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Abstract. As interest in plant-based foods continues to grow, soy protein is being used more and more 
thanks to its high nutritional value and excellent functional properties. One of these properties is gelation, 
which plays a crucial role in shaping the texture and sensory quality of traditional soy products such as tofu, 
as well as new products such as soy yoghurt and plant-based meat. This article first summarises the 
traditional formation mechanisms of soy protein gels, including physical means such as heat induction and 
chemical means such as acid and salt induction, as well as enzyme-induced gelation. Next, the article focuses 
on the latest advances in gel modification using physical processing technologies, such as ultrasound, 
microwaves, high-pressure treatment and cold plasma. It elaborately explains how these technologies alter 
the properties of gels, including texture, water-holding capacity and the delivery efficiency of bioactive 
substances, by influencing protein structure, aggregation behaviour and intermolecular interactions. The 
article seeks to offer a conceptual foundation to the control of the characteristics of soy protein gels to suit 
the demands of different food uses.  

1 Introduction 
The global food industry is currently in a crucial period 
of transformation, and plant-based foods have become 
an important trend leading future development. This 
does not only satisfy the consumption upgrading needs 
but also offers a viable option to the shortage of 
resources and pressure on the environment during the 
production of the traditional meat and dairy products. 
The production of traditional animal-derived foods faces 
challenges such as high consumption of land and water 
resources and high greenhouse gas emissions [1]. The 
rise of plant-based foods, on the other hand, brings new 
hope for building a more sustainable food supply system. 

With its unique advantages, soybeans hold a central 
position among numerous plant protein resources. As a 
traditional ingredient with a consumption history of over 
two thousand years, soy protein is now widely used 
around the world [1]. Nutritionally, soy protein is 
composed of all the essential amino acids required by 
bodies thus making it the perfect alternative to animal 
protein. In terms of processing characteristics, its 
excellent gelling, emulsifying, and foaming properties 
make it an indispensable raw material in the food 
industry. In particular, its gelling property directly 
affects the taste and quality of products such as tofu, 
plant-based meat, soy milk, and yogurt, and it's also the 
focus of research on soy protein applications [1]. 

Currently, there are mainly two directions in the 
research on the modification of the gel properties of 
soybean protein. One is to achieve optimization through 
component regulation, which includes adjusting the 
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proportion of protein components, changing the pH 
value and temperature of the reaction environment, and 
adding auxiliary components such as polysaccharides. 
The other is based on the improvement of processing 
technology, which involves technical means such as 
physical, chemical, and enzymatic treatments [1]. 
Although existing studies have separately explored the 
effects of component composition and processing 
technology, there has not been a systematic and 
comprehensive study that combines the two. 

Nowadays, the research on the alteration of the gel 
characteristics of soybean protein has two main 
directions. One is to achieve regulation of components, 
such as the regulation of the percentage of protein 
components, alteration of pH value and temperature of 
the reaction atmosphere, and introducing supplementary 
components like polysaccharides. The other is founded 
on the enhancement of processing technology, that 
entails technical capacities like physical, chemical, and 
enzymatic treatments [1]. Despite the fact that the 
existing studies have examined the issues separately, 
investigated the interactions of component composition 
and processing technology, a systematic and 
comprehensive study has not been undertaken which 
integrates the two. 

This paper aims to fill the gap in this research area. 
The present paper attempts to address this gap in this 
field of research. It will orderly organize the synergistic 
relationship of the regulation of raw materials and 
processing technology, synthesize the application rules 
of different modification technologies, and give 
theoretical support and practical examples of the in-
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depth application of soybean protein in the new-type 
food industry. 

2 Traditional formation procedure of 
soy protein gels  

2.1 Heat-induced gelation 

One of the fundamental methods of soy protein gels is 
heat-induced gelation. It is a two-step process wherein 
the proteins are first thermally denatured and then 
aggregated. The resulting gel quality is dependent on 
different factors including heating temperature and time, 
protein concentration and ratio between 7S-conglycinin 
and 11S-glycinin. Protein content is one of such factors, 
which decisively determine the end result of the gel. The 
interaction of preheating conditions and the nature of 
cold-set gels has not yet been fully or systematically 
investigated as a research topic in industry. 

To address this gap in the research, Wan et al. 
conducted a special experiment, by systematically 
investigating the impacts of protein concentration on 
cold gel formation of soy protein isolate (SPI) in the 
presence of glucuronic acid delta-lactone (GDL) [2]. 
The researchers prepared SPI dispersions of 20, 40 and 
60 mg/mL concentration respectively. These 
dispersions were preheated to create soluble SPI 
aggregates (SSAs) and then GDL was added at 50 ℃ to 
gel the dispersion. Different technical techniques were 
used to fully and correctly describe the characteristics of 
the gels such as rheological measurements, texture 
analysis and observation under confocal microscopy [2]. 

The experimental findings reveal that SSA generated 
at high-protein concentration system (60 mg/mL) 
contains greater sized particles, a higher net surface 
charge and reduced surface hydrophobicity [2]. At pre-
gel stage, SSA aggregation proceeds slower in the high-
protein concentration group compared to low-
concentration group during the acid gelation. It tends to 
create spherical aggregates as opposed to irregular 
agglomeration structures. The outcome of this is the 
reduced gel point and a denser and consistent gel 
network. The gel produced using this method has a 
hardness of 51.7 ± 3.2 g, an elastic modulus of 2.11 ± 
0.11 mm, a chewiness of 0.22 ± 0.11 mJ and a water-
holding capacity of up to 35.5 ± 1.5% [2]. 

These performance indicators are all high as 
compared to those of the low-concentration group. This 
has been largely due to the increased capacity of the 
protein gel network to form disulfide bonds. Also, a 
change in protein concentration during the preheating 
phase is successful in modifying the characteristics of 
SSA, including the charge state and surface 
hydrophobicity. Hence, it is possible to achieve a great 
enhancement of the quality of SPI cold-set gel without 
any external additives. 

2.2 Acid-induced gelation 

Acid-induced gelation is a common technique for 
preparing soy protein gels, mainly achieved in two ways: 
by adding an acidifying agent such as glucono-δ-lactone 

(GDL), or by fermenting with lactic acid bacteria (LAB). 
The main principle is to progressively reduce the pH of 
the system until it comes close to the isoelectric point of 
the soy protein of approximately pH 4.5. At this pH, the 
electrostatic repulsion between the molecules of 
proteins is reduced and allows the aggregation of protein 
subunits to a stable gel structure. Research shows that a 
variety of factors, both internal and external, have a 
significant regulatory effect on the entire gelation 
process. These factors include protein concentration, 
acidification rate, reaction temperature and pre-formed 
protein aggregates. 

Li et al. have carried out a systematic investigation 
of rheological characteristics of acid-induced gels [3]. 
The gel samples used in this study were derived from 
soy protein-stabilised emulsions, which were either 
unheated or heat-treated at gradient acidification 
temperatures (denoted as UHSPE and HSPE, 
respectively). The experimental design was to select soy 
protein solutions with 0.5 to 4.0% (w/v) mass 
concentrations. Preheating of some of these solutions to 
100 ℃ over a period of 30 minutes was done, whereas 
others were not preheated. Oil volume fractions of 20-
40% emulsions were then made based on these solutions. 
Dynamic rheological measurements were then 
performed to monitor and measure the whole gelation 
process in real time after addition of GDL at a 
proportion of 0.2g of GDL per gram of protein [3]. 

The experimental findings also show that pre-heat 
treatment is an important parameter that determines the 
gelation of the samples. The A index of the UHSPE and 
HSPE gels at 30℃ are 2.79 and 2.93 respectively [3]. 
The HSPE based gel has a higher value of the storage 
modulus (G') than the UHSPE gel and it takes lesser 
time to gel. Moreover, the higher the acidification 
temperature (between 20℃ and 40℃ ),  the lower the 
gelation and storage modulus of the samples [3]. The 
present study has provided a quantitative correlation 
between processing parameters and rheological 
properties of the gel, which gives a sound theoretical 
foundation of accurately predicting and successfully 
controlling the properties of the gel. 

2.3 Salt-induced gelation 

Salt-induced gelation is a classic and effective method 
of preparing soy protein-based gels. This method 
generally involves introducing calcium chloride, 
magnesium chloride and other inorganic salts to 
neutralise the electrostatic repulsion between protein 
molecules and promote the formation of salt bridges 
between negatively charged carboxyl groups. The salt 
concentration, pH solution and inclusion of other 
biopolymers are some of the factors that greatly 
influence the mechanical and structural properties of the 
resulting gels.   

Yan et al. performed a detailed experiment of the 
effect of the concentration of calcium ions on the 
physicochemical properties and microstructure of the 
composite gel that was produced through the dual 
induction of sorghum arabinoxylan (AX) and soy 
protein isolate (SPI) [4]. The experimental design 
involved the catalytic action of peroxidase covalently 
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cross-linking arabinoxylan to construct a stable 
polysaccharide network structure. Then, calcium 
chloride solutions with gradient concentrations (0, 10, 
15, 20, 25 and 30 mM/L) were added to promote 
gelation. Finally, the composite system was evaluated 
using methods such as rheological testing, texture 
analysis and microscopic observation [4].  

The research results indicate that calcium ions play 
a dual regulatory role in a concentration-dependent 
manner. When the concentration is controlled at 20 
millimoles per litre or below, calcium ions promote the 
assembly of soy protein isolate (SPI) into a fibrous 
protein network. This network interpenetrates with the 
pre-formed polysaccharide matrix to form a 
homogeneous microstructure, thereby enhancing the 
mechanical properties of the SPI [4]. Specifically, the 
hardness, elasticity and chewiness of the gel are at their 
optimal levels at a Ca2+ concentration of 20 mM/L, at 
49.30 ± 2.43 g, 2.25 ± 0.02 mm and 0.85 ± 0.02 mJ, 
respectively. However, when the calcium ion 
concentration exceeds 20 mM/L, excessive charge 
shielding leads to the rapid and disordered aggregation 
of SPI. This destroys the integrity of the polysaccharide 
network and causes an inhomogeneous microstructure, 
resulting in a significant reduction in gel elasticity [4]. 
However, it is not yet clear whether these rules can be 
extended to other polysaccharide-protein composite 
systems or traditional single-salt-induced gel systems. 

2.4 Enzyme-induced gelation 

Enzymatic gelation relies primarily on the catalytic 
action of microbial transglutaminase (MTGase). The 
enzyme helps in forming ε-(γ-glutamyl)-lysine 
isopeptide bonds between the polypeptide chains and in 
the formation of protein into a stable 3-dimensional gel 
network. The enzyme dosage, substrate binding 
efficiency and external environmental factors, including 
pH value and temperature, are closely related to the 
formation of the gel. 

Xing et al. studied the gelation characteristics of a 
soybean milk and milk composite protein system under 
the combined action of MTG enzymes and lactic acid 
bacteria (LAB) [5]. The article by Xing et al. examined 
the gelation behavior of a soybean milk and milk 
composite protein system in the presence of MTG 
enzymes and LAB [5]. The two dairy products were 
combined in the experiment so that they had equal 
protein content (1.6%, w/v), and the mixture was then 
inoculated with the enzyme of the MTG and the lactic 
acid bacteria and allowed to incubate at 43 ℃ over a 
period of four hours. The gel structure was then analysed 
using rheological tests, electrophoretic separation and 
microscopic imaging techniques [5]. 

The experimental results show that MTGase alone 
cannot trigger an effective gelation reaction within a 
four-hour incubation period, as evidenced by an 
extremely low storage modulus (G' below 0.1 Pa). By 
contrast, gel formation can start after about 2 hours of 
reaction when adding lactic acid bacteria (LAB) alone 
[5]. Furthermore, when LAB and MTGase are used in 
combination, a gel can be formed that has a significantly 
higher storage modulus, a denser and more uniform 

network structure, and lower porosity. This gel has clear 
advantages over that induced by LAB alone [5]. 
Furthermore, the presence of LAB enhances the 
polymerisation reaction of soy and milk proteins 
mediated by MTGase, particularly promoting the cross-
linking reaction between β-lactoglobulin and the basic 
subunit of 11S globulin [5]. This discovery opens up 
exciting new possibilities for the research and 
development of biological tofu, which combines the 
probiotic properties of LAB and the complementary 
nutritional value of animal and plant proteins. Although 
MTGase is considered safe, further research is needed 
to evaluate the long-term physiological impact of its 
cross-linked protein products.  

3 Advanced strategies to modify gel 
properties of soy protein 

3.1 Ultrasound technology 

It has always been challenging to effectively deliver 
lipophilic nutrients and optimise their bioavailability 
during the construction of the food gel system. 
Ultrasound technology, as a green and efficient physical 
modification method, has been widely employed to 
improve the functional properties of soy protein gels. 
High-intensity ultrasound (HIU) generates cavitation-
induced shear forces and micro-jets, which alter protein 
structure and aggregation behavior, thereby enhancing 
gel network formation and texture properties [7]. It is 
expected that ultrasonic technology will encapsulate 
functional ingredients, thus solving the problem of 
insufficient stability in complex food matrices. 

Geng et al. conducted a systematic study with the 
aim of clarifying the combined application of physical 
homogenisation technology and biological or chemical 
coagulants in order to optimise the gel properties and 
nutrient delivery efficiency of the soy protein-based 
emulsion system [6]. In terms of experimental methods, 
this study has developed a two-stage preparation 
protocol. In the first stage, the mechanical 
homogenization method (MH) and the ultrasonic 
homogenization method (UH) are used to prepare 
soybean protein emulsions respectively. The second 
stage involves the use of three types of coagulants which 
include calcium chloride (CaCl2), glucono-delta-
lactone (GDL) and microbial transglutaminase 
(MTGase) to cause the cold gelation process of the 
emulsions. It examines the microstructure, texture 
properties, and the in vitro behavior of gastrointestinal 
digestion behavior of the latex gels through a 
comprehensive characterization of various important 
indicators [6]. 

The experimental findings prove the great benefits 
of the combined treatment ofultrasonic homogenisation 
(UH) and microbial transglutaminase (MTGase) in 
improving the overall performance of the end product 
emulsion gel. Particularly, this composite system has a 
gel strength of 91.02 ± 3.58 g and water-holding 
capacity (WHC) of 99.81 ± 0.19%. These are 
significantly better values than those obtained with 
ultrasonic homogenisation or microbial 
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transglutaminase alone [6]. The reason is that UH is able 
to break the spatial structure of soybean protein 
molecules and reveal more functional groups of the 
molecules and increase the intermolecular interactions 
to create a more dense and uniform gel network. 
Moreover, in simulated gastrointestinal digestion, the 
samples in the UH and the MTGase combined treatment 
group showed much more resistant oil droplet 
aggregation, with increased complete lipolysis. This 
enhances the bioavailability of 80 percent or more of 
lipophilic nutrients bioavailability [6]. 

3.2 Microwave technology 

The molecular structure of soy protein is closely related 
to its functional properties. Nonetheless, the 
compactness of natural soy protein critically inhibits the 
gelation and emulsification characteristics of the protein. 
Conventional techniques of modifying proteins tend to 
have lengthy processing time or severe reaction 
environments that are bound to impair the quality of 
protein molecules. However, microwave treatment is a 
clean, efficient and energy saving physical modification 
method that has gained popularity in the last few years 
to maximize the gelling properties of the soy protein. 
Microwave radiation can be used to generate 
electromagnetic waves that can cause vibration and 
collision of the polar molecules in the protein system. 
This ruptures non-covalent bonds (hydrogen and 
disulfide bonds) and facilitates unfolding of protein 
molecules. This structural alteration provides a strong 
base towards the later development of a routine gel 
network hence greatly enhancing the overall 
performance of the soy protein gel. 

A substantial amount of literature has established 
that it is possible to use microwave technology to alter 
the gel characteristics of soy protein. One such study, 
conducted by Cheng et al., systematically explored the 
impact of microwave-assisted covalent modification 
using ferulic acid (FA) on the structural and functional 
properties of soy protein isolate (SPI) emulsion gels [8]. 
In this experiment, SPI was reacted with FA by covalent 
bonding in the presence of alkali. It was then put under 
microwave treatment of 600 W, five minutes at constant 
temperature of 40 ℃. The cold gelation technique was 
used to prepare an emulsion gel using glucose-delta-
lactone (GDL). The experimental outcomes revealed 
that the covalent modification with FA using microwave 
assisted method had a synergistic effect, which 
significantly enhanced the stability of the modified SPI 
system. In the meantime, the modified SPI emulsion gel 
had good textural values, its hardness of 235.48 ± 6.66 
g and elasticity coefficient of 0.835 ± 0.004 [8]. This 
was confirmed by analysis by low-field nuclear 
magnetic resonance (LF-NMR) and confocal laser 
scanning microscopy (CLSM) which revealed that the 
modified gel possessed a more homogenous water 
distribution and a denser three-dimensional network 
structure [8]. Also, the quercetin-loaded emulsion gel 
prepared by this method exhibited a greater 

bioavailability and stability throughout simulated 
gastrointestinal digestion, which reflects the potential 
practical use of this modification method [8]. Besides 
covalent chemical modification with the help of 
microwave, the combination of microwave pretreatment 
and enzymatic modification has a great influence on the 
gelation process of soy protein. Microwaves are capable 
of changing the structure of protein secondary structures 
power-dependently, which in effect enhances gel 
properties of the composite system and allows the 
creation of a dense, uniform gel network. 

3.3 High-pressure treatment 

Conventional soy protein gel processing technique is 
typically unable to provide high gel strength with a 
desired water-holding capacity whilst still being 
yielding. High-pressure processing is an effective 
physical alteration method that has gained popularity as 
an effective method of optimising the functional 
characteristics of soy protein gel. High-pressure 
homogenisation technology applies high-intensity shear 
force, the cavitation effect and turbulent flow to soy 
protein. This decomposes protein aggregates, reduces 
particle size and triggers protein unfolding. The result is 
a more stable gel network. 

Zuo et al. carried out a systematic study aiming to 
explore the effects of high-temperature and high-
pressure cooking (HTPC) on the yield and texture of 
tofu [9]. In the experiment, two different cooking 
methods were applied to prepare soybean milk. 
Traditional cooking (TC) was conducted at 97℃ and 
HTPC was performed at 115℃ and 0.17 MPa. Both 
cooking processes were maintained for the same time 
period. Subsequently, CaSO4 was added to induce the 
gelation of the proteins. The findings revealed that the 
protein level of the soybean milk was significantly 
boosted by between 9-15% by HTPC which enhanced 
the creation of a thick network of gel [9]. Tofu prepared 
using soybean milk that was treated with HTPC was of 
a significantly superior texture compared to the TC 
group. Hardness increased from 445.4 ± 2.2 g to 532.3 
± 10.8 g, resilience from 6.13 ± 0.38 mm to 7.62 ± 0.11 
mm and chewiness from 6.56 ± 0.15 mJ to 14.70 ± 0.09 
mJ. This is due to the fact that the protein composition 
has been changed by the HTPC, the non-granular 
proteins have been made less sensitive to Ca2+ ions, the 
coagulation rate has slowed down, and more water and 
solids have been incorporated into the gel structure, 
thereby enhancing tofu texture and yield [9]. Moreover, 
it is possible to use this technology to add more texture 
to cold-induced thousand-layer tofu. The working of SPI 
gel is enhanced by controlling the percentage of protein 
secondary structure as well as the strength of 
intermolecular interactions. Over pressure treatment 
however can cause the development of insoluble 
aggregates of proteins hence destroying the gel structure. 
Thus, accurate regulation of the parameters of pressure 
is the key to the successful implementation of high-
pressure technology (see Table 1). 
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Table 1. Effects of advanced physical modification technologies on gel properties of soy protein. 

Technology 
Type Mechanism of Action Effect on Gel Properties Ref. 

Ultrasound 
technology 

Cavitation-induced shear forces and micro-
jets, altering protein structure and 
aggregation behavior 

Enhances gel network formation and texture 
properties; combined with MTGase gives gel strength 
of 91.02±3.58 g and WHC of 99.81±0.19%, 
increasing bioaccessibility of lipophilic nutrients 
to >80% 

[6, 7] 

Microwave 
technology 

Electromagnetic waves cause vibration and 
collision of polar molecules, disrupting 
non-covalent bonds (hydrogen bonds, 
disulfide bonds), promoting protein 
unfolding 

Synergistic effect with ferulic acid covalent 
modification improves gel stability; modified gel 
shows hardness of 235.48±6.66 g and elasticity 
coefficient of 0.835±0.004, forming a dense 3D 
network and uniform water distribution 

[8] 

High-pressure 
treatment 

High-intensity shear forces, cavitation, and 
turbulent flow, breaking protein aggregates, 
reducing particle size, inducing protein 
unfolding 

High-temperature high-pressure cooking increases 
tofu hardness to 532.3±10.8 g, resilience to 7.62±0.11 
mm, chewiness to 14.70±0.09 mJ; excessive pressure 
may form insoluble aggregates and destroy gel 
structure 

[9] 

Cold plasma 
technology 

Generates reactive oxygen and nitrogen 
species (RONS), causing surface oxidation, 
conformational changes, and 
physicochemical alterations of proteins 

RF plasma treatment for 30 s reduces SPI contact 
angle from 32±1° to 22±1°, enhancing hydrophilicity; 
plasma-activated water inhibits microbial growth and 
extends refrigerated shelf life of tofu 

[10] 

3.4 Cold plasma technology 

The food industry has always had a difficult time trying 
to make sure that the soy products are microbially safe 
and at the same time, retain their nutritional value and 
sensory properties. Even though the process of 
traditional heat treatment can be very effective at 
eliminating harmful microorganisms, it may also result 
in detrimental alterations in the texture, colour and 
content of the useful bioactive elements of soy products. 
Cold plasma technology is a new non-thermal 
processing technology that has the capability of 
enhancing functional properties of soy protein and thus 
enhances safety and quality of soy products. This 
technology reacts with protein molecules to produce 
reactive oxygen and nitrogen species (RONS), and 
causes surface oxidation, conformational changes and 
alterations in the physical and chemical properties of the 
proteins. 

Bormashenko et al. were able to make a detailed 
study on the effects of cold plasma treatment on the 
wetting characteristics of soy protein isolate (SPI) and 
milk protein concentrate (MPC) powders [10]. They 
made comparisons between two plasma generation 
systems 13.56 MHz cold radio-frequency plasma 
treatment (CRPT) and corona atmospheric plasma 
treatment (CAPT). The findings revealed CRPT had a 
significant effect on enhancing hydrophilicity of the 
powder samples. In particular, the apparent contact 
angle (APCA) of SPI decreased by 30 seconds of CRPT 
treatment by 32 ± 1º to 22 ± 1º. Increasing the treatment 
time to 60 seconds, total wetting was obtained in 10 
seconds [10]. In the case of the naturally hydrophobic 
MPC, a 5-second CRPT treatment decreased the APCA 
of 126 ± 4º to 0º on the surface of the MPC, which meant 
that the MPC had become fully hydrophilic. Conversely, 
the CAPT effect was lesser [10]. It is worth noting that 

neither of the powders showed any indication of re-
hydrophobicity after a month of treatment; a 
confirmation of the stability of this technology in long 
term in suspensions. Later researchers also established 
that cold atmospheric pressure plasma (CAPP) and 
plasma-activated water (PAW) technologies are 
successful in reducing the microbial burden on tofu 
surfaces without compromising quality. Moreover, 
immersion in a PAW solution considerably prevents the 
growth of microorganisms and increases cold storage of 
tofu, which effectively prolongs its shelf life [10]. 

4 Conclusions  
The use of Soy protein gel is central to the production of 
plant-based foods. Its traits are controlled by traditional 
formation mechanisms, as well as the sophisticated 
modification strategies. Even though there are 
advantages to gelation technologies induced by heat, 
acid, salt and enzymes, they too possess limitations. The 
gel characteristics depend on the protein composition, 
the type of coagulant and the processing conditions. 
More sophisticated physical modification techniques 
like ultrasound, microwaves, high-pressure treatment 
and cold plasma should be successfully utilized to 
improve the functionality of the gel by facilitating the 
unfolding of proteins and decreasing the particle size, 
exposing reactive sites and reinforcing intermolecular 
interactions. Such technologies have the potential to 
enhance the texture and water-holding property of the 
gel, and to increase the encapsulation, stability and 
bioavailability of bioactive compounds. The processing 
parameters and the protein condition heavily influence 
the efficiency of these technologies though. Examples 
of adverse reactions that might occur as a result of 
overprocessing are the development of insoluble 
aggregates. Thus, the future study must be dedicated to 
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understanding the mechanism of action on the molecular 
level, the best processing conditions to apply to 
particular application cases, and the possibilities of the 
combined modification strategies to increase the scope 
of applications of soy protein gel in functional foods and 
biomaterials. 
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