hydrogen bond,
facilitating the protein—protein interactions.

To further enhance HPP-induced gelation, Zhang et al. (2025) investigated
the incorporation of k-carrageenan, a natural polysaccharide, into PPI gels. In-
creasing k-carrageenan concentrations (0.1-1%) reduced the pressure required
to form high-quality gels, improving energy efficiency. At 600 MPa and 1% k-car-
rageenan, compressive strength increased 27-fold compared to HPP alone, and
gel strength was five times higher than that of heat-induced gels, thus being able
to produce robust pea protein gels using minimal additive concentrations.

In this section, it is evident that the HPP has the potential to replace ther-
mal treatment to modify pea protein structure, being able to improve emulsion
and gelling characteristics. However, as observed, no studies have investigated
the relationship between pea protein fractions and the effects of HPP, highlighting
a gap in the current literature. This gap is relevant since each fraction may have
different responses to HPP, due to the differences in their structures. Therefore,
future studies should not only test the global effect of HPP on pea protein isolates
but also address these individual fractions to better understand their techno-func-

tional potential and enable more targeted applications in plant-based food design.
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Table 2. Mechanisms of action, advantages, and limitations of non-thermal technologies for protein processing.

Non-thermal technol-

ogy

Mechanism of action

Advantages

Limitations

At high pressure, it disrupts non-co-
valent, hydrophobic, electronic, and
High-pressure pro- hydrogen bonds, modulates solva-
cessing tion, and induces partial unfolding; at
low pressure, it dissociates oligo-

meric proteins into subunits.

Energy efficient
Homogeneity

Short processing time
Low temperature

No degradation of sensi-

tive compounds

High cost
Low productivity

Limited applicability

Acoustic cavitation generates mi-

crobubble collapse, producing local-

Ultrasound ized high temperature and pressure
that induce chemical, mechanical,

and thermal effects on proteins.

Low cost
Low processing time

Improve efficiency

Requires precise parame-
ter control

Can produce hydroxyl
radicals — oxidation of
food components

Needs specialized equip-
ment

Limited scalability

Cold plasma generates reactive oxy-
Cold plasma gen and nitrogen species

(ROS/RNS) that chemically modify

Low energy consumption
Design versatile

Cost-effective

Surface-limited action
Potential alteration of sen-
sory attributes
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amino acid residues, leading to pep-
tide-bond cleavage, new functional
groups, and altered protein surface

properties.

Complex equipment

Scalability issues

Pulsed electric field

The electric field interacts with pro-
tein dipoles, generating free radicals
that alter hydrogen bonds, salt
bridges, hydrophobic and Van der
Waals interactions, modify protein
charge, and induce partial unfolding
without changing the primary struc-

ture.

Low energy consumption
Minimal waste generation
Short processing times

Preserve heat sensitive

nutrients

High initial implementa-
tion cost

Scalability challenges
Electrode degradation
and fouling

Product-specific
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4.4. Ultrasound

Ultrasound (US) treatment involves the application of sound waves at fre-
quencies above the human hearing threshold (>20 kHz). Its adoption in food pro-
cessing has increased recently due to its sustainable nature, providing several
advantages over conventional methods, including low cost, faster processing,
and improved efficiency (Bhargava et al., 2021; Jadhav et al., 2021). On the other
hand, the use of ultrasound requires high parameter control to avoid high pres-
sure and temperature. When not controlled, these parameters can lead to protein
denaturation and the production of hydroxyl radicals, which can oxidize food com-
ponents, generate off-flavors, and decrease phenolic compounds. Besides that,
it requires specialized equipment and has scalability limitations (Bernardi et al.,
2021; Bhargava et al., 2021; Justino et al., 2024).

US is used in a wide range of industrial applications, including food sterili-
zation, protein extraction, gelation, emulsion stabilization, cooking, foaming, and
deaeration (Bhargava et al., 2021). This technology can be applied through direct
or indirect methods. In the direct approach, a probe is immersed in the sample or
placed in a flow cell, ensuring high cavitation intensity. However, this method may
lead to food contact with equipment surfaces, raising concerns about contamina-
tion or metal leaching (Bernardi et al., 2021). In contrast, the indirect method uses
an ultrasonic bath, where ultrasound is transmitted through a coupling liquid.
While this avoids direct contact and minimizes contamination risks, it results in
lower acoustic intensity(Bhargava et al., 2021; W. Chen et al., 2022).

The primary mechanism behind US-induced protein modification is acous-
tic cavitation. This phenomenon involves rapid formation, growth, and collapse of
microbubbles under high-pressure acoustic waves. Bubble collapse generates
localized high temperatures (up to 5000 K) and pressures (up to 30 MPa), which
induce chemical, mechanical, and thermal effects that alter protein structure
(Chen et al., 2022; Wei et al., 2025).

Xu et al. (2025) investigated the ultrasound effect at 20 kHz and varying
power levels (30% [195 W], 60% [390 W], and 90% [585 W]) on PPI gelation.
Except for the 30% power treatment for 10 min, all conditions yielded higher stor-
age modulus (G') values compared to the control, with the 60% power treatment
being most effective. Gel hardness also increased with higher power levels and

longer treatment times (10 and 20 min), likely due to reduced particle size,
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increased surface area, and enhanced solubility, factors that improve water inter-
action and network formation. These structural changes led to more uniform and
resilient gels, supported by increased B-sheet content.

In a related study, Gao et al. (2022) reported increased solubility of PPI
due to partial disruption of hydrogen and hydrophobic bonds between protein
subunits. This disruption caused macromolecules to swell and adopt distorted
conformations, forming soluble aggregates. Nascimento et al. (2023) also ob-
served improved gelation of PPI following US treatment. The enhanced complex
modulus was attributed to reduced particle size and increased surface hydropho-
bicity, promoting the formation of a cohesive, interconnected protein network.
Compared to casein-only gels, PPl gels demonstrated greater hardness, likely
due to a higher number of junction zones. This suggests that pea protein could
be a viable substitute for animal-derived proteins in food formulations.

The US also enhances gel strength in systems where gelation is enzyme-
induced (e.g., via transglutaminase). Mozafarpour et al. (2022) observed in-
creased gel strength in grass PPI treated with different amplitudes (25-75%) and
times (5-20 min). However, excessive treatment (20 min at 75%) reduced
strength due to SH group oxidation. US also improved EA and ES by reducing
particle size, increasing solubility, and promoting surface hydrophobicity, enhanc-
ing protein diffusion and adsorption at oil-water interfaces and improving droplet
stability through increased electrostatic repulsion.

These findings align with Ozkan et al. (2024), who treated PPI at 20 kHz
and 25% amplitude for up to 30 min. EA and ES increased significantly compared
to untreated PPI. FA and FS were also enhanced. Bahmanyar et al. (2025) con-
firmed similar trends at higher power levels (100-300 W), with increased EA, FC,
FS, and surface area due to protein unfolding and exposure of hydrophobic re-
gions. However, excessive power or duration can lead to protein denaturation
and reduced solubility, negatively affecting colloidal properties (Gao et al., 2022).

Compared to heat treatment, US has been shown to be better at improving
colloidal properties. Related to structural properties, US caused a higher reduc-
tion in particle size and an increase in hydrophobicity and solubility, with higher
modification at higher ultrasound treatment. These modifications were able to in-
crease WHC and OHC, as well as the emulsifying activity index, emulsifying ca-

pacity, foam stability, and gel strength. High-intensity ultrasound, due to acoustic
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cavitation, caused a higher impact on protein structure by promoting the disrup-
tion of aggregates and exposure of hydrophobic groups. In contrast, heat treat-
ment mainly affected the molecular weight distribution and promoted the for-
mation of insoluble aggregates, which improved some properties compared to
untreated samples, but was less effective than high-intensity ultrasound (Tahir et
al., 2025). The authors also compared US and heat treatment with pH-shifting,
another conventional technology. Acoustic cavitation was more effective at im-
proving colloidal properties than pH-shifting. pH-shifting promotes protein unfold-
ing and induces a molten globule state, which can expose hydrophobic groups
but may also favor protein aggregation, thereby limiting improvements in colloidal
properties.

The US effect on individual pea protein fractions has been demonstrated
in a few studies. Sha and Xiong (2022) applied US (20 kHz, 50% amplitude, 5 s
pulse cycles for 5 min) to legumin and vicilin fractions. For legumin, US increased
solubility, reduced particle size, and elevated zeta potential. Vicilin showed re-
duced particle size and increased surface hydrophobicity, but solubility and zeta
potential remained unchanged. These differences affected emulsion activity in-
dex and capacity: emulsion activity index increased more in legumin (30.8%) than
in vicilin (29.6%). In contrast, emulsion capacity was higher in vicilin due to its
more negative surface charge, enhancing electrostatic repulsion between drop-
lets.

To summarize, the US is promising as an NTT for modifying pea proteins
and has been applied to fractions such as legumin and vicilin in a few studies,
offering benefits such as enhanced solubility, reduced particle size, and altered
surface properties. These modifications improve gelation, emulsification, and
foaming characteristics. Therefore, the US application on pea protein fractions,
such as legumin and vicilin, remains limited and should be investigated in other
fractions, for example, pea albumin, which may respond differently from globulins
to acoustic cavitation and shear forces generated by US. Moreover, the impact of
the US on minor fractions, such as prolamins and glutelins, remains completely
unknown, despite their potential role in modifying texture and protein—protein in-
teractions in complex food matrices. Therefore, future research should systemat-
ically assess how US affects each protein fraction to enable fraction-specific func-

tional tailoring in plant-based formulations.
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4.5. Cold plasma

Plasma, regarded as the fourth state of matter, was first described by
Langmuir in 1925 (Jadhav et al., 2021; Safwa et al., 2023). Plasma is generated
by supplying energy to a gas, causing ionization. This can occur under both at-
mospheric and low-pressure conditions (Safwa et al., 2023; Wei et al., 2025).
Thermodynamically, plasma can be classified into two types: thermal plasma and
cold plasma (CP).

In CP, energy is primarily supplied to electrons through an electrical dis-
charge, avoiding excessive heating of the system. Due to the non-equilibrium
nature of CP, electrons, being much lighter than ions and neutral atoms, are more
readily energized and transfer their energy to other particles via collisions. Con-
sequently, the overall temperature remains relatively low, typically ranging from
25 to 65 °C (Bayati et al., 2024; Harikrishna et al., 2023; Jadhav et al., 2021). CP
systems vary based on discharge type, including radiofrequency, dielectric barrier
discharge, plasma jet, and microwave plasma technologies (Bayati et al., 2024).

In protein structure, CP primarily modifies the structure by interacting with
reactive oxygen species (ROS) and reactive nitrogen species (RNS), which
chemically alter amino acid residues, thereby altering protein conformation. The
structural changes result from peptide bond cleavage, the formation of new func-
tional groups, and modifications of the protein’s surface properties (Chuang et al.,
2025). The extent of modification depends on multiple factors, such as the protein
type, plasma conditions, reactive gases, and operational parameters (Table 3)
(Kopuk et al., 2022; Marcinauskas et al., 2024). However, cold plasma also pre-
sents limitations, including its surface-limited action, complexity of equipment,
and scalability issues, which must be considered when designing food applica-
tions.

Understanding these factors is crucial for optimizing the CP application to
pea protein. Bu et al. (2022) investigated the impact of reactive species
(NxOy/O3, O3, H202, and OH) on pea protein under different pH conditions (2
and 7). Of the four species, ozone (O3) and hydroxyl radicals (OH) significantly
affected surface hydrophobicity and (B-sheet content, improving gelation and
emulsifying properties. These modifications result from the interaction between

O3/OH and sulfur-containing amino acids, inducing oxidation that promotes
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protein unfolding. Additionally, the formation of inter-chain disulfide bonds re-
duces the distance between proteins, enhancing steric interactions and unfolding,
further boosting techno-functionalities.

Beyond species form, operational conditions, such as time and energy in-
puts, directly affect pea protein structure. Rout & Srivastav (2024) explored the
effect of output voltages (25, 30, and 35 kV) and treatment times (2, 4, 6, and 8
min) on soy and PPl. Compared to untreated samples, all voltage levels in-
creased the WHC, OHC, and solubility, with the optimal results observed at 30
kV. At this voltage, treatments lasting up to 4 min enhanced free sulfhydryl groups
and surface hydrophobicity, while longer treatment times (over 4 min) reduced
these parameters, likely due to protein unfolding and oxidation of hydrophobic
amino acid residues. Moreover, CP treatment improved the gelation properties of
PPI, increasing the storage modulus for treatments lasting 2, 4, and 6 min at 30
kV. S. Zhang et al. (2021) also reported improved gelling properties of pea protein
concentrate following CP treatment. Before CP, pea protein concentrate could not
form a gel at 90°C, but after treatment, it showed good gelation between 70 and
90°C. CP caused partial protein unfolding, exposing internal hydrophobic side
chains and active sites that reacted with free radicals generated by CP. These
reactions facilitated the formation of covalent bonds, leading to stronger gels with
improved water-holding capacity and viscoelasticity.

Chuang et al. (2025) examined the impact of CP on the structure and for-
mulation of pea protein vegan cheese. By varying power (90 W, 130 W, and 170
W) and treatment time (3, 6, 12, and 20 min), the authors identified the optimal
conditions as 130 W for 12 min. Under these parameters, CP induced structural
changes, including a decrease in 3-sheet content, an increase in B-turn formation,
and heightened surface hydrophobicity. These alterations contributed to im-
proved protein techno-functionalities, including enhanced solubility, WHC, OHC,
EA, and FA. The authors attributed these changes to the breaking of peptide
bonds, the introduction of new functional groups, and the exposure of hydropho-
bic amino acids such as phenylalanine, tryptophan, and leucine. Additionally, CP
improved the texture and melting properties of vegan cheese, demonstrating its
potential as a valuable tool for the plant-based food industry. Both Chuang et al.
(2025) and Mahdavian Mehr & Koocheki (2023) studied the effects of prolonged

CP exposure. They found that while short CP treatments improved the techno-
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functionality of pea protein, extended exposure (beyond optimal durations) re-
sulted in a decrease in these properties, including reduced FA and FS. This de-
cline was attributed to protein aggregation and the formation of strong hydropho-
bic intermolecular interactions between proteins.

Cold plasma has proven to be effective in modifying the structure and
techno-functional properties of pea proteins, enhancing functionalities such as
gelation, emulsification, and foaming. These modifications open up new opportu-
nities for the application of pea protein in plant-based food products. However,
current studies have been almost exclusively limited to protein isolates, while the
effects of CP on specific pea protein fractions remain largely unexplored. This is
a critical gap, as the mechanisms of CP involve interactions with ROS and RNS,
which can oxidize sulfur-containing amino acids and induce conformational
changes. Fractions richer in cysteine and methionine, such as legumin and albu-
min, are therefore expected to be particularly sensitive to CP treatment, poten-
tially improving disulfide cross-linking. Conversely, vicilin, with its lower sulfur con-
tent and more flexible structure, may respond differently. Understanding these
fraction-specific responses could allow the targeted use of CP to tailor functional

attributes in plant-based formulations.

4.6. Pulsed electric field

Pulsed electric field (PEF) is an eco-friendly and sustainable technology
with a growing range of applications, including inactivation of microorganisms,
extraction of valuable compounds, improving the quality of potato chips, and mod-
ifying protein structure (Taha et al., 2022). It involves the application of short, high-
voltage electric pulses (10-80 kV/cm) to materials placed between two electrodes
(Pataro & Ferrari, 2020; Taha et al., 2022). Food materials that contain charged
particles, such as ions, exhibit electrical conductivity. When an external electric
field is applied, an electric current flows through the food, inducing a series of
electrochemical and physicochemical changes that modify food properties (Malik
et al., 2024). Due to its energy use, PEF is considered eco-friendly, with low en-
ergy consumption, minimal waste, and short processing times. However, the ini-
tial implementation involves high costs, scalability remains challenging, electrode

degradation and fouling may occur, and the process is highly dependent on the
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product, requiring specific parameters for each matrix (Raso et al., 2022; Taha et
al., 2022).

PEF equipment typically comprises a treatment chamber, a pulsed power
supply, and control and monitoring systems (Arshad et al., 2020). Treatment
chambers can be static or continuous, depending on the type of material being
processed. Static chambers are generally used for solid foods, while continuous
chambers are suitable for liquids or semi-solids. In continuous mode, flow dynam-
ics may be classified as coaxial, collinear, or cofield (C. Zhang et al., 2023). The
power supply generates electrical pulses by charging a capacitor, with discharge
regulated by a trigger or switch to control decay within the circuit (Taha et al.,
2022). The control and monitoring systems are crucial for regulating parameters
such as voltage, current, and temperature, which directly influence the effective-
ness of the PEF treatment (Arshad et al., 2020). Further technical details on PEF
equipment can be found in the reviews of Arshad et al. (2020) and Taha et al.
(2022).

The PEF effect on proteins arises from the interaction of the electric field
with molecular dipoles. During treatment, polar groups in proteins absorb energy
and generate free radicals, which affect intramolecular interactions such as hy-
drogen bonds, salt bridges, hydrophobic interactions, and Van der Waals forces.
Furthermore, PEF exposure influences the ionization of carboxyl (-COOH) and
amine (-NH3+) groups, altering the protein's apparent charge and causing con-
formational changes. These changes can lead to protein unfolding and aggrega-
tion, which modify the protein’s secondary structure without affecting its primary
structure (Malik et al., 2024; Shams et al., 2024; Taha et al., 2022, 2023; Yan et
al., 2024).

Regarding the pea proteins, their structural modifications under PEF treat-
ment depend on several factors, including electric field intensity, treatment dura-
tion, and sample pH (Table 3). Guo et al. (2024) and Chen et al. (2023) compared
the effects of electric field intensity on pea protein structure. Guo et al. (2024)
evaluated field intensities of 5, 7.5, 10, and 12.5 kV/cm at a frequency of 600 Hz,
while Chen et al. (2023) studied intensities from 0 to 25 kV/cm at 1 kHz. In both
studies, increasing the intensity up to 10 kV/cm resulted in modifications in the
secondary and tertiary structures of pea protein. This was evidenced by a reduc-

tion in a-helix and B-turn structures, coupled with an increase in B-sheet and
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random coil configurations. Furthermore, changes were observed in hydrophobi-
city, intrinsic fluorescence, and UV-vis absorption, indicating protein unfolding and
enhanced flexibility. However, higher intensities led to aggregation, reducing
functionalities. Guo et al. (2024) also reported increased WHC and ES, but a
decrease in OHC and EA.

Chen et al. (2022) investigated the effects of frequency (50 Hz and 20 kHz)
and field strength (5, 10, and 20 VV/cm) on pea protein. Similar to previous studies,
the authors observed modifications in the protein structure, including a reduction
in a-helix content and an increase in B-sheet formation. Notably, at 50 Hz and 20
V/cm, these modifications were more pronounced in the gelation process, result-
ing in stable and ordered gel networks. These gels exhibited superior WHC
(90.129/100g) compared to conventionally heated gels (86.73 g/100 g), though
they were more elastic and cohesive. Finally, Melchior et al. (2020) examined the
effects of moderate electric field intensities through varying pulse numbers
(20,000 and 60,000 pulses, pulse width: 5 ps) and pH (5 and 6). Their findings
aligned with previous studies, showing protein unfolding and increased flexibility.
However, at pH 6 and with 20,000 pulses, solubility decreased, and FA increased,
with no significant effects on WHC and OHC. The authors suggested that the
limited changes in techno-functional properties were likely due to the low content
of sulfhydryl groups, as the electrical current was insufficient to induce significant
modifications compared to other studies.

Consistent with previous studies, De Gol et al. (2025) also demonstrated
the ability of PEF (24 kV/cm, 50 Hz, pulse width 20 ps) with different inlet temper-
atures in modifying pea protein extract. Besides the PEF effect, the authors com-
pared it with thermal treatment at different temperatures, 51, 54, 57, and 60 °C.
The thermal treatment induced protein aggregation, reduced solubility, and lim-
ited gelation capacity. On the other side, PEF treatment promoted protein unfold-
ing, increasing solubility (+8%), exposing tryptophan residues, and consequently
enhancing gelation ability. Thermomechanical tests confirmed a 35% increase in
gelling properties for PEF-treated proteins, indicating stronger intermolecular in-
teractions and superior modification of protein functionality compared to thermal
treatment. This demonstrates that replacing thermal technologies with non-ther-

mal approaches can effectively modify proteins, not only enhancing their
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functionality in colloidal systems but also minimizing drawbacks associated with
thermal processes.

Overall, the PEF has demonstrated effectiveness in modifying pea protein,
with the effect being dependent on PEF parameters. As observed for the other
non-thermal treatments, the PEF effect on pea protein fractions remains unex-

plored, which demonstrates a gap for future research.



Table 3. Effect of non-thermal technologies (NTTs) on pea protein structure and techno-functional properties.
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Techno-func-

Food pro- Treatment param- Surface hydro- o Holding ca-
) Free-SH . Solubility ) tional proper- Reference
cessing eters phobicity pacity y
ies
Increase as a
Pressure: 300 and gltr:gtllgceolfa%r:s- (Zhang et al.,
Sgg l1\/I5Pr?];ir']I'|me: 5 ) ) ) ) time, enhance- 2023)
ment of gel for-
mation
HPP ) 200 MPa and pH
aPr:ZsszOu(;'T\}IIESO’ ;‘:IO% ) ) No significant 3 induced better  (Chao etal,
5 and 7 - PR3, difference emulsion quality 2018)
' and foaming.
Pressure: 200, 400, Increase up to 600 Decrease at \c/\rlga%elzrc]j-at :rggrrﬁaesfpg;sgh (Hall & Moraru,
600 MPa MPa. 600 MPa 600 MPa and stability 2021)
Frequency: 20 kHz; WHC in-
Power levels: 30 % Increase with time Increase with creases with (G. Xu et al
(195W), 60 % (390 reduction and in- time and time. and i ' "
W), 90 % (585 W), crease with power ’ 2025)
e : power level power level
Time: 10 and 20 level increase increase
min.
us Sequential ultra-
sound power: O, ) Increase up to 150 Increase upto ) (Gao et al., 2022)
100, 150, 200, 300, w 200 W
and 400 W
EAand ES in-

Amplitude: 25, 50,
75%; Time: 5, 10 or
20 min

Increased up
to 75% with
time,

Increase up to 75%
and 20 min

Increase up to
75% and with
time,

creased as a
function of time
and amplitude

(Mozafarpour et
al., 2022)
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depending on
the amplitude

depending on
the amplitude

Frequency: 20 kHz,
acoustic intensity:
17.12 W/cm2, am-
plitude: 25 % Time:
0, 10, 20, 30 min

Solubility in-
creases up to
30 min.

FA, FC, EA, and
ES increase with
US application.

(Ozkan et al.,
2024)

CcP

Reactive species:
03, NxOy, HzOz and
OH; pH: 2and 7

At pH 2, an increase
occurred after treat-
ment with Oz and
OH

AtpH 2, anin-
crease occurs
when treated
with O3, NxQOy,
and OH

03, NxOy/O3, and
OH formed gel at
15% protein with
a higher strength
at 20% protein. O3
and OH had high
EC.

(Bu et al., 2022)
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WHC and
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0-30 kV; Current
output: 0-1A

concentration and
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(Chuang et al.,
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PEF
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(Guo et al., 2024)
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(Melchior et al.,
2020)




130

Intensity: 0, 5, 10, Increase after PEF. PEF increased (Z. L. Chen et al.,
15, 20, 25 kV/cm. - Higher at 10 kV/cm. - - PPI binding with 2023)
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5. Conclusion and perspectives

This literature review highlights the potential of NTTs, such as US, HPP, CP, and
PEF, to modify the structure of pea protein fractions. These technologies induce protein
unfolding and expose hydrophobic side chains, thereby altering protein solubility,
WHC, and OHC and enhancing key techno-functional properties such as gelation,
emulsification, and foaming (Table 3). These modifications not only improve the
techno-functional properties of pea protein but also offer new opportunities for its ap-
plication in the food industry, whether as an additive in existing products or in the cre-
ation of innovative plant-based alternatives. However, as discussed, further research
is essential to optimize the use of NTTs, particularly in PEF and HPP, where studies
remain limited. A critical area for future investigation is the exploration of individual
protein fractions, as they exhibit distinct techno-functional characteristics that can be
leveraged for specific food applications. By gaining a deeper understanding of the
structural modifications induced by NTTs, it will be possible to enhance the versatility
of pea protein fractions and expand their techno-functionality for a wider range of food
formulations. Ultimately, the continued innovation and optimization of these technolo-
gies not only promise to enhance the applicability of pea protein fractions small but
also contribute to the development of more sustainable food products. By reducing the
environmental impact of food production and providing healthier, more accessible op-
tions, these advancements align with the growing demand for sustainable and plant-

based food solutions in response to global dietary shifts.
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General conclusions

This work was driven by the hypothesis that modifications in pea protein
structure and formulation parameters can alter the structure of hybrid gels. Through
this work, it was concluded that the protein ratio and the modification of pea protein
structure via pH shifting could modulate the characteristics of the hybrid gel.

The structure of hybrid gels is strongly governed by the protein ratio, with pro-
nounced non-monotonic effects upon partial replacement of casein by pea protein.
While casein gels form heterogeneous networks with larger cavities that promote
higher water mobility, pea protein gels exhibit more homogeneous and compact struc-
tures that restrict water dynamics. Regarding the ratio, even small amounts of casein
significantly disrupt the compact pea protein network, demonstrating that structural
evolution is not linear with composition. Multi-scale analysis revealed that these differ-
ences are primarily associated with large-scale organization rather than molecular-
scale rearrangements, supporting the hypothesis that casein and pea proteins form
independent network domains without co-aggregation. Rheological measurements fur-
ther confirmed that casein-rich gels are more sensitive to temperature increases,
whereas pea-rich systems exhibit greater structural stability due to their smaller pore
size and denser network. Overall, large-scale structural organizations emerge as the
dominant factor controlling gel stiffness and water mobility.

To increase the interaction between casein and pea protein, the pH shifting ap-
proach was conducted. After the treatment, the pea protein structure has changed,
increasing the intrinsic hydrophobicity, reducing the particle size, and consequently
increasing the solubility. Because of those changes, when the modified pea protein
was used to formulate hybrid gels with casein micelles, the gel’'s behavior changed.
The effect was greater in the gels with a high amount of pea protein. Overall, the find-
ings confirm that structural modification of pea protein via pH-shifting can partially over-
come the thermodynamic incompatibility between plant and dairy proteins, although
the final functionality depends on the relative proportion of each protein in the system.

Similar to pH shifting, non-thermal technologies such as ultrasound, pulsed
electric field, high-pressure processing, and cold plasma represent effective strategies

to modify pea protein structure. These approaches have the potential to modulate the
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formation and properties of hybrid gels, providing opportunities to optimize hybrid
protein systems for tailored functionality.

Perspectives

Modulation of pea protein fractions structure by non-thermal technologies

Non-thermal technologies' effect on pea protein has been demonstrated by
several articles. However, it is still unclear how each pea protein fraction can be
modulated by the different non-thermal technologies. Understanding how the structure
of each fraction can respond to non-thermal technologies can bring insights into how

they can be better used in industry.

Hybrid gels formed with proteins modified by non-thermal technologies

Since non-thermal technologies can be used to modify protein structure, the
interaction between proteins from two sources may increase, though modifying the
hybrid gel characteristics, creating a new structure more similar to the conventional gel

(animal-protein gel).
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Table S.1. Fits of the Bouchoux model to the SAXS data at 20 °C. The ratios means
100:0 — 100% casein and 80:20 — 80% casein and 20% pea protein
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Table S.2. Fits of the Unified model to the SAXS data at 20°C. The ratios means
80:20 — 80% casein and 20% pea protein, 20:80 — 20% casein and 80% pea protein
and 0:100 — 100% pea protein.
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