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Soy protein is widely used in the food industry as a gelling agent in many food products. Selectively hydrolyzing
one of the two main components (β-conglycinin and glycinin) of soy protein is expected to modify its gelling
ability in a novel way. To explore these modifications, selective proteolysis was applied on native soy protein
isolate (SPI). Degraded β-conglycinin hydrolysate (DβH) and degraded glycinin hydrolysate (DGH) were obtained
with a similar degree of hydrolysis (DH), as verified by SDS-PAGE and pH-stat. Heat-set gels were formed by SPI,
hydrolysates, and dialyzed hydrolysates at different protein concentrations (6%, 10%, 14%). Rheological
properties of these gels in the linear regime were determined by small amplitude oscillatory shear (SAOS) tests,
while their non-linear rheology was studied by large amplitude oscillatory shear (LAOS) tests. Scaling theory,
CLSM, and SEM images were used to link the rheological behavior to differences in the gel microstructure.
Our results showed that hydrolysates had a shorter gelling time and lower gelling temperature, but the nonnetwork peptides made hydrolysate gels less elastic and resulted in a lower critical linear strain than SPI gels. At
low concentration and DH, DβH not only had a shorter gelling time but also formed stiffer gels than SPI, which
could be due to increased hydrophobic interactions and disulphide bonds, as well as the more homogeneous gel
network. On the other hand, DGH formed weaker gels than SPI at every concentration, and their gel structure
was coarse, consisting of small and branched flocs. With increased strain amplitude, all gels showed a transition
from predominantly elastic to plastic behavior. DβH displayed intercycle strain softening, while DGH and SPI
displayed a weak and strong strain overshoot, respectively. In the medium strain range, SPI showed stronger
intracycle shear stiffening and DβH gels showed stronger intracycle shear thinning. At the large strain regime, SPI
and DβH gels showed abrupt yielding behavior while DGH gels yielded more gradually. Overall, the “rheological
fingerprint” of soy protein heat-set gels was established, and these rheological properties can be tailored by
selectively hydrolyzing different components of soy protein, and varying the DH.

1. Introduction
Soy proteins have been extensively used in processed foods because
of their high nutritional value, availability, and their contribution to
food texture due to their gelling ability (Nagano, Mori, & Nishinari,
1994b). With the increased awareness of the nutritional value of food
protein hydrolysates, there is also a need to understand how the gelling
properties of soy protein hydrolysates differ from native protein sub
strates. Gelation of globular proteins is usually induced by heating,
during which several reactions can occur, such as protein denatur
ation/unfolding, dissociation, association, and aggregation, leading to
the formation of a 3D network (Batista, Portugal, Sousa, Crespo, &

Raymundo, 2005; Cao & Mezzenga, 2020). The properties of heat-set
soy protein gels depend on the thermal gelation conditions (such as
temperature, incubation time, pH, and ionic strength), the protein
concentration, as well as the protein composition (Puppo & Añón, 1998;
Renkema, Gruppen, & Van Vliet, 2002; Renkema, Knabben, & Van Vliet,
2001; Renkema & Van Vliet, 2002; Wu, Hua, Chen, Kong, & Zhang,
2017; Wu, Ma, & Hua, 2019). Like many other plant proteins, soy pro
tein is a multi-component protein mixture with two major components,
i.e., β-conglycinin (7 S) and glycinin (11 S). These two globulin com
ponents not only have different structures and molecular weight (MW)
(Nielsen et al., 1989; Nishinari, Fang, Guo, & Phillips, 2014), but also
possess different thermal transition temperatures and gel-forming
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properties (Petruccelli & Añón, 1994; Renkema & Van Vliet, 2002;
Tseng, Xiong, & Yang, 2009; Wu et al., 2017; Wu, Hua, Chen, Kong, &
Zhang, 2016). Therefore, understanding how the gelation behavior was
affected by hydrolyzing these components is essential for designing new
gel products based on soy protein and its hydrolysates.
Gelling properties of hydrolysates from oat protein (Nieto-Nieto,
Wang, Ozimek, & Chen, 2014), pea protein (Klost, Giménez-Ribes, &
Drusch, 2020), and soy protein (Li et al., 2018; Lopes-da-Silva & Mon
teiro, 2019) have been studied, and divergent results were reported.
Proteolysis breaks the peptide bonds of proteins, and produces mole
cules with smaller size and lower MW, which might limit their ability to
form strong gel networks. This view was supported by the observation
that a transglutaminase treatment after hydrolysis restored the gelation
properties of hydrolysates to some extent (Fan et al., 2005). On the other
hand, for native proteins (especially globular proteins), proteolysis
cleaves and unfolds their native structure, which is often accompanied
by the exposure of hydrophobic and ionizable groups from the interior of
the structure. This can contribute to a higher extent of protein-protein
interactions and thus favor the gelling ability of hydrolysates (Foeged
ing & Davis, 2011; Nieto-Nieto et al., 2014). The changes in function
ality caused by proteolysis are highly related to the extent of enzymatic
reactions, i.e., the degree of hydrolysis (DH). DH represents the pro
portion of cleaved peptide bonds, but when the substrate is a
multi-component protein mixture like soy protein, it is hard to control
which component of the mixture is hydrolyzed. Recently, a method
called selective proteolysis has been proposed and studied for soy pro
tein (Li et al., 2016; Margatan, Ruud, Wang, Markowski, & Ismail, 2013;
Tsumura, Saito, Kugimiya, & Inouye, 2006; Xia et al., 2017). This
method makes it possible to specifically hydrolyze one component in soy
protein while retaining the others. With this method, the gelation
(Tsumura et al., 2006), emulsifying properties (Li et al., 2016; Li, Wang,
Li, Jiao, & Chen, 2019) and amyloid fibrillation (Xia et al., 2017) of SPI
were modified in a novel way.
The rheology of food protein gels is important for their practical
application. Dynamic oscillatory shear tests are commonly performed, in
which a material is subjected to a sinusoidal deformation, and the
resulting mechanical response is measured (Hyun et al., 2011). Based on
the amplitude of deformation, dynamic oscillatory shear tests are
divided into two categories, i.e., small amplitude oscillatory shear
(SAOS) and large amplitude oscillatory shear (LAOS) tests. SAOS tests
subject protein gels to sufficiently small strains that will not disrupt the
gel microstructure, and characterize the rheological properties in the
linear viscoelastic (LVE) regime where the storage modulus (G′ ) and loss
modulus (G′′ ) both are independent of the magnitude of the applied
strain, or strain rate (Melito & Daubert, 2011). In LAOS tests, the strain
amplitude is increased to a level where the gel microstructure is
affected, and the mechanical response of gels falls in the non-linear
viscoelastic (NLVE) regime where the viscoelastic moduli (G′ and G′′ )
become a function of the strain and strain rate. In food production (e.g.,
mixing and transportation) and physiological digestion processes (e.g.,
chewing and swallowing), the stresses and strains (rates) that are
applied on food materials can be remarkably high. In spite of this, most
studies on food biopolymer gels apply only SAOS tests to investigate
their LVE behavior, and only a few studies have reported data in the
NLVE regime.
Melito et al. (2011, 2012, 2013a, 2013b) measured NLVE properties
of agarose gels, whey protein isolate/ĸ-carrageenan gels and commer
cial cheese via LAOS tests. Their results suggested that the sensory and
oral processing characteristics of food gels can be well correlated to their
NLVE properties. Bi, Li, Wang, and Adhikari (2017, 2018) found that
acid-induced hybrid gels of SPI and locust bean gum/ĸ-Carrageenan
displayed strain thinning behavior in the NLVE regime. By the Fourier
transformation of the LAOS data, they validated a new definition of the
critical point in acid-induced pea protein gels, showing the applicability
of non-linear rheology in calculating the fractal dimension (Df) of
isotropic food gels (Bi et al., 2019). Precha-Atsawanan, Uttapap, and

Sagis (2018) compared the rheological behavior of native (WX) and
debranched (DB) waxy rice starch gels in both LVE and NLVE regimes,
which showed that WX starch gels had a wider LVE range and higher loss
tangent (tan δ) than DB starch gel, while DB starch gels showed more
abrupt yielding and stronger softening behavior in NLVE regime. More
recently, comprehensive studies using both SAOS and LAOS tests on
heat-set pea protein gels (Kornet et al., 2020), fermentation-induced pea
protein gels (Klost, Brzeski, & Drusch, 2020; Klost, Giménez-Ribes, &
Drusch, 2020), and various concentrated protein systems (Pea and soy
protein and wheat gluten) (Schreuders et al., 2021) have been docu
mented. The insights into non-linear rheology enabled these studies to
provide a clearer and more detailed guide for designing novel plant
protein gel-based foods like pea protein yoghurt and meat analogues.
The rheological properties of soy protein heat-set gels in both LVE
and NLVE regimes (the “rheological fingerprint”), and how these rheo
logical properties are affected by selective proteolysis of soy protein has
not been systematically investigated yet. Therefore, in this study, we
selectively hydrolyzed the β-conglycinin or glycinin component of
native soy protein isolate (SPI). Two types of soy protein hydrolysates,
referred to as degraded β-conglycinin hydrolysate (DβH) and degraded
glycinin hydrolysate (DGH) were obtained, with a similar degree of
hydrolysis (DH). After that, heat-set gels from SPI, hydrolysates, and
dialyzed hydrolysates were prepared at various protein concentrations.
The linear and non-linear rheology of these gels were studied by SAOS
and LAOS tests. Finally, scaling theory, confocal laser scanning micro
scopy (CLSM) and scanning electron microscopy (SEM) were used to
correlate the rheological properties of these gels with their microstruc
tures. We will show that the rheological fingerprint of heat-set soy
protein gels can be tailored by selective proteolysis.
2. Materials and methods
2.1. Materials
Defatted and lightly toasted soy flour (SOPRO-UTB 100, dry-based
protein content 50%) was provided by Barentz International B.V.
(Hoofddorp, the Netherlands). Papain (article No. P4762, 13 units/mg),
pepsin (article No. P6887, 3412 units/mg), and antipain (article
No.10791, >50,000 U/mg) were purchased from Sigma-Aldrich, Inc. (St
Louis, MO, USA). Other reagents used were of analytical grade or
biochemical grade. Deionized distilled water (DDW) used in the study
was purified by PURELAB Ultra apparatus from ELGA LabWater Co.
(High Wycombe, UK). Unless mentioned otherwise, all the experiments
were performed at room temperature (20 ± 1 ◦ C).
2.2. Preparation of native soy protein isolate (SPI)
SPI with its protein in a native state was extracted from defatted soy
flour according to the method of Wagner, Sorgentini, and Anon (2000).
Defatted soy flour was dissolved in DDW (flour/water ratio was 1:10
w/w) and the resultant solution was adjusted to pH 7.5 and stirred for 2
h. After that, the soy flour solution was centrifuged at 5000 g for 30 min
(Avanti J-26 XP centrifuge, Beckman Coulter, Inc., Brea, CA, USA) and
the supernatant was collected. The supernatant was adjusted to pH 4.5
with 2 mol/L HCl and then centrifuged at 5000 g for 10 min to obtain a
precipitate. The precipitate was redissolved in DDW (1:4 w/w) and
adjusted to pH 7.0 with 2 mol/L NaOH. Finally, the solution was
lyophilized by a freeze dryer (Martin Christ Gefriertrocknungsanlagen
GmbH, Osterode am Harz, Germany), and the obtained SPI powder was
kept in an airtight container, stored at 4 ◦ C. The protein content of SPI
was 96 ± 1% (dry weight, N × 6.25), determined by Dumas combustion
method with a FlashEA 1112 N/Protein Analyzer (Thermo Fisher Sci
entific, Waltham, MA, USA).
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2.3. The reaction kinetics of selective proteolysis

and abbreviation of these hydrolysate samples is shown in Fig. 1 (A).

The reaction kinetics of selective proteolysis were investigated by a
pH-stat device according to the method of Mat, Cattenoz, Souchon,
Michon, and Le Feunteun (2018). In brief, protein proteolysis at
different pH conditions leads to the release or consumption of protons.
pH-stat devices automatically add acidic or basic titrant to keep the pH
constant during proteolysis. The enzymatic reaction rate can be inferred
from the titration rate, and the DH can be calculated from the quantity of
titrant added. SPI dispersions (5 g SPI powder in 100 mL DDW) were
prepared and transferred to jacketed beakers. The pH of SPI dispersions
was monitored by an automatic pH-stat titration device (Metrohm,
Herisau, Switzerland). Papain and pepsin were used to selectively hy
drolyze β-conglycinin and glycinin, respectively. Two enzyme to SPI
ratios (E/S ratio) were adopted: E/S 0.02% and E/S 0.05%, similar to
previous studies (Li et al., 2016; Margatan et al., 2013; Xia et al., 2017).
The reaction conditions of selective proteolysis of β-conglycinin were
75 ◦ C and pH 7.0. Basic titrant (1 mol/L NaOH) was used to maintain the
pH at 7.0. The DH was calculated using equation (1):

2.5. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDSPAGE)

DH(%) =

Vbase × Nbase
1
×
× 100
m × htot
αNH2

The protein dispersion (2 mg/mL) was mixed with a 2 × Laemmli
sample buffer (Bio-Rad Laboratories Inc., Hercules, CA, USA) at a ratio
of 1:1, and heated at 95 ◦ C for 5 min in a thermomixer (Eppendorf AG,
Hamburg, Germany). Afterward, 10 μLmolecular weight markers (Pre
cision Plus Protein™, Bio-Rad) and 20 μL of each sample solution were
loaded on a 12% Tris–HCl Mini-PROTEAN TGX™ Precast Gel (Bio-Rad).
A premixed electrophoresis running buffer (10× Tris/glycine/SDS
#1610772, Bio-Rad) was used, and the electrophoresis was carried out
by a Mini-PROTEIN Tetra cell (Bio-Rad) at 200 V for about 30min. After
that, the gels were stained with Coomassie Brilliant Blue R-250 (BioRad) for 1 h followed by destaining with DDW. Finally, the gel was
scanned and analyzed by a GS-900 Calibrated Densitometer with Image
Lab software (Bio-Rad).
2.6. Rheological measurements

(1)

The heat-induced gelation process of different samples and the
rheological properties of the resulting gels were studied with an MCR
302 rheometer (Anton Paar, Graz, Austria) and titanium sandblasted
concentric cylinder geometry (CC17). Lyophilized samples were mixed
with DDW to three protein concentrations (6%, 10%, and 14% w/w) and
stirred overnight to ensure full hydration. The pH of sample dispersions
was adjusted to 7.0 by adding 2 mol/L NaOH or HCl. The conductivity of
dispersions was standardized to 25 mS/cm by adding NaCl, which was
equivalent to the conductivity of a 250 mM NaCl salt concentration. The
dispersions were then degassed with a vacuum pump. A volume of 4.7
mL protein dispersion was slowly injected into the cup of the CC17 ge
ometry to avoid bubble formation. During the rheological measure
ments, the temperature was controlled by a Peltier element and a water
circulation system, and the cup was covered with a solvent trap for
preventing sample evaporation.

where Vbase and Nbase are the volume (mL) and normality (mol/L) of
basic titrant respectively, m is the protein mass (g), and htot is the
number of peptide bonds per gram of proteins (for soy protein htot = 7.8
mol/kg protein); αNH2 is the mean degree of dissociation of amino groups
(Adler-Nissen, 1986).
The reaction conditions of selective proteolysis of glycinin were
37 ◦ C and pH 2.0. Acidic titrant (1 mol/L HCl) was used to maintain the
pH at 2.0. The DH was calculated from equation (2):
DH(%) =

Vacid × Nacid
1
×
× 100
1 − αCOOH
m × htot

(2)

where Vacid and Nacid are the volume (mL) and normality (mol/L) of
acidic titrant respectively, αCOOH is the mean degree of dissociation of
the carboxyl groups (Adler-Nissen, 1986).

2.6.1. Small amplitude oscillatory shear (SAOS) tests
SAOS tests were performed at a fixed amplitude (1%) and frequency
(1 Hz), which were within the LVE regime (verified by intercycle strain
sweep tests). The samples were first allowed to rest at 20 ◦ C for 5 min
before being subjected to a temperature ramp from 20 ◦ C to 95 ◦ C at
3 ◦ C/min. After that, the temperature was maintained at 95 ◦ C for 30
min and then cooled back to 20 ◦ C at the same rate (3 ◦ C/min). Finally,
the resultant soy protein gels were kept at 20 ◦ C for 5 min in the
rheometer before further tests were performed. The G′ , G′′ , and tan δ
were recorded as a function of time throughout the experiment.

2.4. Preparation of soy protein hydrolysates
Four batches of SPI dispersions (25 g SPI powder in 500 mL DDW)
were prepared in advance. Papain and pepsin were dissolved in DDW at
a concentration of 1 mg/mL before use. For the preparation of degraded
β-conglycinin hydrolysate (DβH), two batches of SPI dispersions were
maintained at pH 7.0 and 75 ◦ C. We added 5 mL of papain solution to
one batch (E/S 0.02%), followed by incubation for 30 min, while to the
other batch 12.5 mL of papain solution was added (E/S 0.05%), after
which it was incubated for 90 min. The reaction was terminated by
adding a 10-fold molar amount of antipain. The resultant hydrolysates
were DβH with a lower DH and a higher DH, respectively. For the
preparation of degraded glycinin hydrolysate (DGH), two batches of SPI
dispersion were maintained at pH 2.0 and 37 ◦ C. To one batch 5 mL of
pepsin solution was added (E/S 0.02%), followed by incubation for 40
min, while to the other batch 12.5 mL of pepsin solution was added (E/S
0.05%), after which it was incubated for 50 min. The reaction was
terminated by neutralizing to pH 7.0 and boiling for 5 min. The resultant
hydrolysates were DGH with a lower DH and a higher DH, respectively.
To reveal the effects of small peptides on the gel properties of
different hydrolysates, each hydrolysate mentioned above was further
divided into two portions. One portion was lyophilized directly while
another portion was put into regenerated cellulose membrane tubing
(MWCO: 12–14 kDa; Spectra/Por® 4, Repligen, Waltham, MA, USA) and
dialyzed against DDW at 4 ◦ C for two days before lyophilization.
Therefore, eight hydrolysate samples in total were investigated in this
study, and the abbreviation of them is composed of the type, DH level,
and whether dialyzed or not. A graphic illustration of the preparation

2.6.2. Large amplitude oscillatory shear (LAOS) tests
LAOS amplitude-sweep tests were performed to investigate the
viscoelastic behavior of soy protein gels in the NLVE regime. The heatset gels in Section 2.6.1 were subjected to a strain amplitude sweep
from 1% to 1000% (logarithmic ramp mode), at a constant frequency of
1 Hz and 20 ◦ C. The G′ and G′′ were recorded as a function of intercycle
strain (γ0), while shear stress (σ) was recorded as a function of intracycle
strain (γ) and strain rate (γ̇). Lissajous plots (also called LissajousBowditch plots) were constructed to analyze the non-linear rheolog
ical response of these gels. This analysis framework was extensively
discussed by Ewoldt, Hosoi, and McKinley (2008). The different NLVE
properties of gels can be directly reflected by the differences in their
Lissajous plots. The intracycle strain stiffening and intracycle shear
thickening behaviors can be quantified by a S-factor and a T-factor,
respectively, as defined by equations (3) and (4):
′

S=

3

′

GL − GM
′
GL

(3)
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Fig. 1. Graphic illustration of the sample preparation (A) and abbreviation list (B).
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ηL − ηM
η′L

3. Results and discussion

(4)

3.1. Selective proteolysis of soy protein

In these equations, GL is the large-strain elastic modulus, also
′
referred to as the secant modulus, GM is the shear elastic modulus at the
′
minimum strain, also referred to as the tangent modulus at strain zero; ηL
′
is the viscosity at the maximum shear rate, and ηM is the viscosity at the
minimum shear rate (Ewoldt et al., 2008). Based on these parameters, S
= 0 indicates linear elastic behavior, S > 0 indicates intracycle strain
stiffening, and S < 0 indicates intracycle strain softening; T = 0 indicates
linear viscous behavior, T > 0 indicates intracycle shear thickening, and
′
′
′
′
T < 0 indicates intracycle shear thinning. The plots of GL , GM , ηL , and ηM
vs. γ0 can be found in supplementary information (SI).
′

3.1.1. Degree of hydrolysis (DH) for selective proteolysis of different
components
The DH of selective proteolysis was studied by the pH-stat method
and a plot of DH vs. incubation time is shown in Fig. 2. In both the se
lective proteolysis of β-conglycinin and glycinin, the reaction rate was
faster at the beginning and then slowed down with incubation time. This
exponential feature is typical for enzymatic reactions (Kim, Park, &
Rhee, 1990; Lee, Lee, & Lee, 2001; Lopes-da-Silva & Monteiro, 2019).
Increasing the E/S ratio from 0.02% to 0.05% resulted in a higher DH at
the same incubation time, but this increase in DH was more significant in
the selective proteolysis of glycinin, which could be due to the higher
content of glycinin in SPI as shown later in Section 3.1.2.
Based on Fig. 2, incubation times of 30 min and 90 min were chosen
when selectively hydrolyzing β-conglycinin at E/S ratio of 0.02% and
0.05%, to prepare degraded β-conglycinin hydrolysate (DβH) with a
lower DH (1.55 ± 0.01%) and a higher DH (2.46 ± 0.15%), respectively.
An incubation time of 40 min or 50 min was chosen when selectively
hydrolyzing glycinin at E/S ratio of 0.02% and 0.05%, to prepare
degraded glycinin hydrolysate (DGH) with a lower DH (1.46 ± 0.06%)
and a higher DH (2.66 ± 0.20%), respectively. This way, two different
types of hydrolysates could be compared at two similar DH levels.

2.7. Confocal laser scanning microscopy (CLSM)
Protein sample dispersions (10% w/w) prepared in Section 2.6 were
stained by 0.05% w/w Rhodamine B. Pre-stained dispersions (60 μL)
were added to hermetically sealed flat cuvettes (Gene Frame® 125 μL,
Thermo Fisher Scientific, Waltham, MA, USA) which were glued on
microscopy slides in advance, and then covered with coverslips. Gels
were prepared by heating these cuvettes in a water bath (JULABO
GmbH, Seelbach, Germany), equivalent to the process in the SAOS tests.
After heating, the cuvettes were cooled in DDW to 20 ◦ C. CLSM imaging
of the gels was performed at room temperature with a Zeiss LSM 510
META confocal microscope equipped with an Axiovert 200 M inverted
microscope. A He/Ne 543 nm laser was used to excite the Rhodamine B
(570–590 nm). Images (512 × 512 pixels) were captured at a sample
depth of 5 μm behind the coverslip.

3.1.2. SDS-PAGE of different hydrolysates
The SDS-PAGE patterns of native SPI and its hydrolysates after se
lective proteolysis are shown in Fig. 3. Native SPI showed all bands of its
two globulin components (lane 2). β-Conglycinin (7 S) is a trimeric
glycoprotein of three kinds of subunits, α′ , α, and β, which correspond to
the bands at around 80 kDa, 70 kDa and 50 kDa, respectively. Glycinin
(11 S) is a hexamer protein, and each subunit consists of acidic (A) and a
basic (B) polypeptide linked by disulfide bonds. The bands at around 40
kDa, 35 kDa, and 20 kDa are assigned to the A3, A1,2,4, and B poly
peptides, respectively. The faint band at 95 kDa was most likely the
lipoxygenase, and it vanished gradually after the selective proteolysis of
β-conglycinin (lane 3 & lane 4), which was also found by Tsumura et al.

2.8. Scanning electron microscopy (SEM)
Aliquots (3 μm) of sample dispersions (10% w/w) prepared in Sec
tion 2.6 were transferred into a disposable thermotolerant syringe
(Terumo Corporation, Tokyo, Japan) with the tip sealed by a syringe
screw cap (Combi™ plug, Becton Dickinson, Franklin Lakes, NJ, USA).
The syringes were then put vertically in a rack and heated in a water
bath as described in Section 2.7. The top of the syringe was also sealed
by aluminum foil to prevent sample evaporation during heating. After
heating, the syringe was cooled in DDW to 20 ◦ C. For SEM imaging, the
gels were cut into small cubes (~5 × 5 × 5 mm) and fixed in 2.5%
glutaraldehyde for at least 8 h. After the crosslinking, the samples were
rinsed to remove the excess of glutaraldehyde and were dehydrated
using a series of ethanol (30%–100%) solutions followed by critical
point drying (CPD 300, Leica, Vienna, Austria). Subsequently, the
samples were fractured and attached to SEM sample holders using
Carbon Conductive Cement (Leit-C, Neubauer Chemicalien, Germany).
To remove all the solvent from the adhesive, the samples were stored
overnight under a vacuum. After sputter coating with a 12 nm layer of
tungsten (SCD 500, Leica, Vienna, Austria), the fractured surfaces were
analyzed with SE detection at 2 kV in a field emission scanning electron
microscope (Magellan 400, FEI, Eindhoven, the Netherlands).
2.9. Statistical analysis
All measurements were performed in triplicate unless otherwise
stated, and the results were presented as means ± standard deviation.
The statistical analysis on sample replicates was conducted by SPSS 25.0
(IBM SPSS Inc. Chicago, IL, USA). One-way ANOVA (one-way analysis of
variance) with Duncan’s method (p < 0.05) were used to evaluate the
statistical significance of differences among means. Lissajous plots were
made by MATLAB R2018b (MathWorks Inc., MA, USA) while other
figures were made by Origin 2018 (Origin Lab Corporation, MA, USA).

Fig. 2. The DH as a function of time for selective proteolysis. Red triangles
represent selective proteolysis of β-conglycinin. Blue circles represent selective
proteolysis of glycinin. Solid symbols represent the E/S ratio of 0.05%. Open
symbols represent the E/S ratio of 0.02%. Dashed lines are guides to the eye.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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3.2. Linear rheology
3.2.1. Heat-induced gelation profile
SAOS tests were applied to non-destructively characterize the heatinduced gelation process of different samples and the linear visco
elastic properties of formed gels. Fig. 4A presents the typical gelation
profiles of native SPI, showing the evolution of G′ and G′′ during the
temperature ramp phase, constant T (95 ◦ C) phase, and cool down. At a
certain temperature, G′ and G′′ started to increase due to protein ag
gregation and the formation of the initial gel network, which could be
driven by non-covalent interactions and disulfide bonds (Renkema &
Van Vliet, 2002). After this, G′ and G′′ kept increasing upon heating since
more protein was incorporated in the gel network, and rearrangements
of the network happened (Renkema & Van Vliet, 2002). Finally, a sub
stantial increase in G′ and G′′ was observed in the cooling stage. This gel
stiffening during cooling has been found to be almost thermo-reversible,
which indicated that it was mostly a result of enhanced intra-/
intermolecular hydrogen bond formation and van der Waals interactions
(Nagano, Mori, & Nishinari, 1994a; Renkema & Van Vliet, 2002). The
thermal gelation curves of DβH-L/ND (Fig. S1) and DβH-H/ND (Fig. 4B)
were similar to those of SPI, while the gelation profiles of DGH-L/ND
(Fig. S1) and DGH-H/ND (Fig. 4C) were significantly different. Instead
of a steep increase in the temperature ramp period, the G′ and G′′ of DGH
increased more slowly. The thermal gelation profiles of these hydroly
sates did not change significantly after dialysis (see Fig. S1).
The differences in the initial network formation were further char
acterized by determining the time (tgel) and temperature (Tgel) of the
onset of gelation, i.e., the gelling point where G′ = G′′ . As shown in
◦
Table 2, at a fixed temperature ramp rate of 3 C/min, all hydrolysate
samples displayed a shorter tgel and lower Tgel than SPI at the same
concentration, which suggested that enzymatic proteolysis could
shorten the onset of gelation of soy protein no matter which component
is hydrolyzed. Under similar DH, DGH showed earlier gelling points than
their DβH counterparts, which can be explained by the fact that glycinin
is more thermally stable and has a higher denaturation temperature than
β-conglycinin (Bainy, Tosh, Corredig, Woodrow, & Poysa, 2008). As a
result, selectively hydrolyzing glycinin could facilitate the process of
thermal denaturation and gelation of soy protein to a larger extent.
Increasing the DH significantly decreased tgel and Tgel of DβH, and
dialysis further decreased these values (except for 14% DβH-L/D).
However, these trends were not detectable among DGH samples. DGH
solutions were found quite viscous before gelation, which brought more
difficulties in determining their accurate gelling points.
Except for differences in the gelling points, the gelation process at
constant high temperature (95 ◦ C) was also found to be different among
these samples, as was apparent from the average slope of the curves of G′
(SΔG′ ) versus time, in this isothermal period (Table 2). The SΔG′ of DβHL/ND was higher than that of SPI while the SΔG′ of DGH-L/ND was
significantly lower. Increasing the DH decreased the SΔG′ of DβH-H/ND
but did not affect the SΔG′ of DGH-H/ND. These results indicated that
limited hydrolysis of β-conglycinin can contribute to the stiffening
process of soy protein gels during heating, while hydrolyzing glycinin
significantly hinders this process. Since glycinin is the component that
has the highest surface hydrophobicity and number of disulfide groups
in soy protein, the interactions during heating would be weaker in DGH
as glycinin was hydrolyzed into small peptides. These small peptides in
the hydrolysates do not appear to be incorporated in the gel network
during thermal gelation, as all SΔG′ increased after dialysis.

Fig. 3. SDS-PAGE patterns for native SPI and its hydrolysates after selective
proteolysis. Lane 1: Marker; Lane 2: native SPI; lane 3: DβH-L/ND; lane 4: DβHH/ND; lane 5: DGH-L/ND; lane 6: DGH-H/ND.

(2006).
The bands of α′ , α, and β subunits of β-conglycinin all became faint in
DβH-L/ND (lane 3) and almost completely disappeared in DβH-H/ND
(lane 4), while the bands of glycinin remained visible. On the other
hand, the bands corresponding to the acidic and basic polypeptides of
glycinin all faded out in DGH-L/ND (lane 5) and DGH-H/ND (lane 6),
while the bands of β-conglycinin subunits barely changed. Table 1 shows
the relative composition of each sample according to the densitometric
analysis of SDS-PAGE patterns. The native SPI extracted in our study
contained 29.8% β-conglycinin and 61.9% glycinin, and this ratio of
β-conglycinin to glycinin is in agreement with previous studies (Dam
odaran, 1988; Renkema, Lakemond, De Jongh, Gruppen, & Van Vliet,
2000). After selective proteolysis, DβH-L/ND and DβH-H/ND comprised
only 3.3% and 0.3% β-conglycinin, while DGH-L/ND and DGH-H/ND
contained only 4.2% and 0.8% glycinin. The content of peptides with
MW around 10 kDa increased significantly in each hydrolysate.
DGH-L/ND and DGH-H/ND contained about double the amount of these
small peptides (~10 kDa) compared to their DβH counterpart, which
could be due to the different cleavage mechanism of pepsin and papain
as well as the different structures of glycinin and β-conglycinin.

Table 1
Relative composition of native SPI and its hydrolysates after selective proteol
ysis, based on the densitometry analysis of SDS-PAGE patterns.
Band

Native
SPI

DβH-L/
ND

DβH-H/
ND

DGH-L/
ND

DGH-H/
ND

Lipoxygenase
7 S α′
7Sα
7Sβ
11 S A3
11 S A1,2,4
11 S B
7 S total
11 S total
Peptides (~10
kDa)

3.9%
4.6%
13.3%
11.9%
7.6%
46.5%
7.8%
29.8%
61.9%
4.4%

2.0%
0.3%
2.5%
0.5%
5.3%
29.5%
37.3%
3.3%
72.1%
22.6%

0.5%
0.1%
0.1%
0.1%
1.7%
27.4%
35.6%
0.3%
64.7%
34.5%

9.4%
7.7%
12.0%
11.7%
0.0%
3.3%
0.9%
31.4%
4.2%
55.1%

6.8%
6.1%
12.1%
12.2%
0.0%
0.2%
0.6%
30.4%
0.8%
62.0%

3.2.2. Linear viscoelastic (LVE) properties of heat-set gels
Fig. 5 shows the G′ of different gels in the LVE regime as a function of
protein concentration. All DβH gels showed a higher G′ than SPI at 6%
protein concentration (Fig. 5A), suggesting that hydrolyzing β-con
glycinin not only shortened the onset of gelation but also improved the
gel stiffness at lower protein concentrations. This makes DβH promising
for application in meat-replacement products like sausages, which
6
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Fig. 4. Heat-induced gelation profiles of different samples (A–C) and strain amplitude sweep tests (D–F) of their heat-set gels. From top to bottom: native SPI, DβHH/ND, DGH-H/ND. The temperature profile is indicated with a dashed line. The results for the hydrolysates with low DH and the hydrolysates after dialysis can be
found in supplementary materials (Fig. S1 and Fig. S2).

benefit from proteins that form stronger gels at lower concentration and
temperature. As the protein concentration increased, the G′ of DβH gels
was gradually exceeded by the G′ of SPI. This difference in the slope of
the G′ vs. concentration curve suggests that selective proteolysis of
β-conglycinin affects the microstructure of the gels. When the concen
tration reached 14%, only DβH-L/D showed a higher G′ than the SPI gel.
Note that in the dialyzed samples, the small peptides have been

removed, and these samples therefore contain a relatively higher
amount of glycinin. All DGH gels, on the other hand, showed signifi
cantly lower G′ than SPI gels at every concentration (Fig. 5B), showing
that hydrolyzing glycinin significantly reduced the stiffness of soy pro
tein gels.
Our results agreed with previous studies (Mujoo, Trinh, & Ng, 2003;
Nakamura, Utsumi, & Mori, 1986; Renkema et al., 2001; Wu et al.,
7
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Table 2
Gelation onset time (tgel) and temperature (Tgel) of native SPI and its hydrolysates after selective proteolysis, defined by the point where G′ = G′′ ; SΔG′ denotes the
average slope of the curves of G′ versus time when samples were held at 95 ◦ C.
tgel (s)

Tgel (◦ C)

Protein concentration

6%

10%

14%

6%

SPI
DβH-L/ND
DβH-L/D
DβH-H/ND
DβH-H/D
DGH-L/ND
DGH-L/D
DGH-H/ND
DGH-H/D

1946 ± 51
1857 ± 19
1751 ± 10
1291 ± 9
980 ± 69
ND
669 ± 168
730 ± 124
ND

1721 ± 4
1716 ± 1
1550 ± 24
1062 ± 34
1033 ± 4
654 ± 27
859 ± 12
823 ± 69
ND

1581 ± 1
1053 ± 27
1373 ± 21
941 ± 3
877 ± 4
646 ± 92
ND
489 ± 66
ND

95.0 ±
91.9 ±
94.6 ±
61.9 ±
44.1 ±
ND
37.4 ±
40.5 ±
ND

SΔG′ (Pa/min)
10%

0.31
0.7
4.6
9.0
0.7
12.0
8.8

90.4 ±
90.1 ±
81.7 ±
57.2 ±
55.7 ±
36.7 ±
47.0 ±
45.2 ±
ND

0.3
0.1
1.7
2.4
0.3
2.0
0.9
4.9

14%

6%

83.3 ± 0.1
56.8 ± 1.9
72.6 ± 1.1
51.1 ± 0.3
47.9 ± 0.3
36.3 ± 6.5
ND
28.4 ± 4.7
ND

1.8
3.7
6.1
2.2
3.7
0.2
0.3
0.1
0.2

±
±
±
±
±
±
±
±
±

0.1
0.3
0.5
0.2
0.5
0.2
0.1
0.1
0.1

10%

14%

11.6 ± 0.1
17.5 ± 0.7
21.5 ± 0.4
5.4 ± 0.2
6.4 ± 1.4
1.1 ± 0.5
1.6 ± 0.5
0.8 ± 0.1
2.1 ± 0.1

32.1 ± 0.9
30.1 ± 5.1
43.0 ± 3.6
10.2 ± 0.4
12.2 ± 1.1
2.8 ± 0.8
4.3 ± 1.2
3.1 ± 0.2
6.0 ± 1.8

1: Temperature holding period.
ND: Not determined.

larger and compacter aggregates formed by the basic polypeptides of
glycinin, which can be verified by examining the microstructure of DβH
gels (Fig. 8). Tsumura et al. (2006) reported the opposite, that gels
formed by pepsin-treated SPI (similar to DGH) showed higher G′ than
gels formed by papain-treated SPI (similar to DβH). The exact reason
behind this contradiction remains unclear but might be related to
different gelation conditions, such as ionic strength. We observed that
the ionic strength of different hydrolysates is significantly different (data
not shown), so we standardized the conductivity as well as the pH of
samples before gelation.
Gels formed by DβH-H/ND and DGH-H/ND showed lower G′ than the
gels formed by DβH-L/ND and DGH-L/ND, indicating that no matter
which component is hydrolyzed, extensive hydrolysis can be an
impairment for the gel stiffness (CHACON, SATTERLEE, & HANNA,
1990; Lopes-da-Silva & Monteiro, 2019). Gels formed by dialyzed
samples (DβH-L/D, DβH-H/D, DGH-L/D, and DGH-H/D) showed higher
G′ than the gels formed by their non-dialyzed counterparts (DβH-L/ND,
DβH-H/ND, DGH-L/ND, and DGH-H/ND). Wu, Hua, Chen, Kong, and
Zhang (2015) reported that the protein fraction with MW up to 9.7 kDa
was a non-network protein during the heat-induced gelation of soy
protein. Thus, a lower fraction of non-network protein in the dialyzed
samples leads to stiffer heat-set gels (Renkema, 2004). Although it is
likely that the peptides resulting from selective proteolysis are not
incorporated in the gel, based on the above observations, the removal of
these small protein fractions does affect the microstructure and strength
of the hydrolysate gels. The tan δ values of gels ranged from 0.120 to
0.237 (see Table S1), indicating all gels behaved more elastic than
viscous (G′ > G′′ ) in the LVE regime. Hydrolysate gels showed a higher
tan δ than SPI gels, indicating that although the response was still more
elastic than viscous, proteolysis induced a small increase in the relative
importance of the viscous contribution to the response.
Table 3 shows the power-law parameters of the relation between the
G′ of gels and protein concentration C, i.e., G′ ∝ CA. The R2 of the fitted
lines were all above 0.98. DβH gels showed a lower value for the
exponent A, ranging from 1.75 to 2.19, while DGH gels showed a higher
value which ranged from 3.70 to 5.42. The value for A of SPI gel was in
between these two ranges, equal to about 3.20. Similarly, Renkema et al.
(2001) found that heat-set gels (pH 7.6, 0.2 M NaCl) formed by β-con
glycinin rich fractions showed higher values for A (4.6) than the gels
formed by purified glycinin (3.5). A higher value for the exponent A
indicated that the protein in DGH gels was used less efficiently and was
distributed more heterogeneously, which is consistent with their
microstructure as shown later (Fig. 8). Shih, Shih, Kim, Liu, and Aksay
(1990) used fractal theory to describe the structure of gel networks, and
introduced a fractal dimension (Df) of the gel structure, estimated in two
regimes, i.e. the strong-link and weak-link regimes. In the strong-link
regime, the inter-floc links are stronger than the intra-floc links. In
this regime A = (3 + x)/(3-Df), where x is the fractal dimension of the
backbone of the flocs, which is assumed to be 1.1 in the present study. In

Fig. 5. G′ obtained from the LVE region of the strain sweep (performed after
completion of the temperature cycle) as a function of protein concentration for
native SPI and its hydrolysates after selective proteolysis of β-conglycinin (A)
and glycinin (B).

2017), which reported that at the same pH and protein concentration, a
higher glycinin to β-conglycinin ratio led to stiffer and harder tofu or soy
protein gels. Pavlicevic, Tomic, Djonlagic, Stanojevic, and Vucelic
Radovic (2018) attributed this phenomenon to the high content of
sulfhydryl groups in the acidic polypeptides of glycinin and the stabili
zation of gels via disulfide bonding, which is consistent with the higher
stiffening rate (higher SΔG′ ) of DβH samples during heating (Table 2). In
addition, Wu et al. (2017) found the higher G′ was also related to the
8
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Table 3
The power law relation between the G’or γc and protein concentration (C) for different heat-set gels, and their fractal dimension (Df) calculated based on scaling theory.
G′ ∝ CA

A
SPI
DβH-L/ND
DβH-L/D
DβH-H/ND
DβH-H/D
DGH-L/ND
DGH-L/D
DGH-H/ND
DGH-H/D

3.202
1.752
2.192
1.941
1.842
3.696
3.790
4.554
5.424

± 0.060c
± 0.063a
± 0.098b
± 0.092a
± 0.074a
± 0.213d
± 0.250d
± 0.148e
± 0.020f

γC ∝ CB

A=

(d − 2) + (2 + x)(1 − α) ①
d − Df

B=

1 − (2 + x)(1 − α) ①
d − Df

A=

d+x
d − Df

A=

②

(Strong-link regime)

d− 2
d − Df

②

(Weak-link regime)

B

Df

α

Df (α = 0)

Df (α = 1)

0.4247
–
–
–
–
–
–
–
–

2.45
–
–
–
–
–
–
–
–

0.75
–
–
–
–
–
–
–
–

–
0.66 *
1.13 *
0.89 *
0.77 *
1.89
1.92
2.10
2.24

–
2.43
2.54
2.49
2.46
2.73*
2.74*
2.78*
2.82*

Exponent values A are means ± standard deviation. Different superscript letters (a, b, c …) indicate significant differences (p < 0.05, Duncan’s test) among them.
Superscript symbols * indicate the calculated Df values are unrealistic.
In the scaling theory of Wu et al. (Wu & Morbidelli, 2001) ①, and the scaling theory of Shih et al. (Shih et al., 1990) ②, the Euclidean dimension d of the gel system is 3
and the backbone fractal dimension x of the flocs is assumed to be 1.1.

the weak-link regime, the flocs are more rigid, and the inter-floc links
are weaker, and A = 1/(3-Df). Wu and Morbidelli (2001) further
developed the scaling theory of Shih et al. (1990) by introducing a
scaling relation between critical linear strain (γC) and protein concen
tration i.e. γ C ∝ CB. They show that the value for the exponent B = (1-[2
+ x][1- α ])/(3-Df), where the parameter α equals zero in the strong-link
regime, is equal to 1 in the weak-link regime, and 0 < α < 1 in the
transition region. As shown later in the next section, except for the SPI
gels, most gels in this study displayed negligible changes in the γC with
different protein concentrations, therefore we could not use this scaling
relation to determine α, and hence determine which regime the gel was
in. To overcome this problem, we calculated the Df of the gels based only
on the value of A, as previous studies did (Hagiwara, Kumagai, & Mat
sunaga, 1997; Ikeda, Foegeding, & Hagiwara, 1999). We used the ex
pressions for both regimes, and then chose the Df value that was most
physical and realistic, according to the normal range of Df known for
protein gels, i.e., 1.7 to 2.4.
As shown in Table 3, the scaling of γ C proposed by Wu and Morbidelli
(2001) could only be applied for SPI gels, which clearly showed a
decrease of γC with increasing concentration. The Df of SPI gels using this
model is 2.45, and the α is 0.75, indicating that the SPI gel is in the
transition regime and close to the weak-link regime. For DβH gels, the
strong-link model gave Df values about 1 or even lower, which neither
has any physical meaning nor agrees with their microstructures (Fig. 8).
The weak-link model gave rather realistic Df values around 2.5. For DGH
gels, the weak-link model gave Df values above 2.7, which were rather
high for gels formed at only 6%–14% protein concentration, while the
strong-link model gave more realistic Df values ranged from 1.89 to
2.24. In conclusion, the Df values derived by the scaling theory of Shih
et al. (1990) indicated that DβH gels belong to the weak-link regime
while DGH gels are close to the strong-link regime. The results are
consistent with the finding of Wu and Morbidelli (2001) that the Df in
creases as the gel changes from strong-link type (DGH) to transition type
(SPI) to weak-link type (DβH). All the distinct changes in the SAOS tests
discussed above imply that the heat-set gels formed by native SPI and
these hydrolysates should also respond differently in LAOS tests, which
will be addressed in the next section.

deviation of G′ from its constant value in the LVE reached 5% (Zhao, Yu,
Hemar, Chen, & Cui, 2020). As shown in Table 4, at the same concen
tration SPI gels had much higher γ C than hydrolysate gels (p < 0.05),
which indicated that proteolysis made the soy protein gels more brittle.
As the protein concentration increased, the γ C of SPI gels further
increased, while the γC of hydrolysate gels showed no concentration
dependency, except DβH-L/ND gels, which showed a mildly decreasing
trend.
Heat-set gels formed by DβH-L/ND (Fig. S2), DβH-H/ND (Fig. 4E)
and their dialyzed counterparts (Fig. S2) showed a smoothly decreasing
G′ and G′′ upon increasing γ0 beyond the LVE regime. According to the
classification of Hyun, Kim, Ahn, and Lee (2002), DβH gels displayed
strain softening (Type I) LAOS behavior, which is generally related to a
decreased network-bond creation rate and an increased loss rate with
increased γ0. This behavior agreed with the above analysis by scaling
theory, which indicated that DβH gels are weak-link gels. Since the
constituted flocs are interconnected weakly, once they dissociated under
large deformation, they tend to align with the flow field, leading to
progressive softening. These limited interactions between flocs can be
explained by the fact that during the gelation of DβH, the flocs were
formed by aggregation of glycinin molecules that were only unfolded
moderately and still largely globular (Shimada & Matsushita, 1980).
This rigid structure of protein particles suppresses the intermolecular
crosslinking between flocs while favoring the intramolecular bonding.
For the gels formed by DGH-L/ND (Fig. S2), DGH-H/ND (Fig. 4F) and
their dialyzed counterparts (Fig. S2), the G′ also decreased smoothly as
γ0 increased, but at higher DH and at higher concentration a mild
Table 4
Critical linear strain (γC) (1 Hz and 20 ◦ C) of the heat-set gels formed by native
SPI and its hydrolysates after selective proteolysis, defined by the point where
the deviation of G′ from its constant value in the LVE reached 5%.
γC (%)
Protein concentration
SPI
DβH-L/ND
DβH-L/D
DβH-H/ND
DβH-H/D
DGH-L/ND
DGH-L/D
DGH-H/ND
DGH-H/D

3.3. Non-linear rheology
3.3.1. Intercycle strain dependence of G′ and G′′
Amplitude-sweep tests were used to determine G′ and G′′ of different
gels as a function of γ0 (from 1% to 1000%), at 1 Hz and 20 ◦ C. As shown
in Fig. 4D–F and Fig. S2, all gels had a clearly observable LVE regime,
and the limit of this regime i.e. γ C was estimated by the strain where the

6%

10%
d

28.05 ± 3.75
7.59 ± 1.46 bc
8.00 ± 0.49 bc
2.75 ± 0.34a
2.51 ± 0.02a
2.32 ± 0.07a
2.86 ± 0.35a
2.61 ± 0.08a
3.29 ± 0.08a

14%
e

32.30 ± 2.97
5.96 ± 0.70b
9.93 ± 4.19c
3.53 ± 0.41a
2.42 ± 0.08a
3.07 ± 0.20a
3.16 ± 0.65a
2.70 ± 0.17a
2.68 ± 0.19a

40.65 ± 0.78f
2.65 ± 0.17a
5.91 ± 2.01b
3.01 ± 0.25a
2.38 ± 0.23a
3.31 ± 0.47a
3.12 ± 0.11a
2.52 ± 0.28a
3.22 ± 1.04a

Different superscript letters (a, b, c …) indicate significant differences (p < 0.05,
Duncan’s test) among them.
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overshoot in G′′ was observed. This is defined as weak strain overshoot
(Type III) behavior (Hyun et al., 2011), which is found when the bond
creation rate and loss rate both increase with γ0, while the latter one
grows faster. Compared to glycinin, the MW of β-conglycinin is smaller
and the molecular structure is known to be more flexible (Zhu et al.,
2020). As a result, the flocs formed by the β-conglycinin in DGH could be
more disordered and branched, and could be interconnected with each
other more strongly. Upon increased strain, flocs that dissociated
initially were likely to get entangled to reform new clusters, giving rise
to shear thickening behavior (increased G′′ ). When the deformation
further increased, the backbone structure of flocs was disrupted
completely, leading to a decrease of G′ and G′′ eventually.
Finally, SPI gels displayed increasing G′ and G′′ at intermediate strain
amplitude before decreasing (Fig. 4D), which is defined as strong strain
overshoot (Type Ⅳ) LAOS behavior (Hyun et al., 2011). This behavior
indicates that the interactions within the SPI gel network are likely to be
stronger than for DGH gels (Type III), in which only G′′ showed a mild
overshoot. As mentioned earlier, SPI gels belong to an intermediate
system, in which both inter- and intrafloc links contribute to the overall
elasticity. This Type Ⅳ behavior was found in gelled polystyrene latex by
Gisler, Ball, and Weitz (1999), who attributed this strain hardening in
fractal colloidal gels to the intrinsic stiffness of contorted backbone
segments; increasing strain straightens these segments, resulting in an
increase in the G′ as well.

much even when γ0 further increased, which meant the decay of elas
ticity was much faster in DGH gels.
When γ0 was equal to 201%, all Lissajous plots showed a rhomboidal
shape. Starting from the lower-left corner, an intracycle sequence of
elastic straining (the vertical part), yielding, flow (the nearly horizontal
part), and (partial) recovery are observed. The Lissajous plot of DβH-L/
ND gel showed a smaller enclosed area than that of DβH-H/ND gel.
Furthermore, DβH-L/D and DβH-H/D gels showed narrower Lissajous
plots than their non-dialyzed counterparts, i.e., DβH-L/ND and DβH-H/
ND gels. These results suggested that hydrolyzing β-conglycinin to a
higher DH and generating small peptides gave the gels a relatively more
viscous behavior. However, these differences were not discernible
among DGH gels.
At the largest γ0, i.e., 1010%, all Lissajous plots changed into a nearly
rectangular shape, indicating all gels had changed from predominantly
elastic to almost perfect plastic behavior (Ewoldt, Winter, Maxey, &
McKinley, 2010; Schreuders et al., 2021). This rectangular shape has
also been observed in the LAOS tests of other food materials such as
debranched waxy rice starch gels (Precha-Atsawanan et al., 2018), pea
protein gels (Klost, Giménez-Ribes, & Drusch, 2020), and concentrated
wheat gluten (Schreuders et al., 2021). For the SPI and DβH gels, the
Lissajous plots showed sharper and straighter corners, indicating a more
abrupt intracycle yielding behavior. On the other hand, for the DGH
gels, their Lissajous plots showed smoother and more rounded corners,
reflecting a more gradual yielding behavior.
Figure 6B shows the normalized viscous Lissajous plots of σ vs.
intracycle strain rate (γ̇), for gels formed at 10% (w/w). In contrast to the
elastic Lissajous plots, the enclosed area of viscous Lissajous plots is
related to the stored energy (proportional to G′ ), and the red dashed line
in the middle indicates the contribution of the viscous stress (σv) to σ.
When γ0 was 6.34%, all gels displayed circular plots for σ and straight
lines for σv, which agreed with the predominantly elastic behavior in the
LVE regime. As γ0 increased, the enclosed area of the viscous Lissajous
plots decreased in the order of DGH gels < DβH gels < SPI gels. When
γ0 was higher than 101%, all viscous plots had a sigmoidal shape,
indicating intracycle shear thinning behavior, due to the breakdown of
the network structure and alignment of segments in the direction of the
flow.
At the largest γ0 (1010%), secondary loops were clearly observed in
the viscous plots of SPI and DGH gels. This particular shape is an indi
cator of an overshoot in the stress, which could be associated with their
strain overshoot (Type III and Type Ⅳ) LAOS behavior. These stress
overshoots can have multiple origins. One possible reason for their
occurrence is a coupling of the elasticity of the sample with instrument
inertia (Precha-Atsawanan et al., 2018). Such patterns also emerge when
the time scale for restructuring of the microstructure is shorter than the
time scale of the deformation (Ewoldt & McKinley, 2010). Here for SPI,
the rather irregular secondary oscillations (wave-like horizontal part)
observed in the elastic Lissajous plot at 1010% strain (Fig. 6A) leads us
to believe that elasticity-inertia coupling is a more likely explanation.
The non-linear rheological behavior was further quantified by
calculating the S-factor and T-factor (Fig. 7). These factors describe the
intracycle behavior at a fixed γ0, which should not be confused with the
overall intercycle behaviors shown in Fig. 4D–F. For all gels, the S-factor
was positive over the entire NLVE regime, which is consistent with the
upswing (intracycle stiffening behavior) observed in all elastic Lissajous
plots (Fig. 6A). Compared to SPI gels, hydrolysate gels displayed higher
S-factors, but this was the result of an apparent stiffening effect, caused
′
by the near zero slopes at minimal strain GM , and large secant modulus
′
GL . Given the very narrow elastic Lissajous plot and strong upswing, SPI
gels actually showed “real” stiffening when the γ0 was around 101%.
The curves of the S-factor all show a decrease in slope in the middle
range of strain amplitude followed by a second increase, especially for
SPI gels. Generally, positive S-factors indicate strain stiffening behavior,
but they may also indicate a transition from elastic to plastic behavior.

3.3.2. Lissajous plots
Since G′ and G′′ are based only on the first harmonic contribution to
the stress response and may have ambiguous physical meaning in the
NLVE regime (Hyun et al., 2011), the full oscillatory response at each
imposed γ0 was analyzed using Lissajous plots. Fig. 6A shows the
normalized Lissajous plots of shear stress (σ) vs. intracycle strain (γ),
referred to as elastic Lissajous plots, for the gels formed at 10% (w/w).
The enclosed area of elastic Lissajous plots is related to the dissipated
energy (proportional to G′′ ), and the decomposed elastic stress (σe) in the
interior of the loop indicates the purely elastic contribution to the total
shear stress (σ).
When γ0 was equal to 6.34%, all elastic Lissajous plots showed a
narrow and elliptical shape, and σe was a straight line, which is typical
for LVE behavior. The SPI and DβH gels showed significant narrower
ellipses, i.e. a significantly lower dissipated energy per cycle, than the
DGH gels, which well agreed with the SAOS results that SPI and DβH gels
showed significant higher G′ (Fig. 5) and lower tan δ than DGH gels
(Table S1). As γ0 increased to 25.2%, the Lissajous plot of SPI remained
narrow and nearly elliptical. In contrast, the Lissajous plots of hydro
lysate gels became distorted, reflecting the impact of higher harmonics.
This demonstrated that hydrolysate gels were well into their non-linear
viscoelastic (NLVE) regime while the SPI gel was not, which is consistent
with its highest γ C among all the gels studied here (Table 4). The
distortion of the Lissajous plots is of different nature and magnitude. For
DβH-L/ND and DβH-L/D gels, the Lissajous plots only show a slight
upswing, indicating a minor intracycle strain stiffening effect. The dif
ferences between the loop of σ and σe remained relatively small. These
gels were the only hydrolysate gels that displayed a higher G′ than SPI at
10% concentration (Fig. 5). For the other hydrolysate gels, the Lissajous
plots changed to a near rhomboidal shape, and the enclosed area
expanded significantly, which suggested significant structure break
down (Schreuders et al., 2021).
As γ0 increased to 101%, the SPI gel showed a narrow and inverted
sigmoidal Lissajous plot. The steeper slope at higher intracycle strain
reflects the stretching of clusters, causing strong intracycle stiffening
(Park, Ahn, & Lee, 2015). This distinct upswing was also observed in the
total stress for DβH gels, where in view of the structural breakdown, it is
related to the stretching of remaining clusters. For DGH gels, this
upswing is discernible only in the elastic contribution when the
maximum intracycle strain is approached. Besides, their Lissajous plots
had already changed into an almost square shape and did not change too
10
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Fig. 6. Normalized Lissajous plots of total stress (σ) (solid line) vs. strain (γ) (A) or strain rate (γ̇) (B) for the heat-set gels formed by 10% (w/w) of (from left to right)
SPI, DβH-L/ND, DβH-L/D, DβH-H/ND, DβH-H/D, DGH-L/ND, DGH-L/D, DGH-H/ND, and DGH-H/D, with intercycle strain amplitude (γ0) of 6.34%, 25.2%, 101%,
201% and 1010%, at 1 Hz and 20 ◦ C. Dashed line in the interior of the loop indicates the decomposed elastic stress (A) and viscous stress (B).
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Fig. 7. Ratio of shear stiffening (S-factor) and ratio of shear thickening (T-factor) for SPI, DβH and DGH heat-set gels.

Combined with the Lissajous plots, the initial increase in the S-factor
curves is related to intracycle strain stiffening effects, while the second
increase at higher γ0 could be ascribed to the prevailing plastic behavior.
The T-factor was predominantly negative for DβH gels in the entire
range of intercycle strain rate (γ˙0 ) and the value was significantly lower
than that for SPI and DGH gels, reflecting a stronger intracycle shear
thinning behavior in DβH gels. In line with our previous analysis, once
flocs in DβH gels were disassociated, they were less likely to reconnect
under shear flow. For SPI and DGH gels, the T-factor was initially pos
itive and increased with γ˙0 , and subsequently decreased and became
negative when γ˙0 exceeded about 2.4 s− 1. This phenomenon indicated
that with increasing γ˙0 , SPI and DGH gels first showed intracycle shear
thickening followed by shear thinning behavior, which is consistent with
the over-shoot phenomena observed in their G′′ (Fig. 4F).

These flocs associate further to form a space spanning 3D gel network
(Van der Linden & Foegeding, 2009).
After selectively hydrolyzing β-conglycinin, the gel structure of DβHL/ND appeared more homogenous using CLSM, and only a few pores
with significantly smaller sizes were observed (Fig. 8B). After dialysis,
the gel structure of DβH-L/D was more compact, where pores were hard
to distinguish without further magnification. In addition, protein ag
gregates appeared to associate into clumps, indicated by green circles
(Fig. 8C). The results demonstrated that hydrolyzing β-conglycinin to a
limited extent could increase the density of SPI gel structure. Dialysis not
only removed the non-network peptides, but also increased the relative
content of glycinin, favoring the formation of protein aggregates and an
even denser gel network. This finer microstructure of DβH-L/ND and
DβH-L/D gels explained their comparable or even higher G′ compared to
SPI gels as revealed by SAOS tests. Increasing the DH made the pores
appear again in the gel microstructure of DβH-H/ND (Fig. 8D), which
clearly demonstrated that extensive hydrolyzing β-conglycinin has
negative effects on the density and continuity of the gel network.
Similarly, after dialysis, these pores become fewer and smaller in DβHH/D gel (Fig. 8E). SEM also revealed an aggregated gel structure for DβH
gels, but the flocs in DβH gels were more compact and were formed by
larger globular aggregates (Fig. 8b-e). The high structural rigidity of
these flocs contributed to the higher stiffness of DβH gels, but also led to
weak inter-floc links which was manifested in the strong shear thinning
and brittle yielding behavior in LAOS tests.
In contrast, selectively hydrolyzing glycinin made the gel structure of
DGH-L/ND and DGH-H/ND much coarser and discontinuous (Fig. 8F

3.4. Microscopy of soy protein gels
Fig. 8 shows the microstructures of gels formed at 10% (w/w),
visualized by CLSM and SEM. In the CLSM images, SPI gels showed a
coarse and heterogeneous structure with relatively large pores, some of
which are indicated by green arrows (Fig. 8A). With SEM, the micro
structure of the gels was observed at a much smaller length scale (3 μm).
An aggregated gel structure was clearly observed for SPI (Fig. 8a), which
is typical for heat-set globular protein gels (Diedericks, de Koning,
Jideani, Venema, & van der Linden, 2019). Upon heating a globular
protein solution, the protein molecules were denatured and associated
with each other by non-covalent and covalent interactions to form flocs.
12
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Fig. 8. Confocal laser scanning microscopy (left, magnification 20 × ) and scanning electron microscopy (right, magnification 25,000 × ) of gels formed by 10% (w/
w) of SPI, DβH-L/ND, DβH-L/D, DβH-H/ND, DβH-H/D, DGH-L/ND, DGH-L/D, DGH-H/ND, and DGH-H/D (from top to bottom).

and H), with the existence of larger pores and big cracks (indicated by
green arrows), which is consistent with their low Df derived from scaling
theory (Table 3). Several dark faint red areas were also observed within
the network (indicated by blue arrows), which we attribute to syneresis.
Generally, the permeability of gels increases and the ability to retain
water decreases when the network structure coarsens (Renkema, 2004;
Urbonaite et al., 2016). After dialysis, the gel structure of DGH-L/D and

DGH-H/D was relatively denser and compact (Fig. 8G and I), but a lot of
protein macroaggregates, with different sizes and shapes, appeared in
the gel network (indicated by green circles). Under SEM, DGH gels
displayed a more heterogeneous and complicated structure (Fig. 8f-i),
which was clearly different from SPI gels and DβH gels. The flocs are
thinner and smaller but more branched and intertwined. By trans
mission electron microscopy, Hermansson (1985) also observed that
13
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Fig. 8. (continued).

β-conglycinin rich gels were less regular and more crosslinked, and the
strands or flocs formed by β-conglycinin molecules showed a complex
mode of aggregation, possibly in the form of double spirals. These
structural features not only caused DGH gels to be less stiff and have a
relatively more viscous rheological response, but also caused them to be
classified in the strong-link regime, as the scaling theory indicated
(Table 3). Under shear deformation, these flocs are more likely to
re-entangle with each other after being dissociated, which well explains
the weak strain overshoot (Type III) behavior and the gradual yielding

behavior that DGH gels showed in the LAOS tests.
4. Conclusions
The present study provides in-depth and systematic information on
the rheological properties of heat-set gels formed by native SPI and its
hydrolysates, after selectively hydrolyzing β-conglycinin (DβH) or gly
cinin (DGH). SAOS tests showed that hydrolysates could form gels at
earlier time and lower temperature than SPI, but the gels formed by SPI
14
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Fig. 8. (continued).

are more elastic. Hydrolyzing glycinin shortens the gelling points to a
larger extent than hydrolyzing β-conglycinin, but the former hinders the
stiffening process during heating since interactions (hydrophobic
interaction and disulfide bonds) are weakened and more non-network
peptides are generated. On the other hand, DβH with a lower DH
(DβH-L/UD) could form comparable or even stiffer gels than SPI, espe
cially after dialysis (DβH-L/D). Scaling theories indicated that DβH gels
are weak-link type gels with higher Df, while DGH gels are strong-link
type gels with lower Df. SPI gels are transition type gels with a Df in

between. By using LAOS tests, the NLVE properties of these gels were
also determined. SPI gels had a higher γ C than hydrolysates gels. With
increasing strain, DβH gels, DGH gels and SPI gels displayed strain
softening (Type I), weak strain overshoot (Type III) and strong strain
overshoot (Type Ⅳ) behaviors, respectively. Lissajous plots illustrated
the transition of all gels from elastic dominant to plastic dominant. This
decay of elasticity occurred at lower strains for DGH gels. In the medium
strain range, SPI gels showed strong intracycle shear stiffening and DβH
gels showed strong intracycle shear thinning. In the large strain regime,
15
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SPI and DβH gels showed abrupt yielding behavior while DGH gels
yielded more gradually. The microstructure of gels well explained their
different rheological properties. SPI and DβH gels have relatively denser
networks which are built by large and compact flocs, while DGH gels
have a more coarse and heterogeneous structure, with constituent flocs
which are smaller and more branched. Our results established the
“rheological fingerprint” of soy protein heat-set gels and show that the
gel properties can be tailored by selective proteolysis, which provides a
useful pathway for designing products based on soy protein gels.
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