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Abstract This study investigated the rheological and textural
properties of calcium sulfate (CaSO4)-induced gels formed by
soy protein containing oligosaccharides (sucrose, raffinose,
and stachyose) and soy soluble polysaccharide. The results
showed that the hardness and water holding capacity of the
gels were significantly strengthened (P < 0.05) by the incor-
poration of oligosaccharides at the 1, 3, and 5% (w/v) levels
and soy polysaccharide at the 0.3 and 0.5% (w/v) levels. The
storage modulus after the temperature cycle, frequency sweep,
creep recovery tests, and large deformation properties demon-
strated that the affixion of above cosolutes enhanced the rigid-
ity (elastic properties) of gels. Confocal scanning laser micros-
copy (CLSM) analysis indicated that the cosolutes also im-
proved the microstructures of the gels and herein the gels
containing stachyose exhibited the greatest compactness.
The gel solubility in different buffers verified the speculation
that the protein-protein interactions were enhanced by the in-
corporation of cosolutes and hence accounted for the improve-
ment of the gel properties. The results of this study would
potentially promote the use of health-promoting raffinose,
stachyose, or soy polysaccharide and facilitate the develop-
ment of novel soy protein-based gel products with firmer tex-
ture and higher nutritional value.
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Introduction

Soy protein is widely used in the food industry for its unique
functional properties such as emulsification, foaming, and ge-
lation (Kinsella 1979). Generally, the functional characteris-
tics of soy protein are connected with their physical, chemical,
and structural properties, which are greatly influenced by their
processing conditions and their interactions with other ingre-
dients (Tseng et al. 2008). Hence, a thorough understanding of
the effects of processing conditions and other ingredients on
protein properties will provide valuable information for the
manufacture of protein-based products, such as tofu and
tofu-type gel induced by coagulant.

Two types of coagulant, acid (glucono-δ-lactone) and salts
(e.g., CaSO4), are commonly employed for the making of tofu
or soy protein-based tofu-type gels (Kao et al. 2003;
Murekatete et al. 2014a). The gelation mechanism of
glucono-δ-lactone (GDL) has been widely accepted. But for
the soy protein-based gels induced by CaSO4, the coagulation
mechanism is more complex. Combined with the previous
studies, the gelation process can be summarized as follows.
The first step is the heat denaturation of soy proteins accom-
panied by the increase of the degree of aggregation. During
this process, some of the hydrophobic and SH groups initially
located within the interior of protein molecules are exposed to
the outside (Guo et al. 2015). Meanwhile, the soy protein
molecules will aggregate with each other via the hydrophobic
interactions and disulfide bonds. After the addition of CaSO4,
the electrostatic repulsive forces between protein molecules
are neutralized and reduced, leading to the occurrence of the

* Jie Chen
chenjie@jiangnan.edu.cn

1 State Key Laboratory of Food Science and Technology, School of
Food Science and Technology, Jiangnan University, Wuxi 214122,
China

2 College of Light Industry Science and Engineering, Nanjing Forestry
University, Nanjing 210037, China

3 Synergetic Innovation Center of Food Safety and Nutrition, Jiangnan
University, Wuxi 214122, China

Food Bioprocess Technol (2017) 10:556–567
DOI 10.1007/s11947-016-1826-7

http://crossmark.crossref.org/dialog/?doi=10.1007/s11947-016-1826-7&domain=pdf


further aggregation with Ca2+ acting as bridges between the
charged carboxylic groups on adjacent soy protein isolate
(SPI) molecules (Kao et al. 2003). During the second process,
the SPI molecules in the aggregation state will interact more
strongly with each other through protein-protein interactions
and eventually promote the formation of the gel structures
with the three-dimensional network (Zhao et al. 2016).

Oligosaccharides, especially sucrose, raffinose, and stachyose,
are the major soluble carbohydrates in soy seeds (Obendorf et al.
2009). Sucrose is generally recognized to impart sweetness to
soy-based products such as soy milk and tofu (Taira 1990).
Raffinose and stachyose, referred to as raffinose family oligosac-
charides (RFOs), are bothα-galactosyl derivatives of sucrose; the
former has one and the latter has two moieties of galactose at-
tached to sucrose via α1 → 6 glycosidic linkage (Kumar et al.
2010; dos Santos et al. 2013). Given their growth-promoting
effect on probiotics such as Bifidobacterium spp. and
Lactobacillus spp., RFOs may improve the health of the colon,
reduce the risk of colon cancer, and extend the lifespan.
Accordingly, researchers in Japan have actually recommended
that RFOs could be used as an alternative for common table sugar
(Messina 1999;Mussatto andMancilha 2007;Wongputtisin et al.
2015). Soy soluble polysaccharide (SSPS) is a dietary fiber ex-
tracted and refined from soy residue (okara), which is a by-
product of soymilk, tofu, and SPI manufacturing (Maeda and
Nakamura 2009). SSPS has been reported to possess potential
health benefits to humans, such as improving laxation, reducing
the risk of diabetes, and lowering blood cholesterol (Chen et al.
2010). Apart from its high nutritional value, SSPS is commonly
used as a food ingredient for its physical properties.

As functional food ingredients, RFOs and SSPS have gained
popularity in current years due to consumer demands for a
healthier diet. They are now added to diverse products to create
differentiated, value-added functional foods. Presently, limited
information is available on the texture-modifying effects of
RFOs and SSPS in soy protein-based gel products. To facilitate
the use of these health-promoting saccharides in food process-
ing, particularly for developing soy protein-based gel products,
this study was conducted to investigate the influence of oligo-
saccharides and SSPS on the rheological and textural properties
of CaSO4-induced soy protein gels. The potential mechanism
involved during the gelation process and protein-protein inter-
actions in the retention of gel structures were also discussed. The
microstructures of gels containing different cosolutes were char-
acterized by confocal laser scanning microscopy.

Materials and Methods

Materials

Soybeans obtained from Xuelang Seed Station (Wuxi,
Jiangsu, China) were ground and defatted at room temperature

(25 °C). SPI was prepared from the resultant defatted soybean
flour according to a modified method described by Puppo
et al. (1995) and did not undergo any other drying treatment.
The protein concentration of the SPI dispersion was deter-
mined by Kjeldahl analysis. CaSO4·2H2O and sucrose were
purchased from Sinopharm Chemical Reagent Co Ltd.
(China). Raffinose and stachyose were purchased from
Xi’an Feide Biotech Co., Ltd. (China). SSPS was kindly do-
nated by Fuji Oil Co., Ltd. (Japan). All other chemicals were
of analytical grade.

Heat Treatment and CaSO4-Induced Gel Formation

Oligosaccharides (sucrose, raffinose, and stachyose) were
mixed with the SPI dispersion to give a final protein concentra-
tion of 7% (w/v) and oligosaccharide concentrations of 1, 3, and
5% (w/v), respectively. As the preliminary experiment indicated
that SSPS had a destructive effect on the gel texture at concen-
trations of >0.75% (w/v), the concentrations were designated as
0.1, 0.3, and 0.5% (w/v), respectively. The dispersions (pH 7.0)
were mixed using a magnetic stirrer for 1 h at room temperature
(25 °C) and stored at 4 °C overnight. Then, the dispersions were
heated in a water bath at 90 °C for 15 min to denature the soy
protein. After cooling down to room temperature, the preheated
dispersions were stored at 4 °C overnight. The control used in
this study was 7% (w/v) SPI dispersion heated without cosolute
under the same conditions. It should be noted that sucrose, raf-
finose, stachyose, and SSPS at the same concentrations as those
mentioned above underwent the same heat treatment process
kept in a solution state.

CaSO4 was added at room temperature (25 °C) to the heat-
ed SPI-cosolute dispersions with gentle stirring for 1 min to
mix well, and the final concentration of CaSO4 in the disper-
sions was 0.35% (w/v). The dispersions were then subjected to
heat treatment at 90 °C for 15 min and cooled down to room
temperature to allow for gel formation. The gels were stored
overnight at 4 °C.

Dynamic Rheological Measurements

Dynamic small-deformation oscillatory shear measurements
were performed using an AR G2 rheometer (TA
Instruments, New Castle, DE, USA) with parallel plates
(40 mm in diameter and gap of 1 mm) based on the methods
described by Gu et al. (2009) and Lee and Kuo (2011) with
some modifications. Each sample was loaded in the rheome-
ter, and the exposed rim of the sample was covered with a thin
layer of silicon oil to prevent dehydration. The applied strain
of 0.01 was within the linear viscoelastic region, and the fre-
quency was 1 Hz. The temperature cycle was programmed to
heat the samples from 25 to 90 °C at a heating rate of
5 °C/min, keep them at 90 °C for 10 min, and then cool them
down to 25 °C at a cooling rate of 5 °C/min. After the
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temperature cycle, a frequency sweep experiment was con-
ducted on the same sample at 25 °C from 0.1 to 10 Hz at
0.01 strain, following the method described by Torres et al.
(2014) and Kaewmanee et al. (2013) with slight modifica-
tions. The storage modulus (G′), which represents the energy
stored due to elastic deformation in a cyclic deformation, was
used to indicate the elastic nature of the gel.

A creep recovery test was performed according to themethod
of Bi et al. (2014), Cando et al. (2014), and Toker et al. (2013)
with slight modifications under the shear stress of 8 Pa at 25 °C.
The change in strain under constant stress was recorded for
5 min. After the removal of stress, recovery response was re-
corded for another 5 min. Burger’s model, which is composed
of Kelvin-Voigt and Maxwell models placed in series, was used
to interpret the creep data because of its simplicity and providing
acceptable results (Dolz et al. 2008). In food systems (proteins,
polysaccharides and their composite gels, etc.), the model was
applied to characterize the viscoelastic properties in many stud-
ies (Rabiey and Britten 2009; Yilmaz et al. 2012; Bi et al. 2014;
Huang et al. 2016). The model was expressed as the following
equation (Steffe 1996).

J tð Þ ¼ 1

G0
þ 1

G1
1−e−

t
λ

� �
þ t

μ0
ð1Þ

where J is the creep compliance (1/Pa) which is the ratio of
strain to stress, G0 and G1 are the instantaneous elastic mod-
ulus (Pa) and retarded elastic modulus (Pa), respectively, λ is
the retardation time of Kelvin component (s), and μ0 is the
viscosity components (Pa s−1) of Newtonian element.

The recovery rate (%) presented by Eq. (2) was used to
quantify the percentage recovery of gel samples.

Recovery Qð Þ ¼ total strain‐permanent strain

total strain
� 100 ð2Þ

The large deformation properties of gels were measured
based on the methods of Luyten et al. (1994) and Li et al.
(2012) with some modifications. In this work, the determination
was conducted in the oscillation mode at a frequency of 1 Hz up
to the fracture point when the shear stress began to decrease.

Texture Analysis of CaSO4-Induced Gels

A TA-XT2 texture analyzer (Stable Micro Systems,
Godalming, Surrey, UK) was used to measure the hardness
of the gels. The gel in the containers was 41 mm in diameter
and 23 mm in height. Before measurement, the gels were not
removed from the containers and were equilibrated at 25 °C
for 30 min. The determination was performed using a cylin-
drical plunger with a diameter of 10 mm at a test speed of
0.8 mm/s. Gel hardness was defined as the maximum force in
the force-distance curve.

Water Holding Capacity of CaSO4-Induced Gels

The measurement of the WHC of the gels was conducted
according to the method described by Maltais et al. (2005)
with slight modifications. Equal volumes (3 mL) of gels were
formed in the centrifuge tubes and stored at 4 °C overnight.
Afterwards, the gels in the tubes were centrifuged at 10,000×g
for 10 min at 4 °C. The supernatant was discarded and the
tubes were inverted to drain for 30 min. WHC (%) was de-
fined as the ratio of the weight of water remaining in the gels
after centrifugation to the weight of the total water in the
samples × 100.

Measurement of Gel Solubility

To investigate the noncovalent and covalent interactions
involved in the CaSO4-induced gels containing different
cosolutes, the solubility of gels was measured in different
buffers according to the method of Shimada and Cheftel
(1988) with some modifications. Solvent systems
consisted of distilled water (S1), 0.086 M Tris-0.09 M
glycine-4 mM Na2EDTA (pH 8.0) (S2), S2 containing
0.5% SDS (S3), S3 containing 8 M urea (S4), and S4
containing 2% β-mercaptoethanol (S5). Certain amounts
of buffers were added to the same weight of gels and
stirred on a Vortex Genius 3 mixer (IKA-Werke GmbH
& Co., KG, Germany) for 1 min. The resultant solutions
were incubated for 24 h at 25 °C in a shaking water bath
and then centrifuged at 12,000×g for 30 min. The protein
content of these supernatants was estimated by the biuret
method using the BSA standard. The percentage of gel
solubility was expressed as the protein content of the su-
pernatant to the total × 100.

Confocal Scanning Laser Microscopy Analysis
of CaSO4-Induced Tofu-Type Gels

In all cases, a Leica TCS-SP8 confocal laser scanning micro-
scope (Leica Microsystems, Mannheim, Germany) was used
to determine the microstructural properties of the CaSO4-in-
duced tofu-type gels according to the procedure of Tang et al.
(2011). The gels were stained with a fluorescent dye,
Rhodamine B, which stains the protein phase with the excita-
tion wavelengths at 488 nm. Then, 20 μL of dye (0.01%, w/v)
was mixed well with the 7% (w/v) heated SPI solutions con-
taining different cosolutes. The mixtures were heated at 90 °C
for 15 min for the formation of gels. The samples were then
put on uncoated glass bottom dishes covered with coverslips
and further sealed with nail polish to prevent evaporation.
Images were taken with a ×40 objective lens at a certain depth
below the coverslip surface.
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Statistical Analysis

All experiments consisted of three independent trials, each
with at least triplicate sample analyses. The results were
expressed as means ± standard deviation. Data were subjected
to analysis of variance (ANOVA) using the linear model pro-
cedure of the Statistix 9.0 software (Analytical Software,
Tallahassee, FL, USA). Significant differences (P < 0.05) be-
tween means were identified by the least significant difference
procedure of all pairwise multiple comparisons. The creep
data were modeled according to Burger’s model, using the
nonlinear regression feature of Statistix 9.0 (Analytical
Software, Tallahassee, FL, USA).

Results and Discussion

Rheological Measurement

The values of finalG′ of the gels containing different cosolutes
subjected to the heating-holding-cooling cycle after the gela-
tion process are presented in Fig. 1. The cosolutes, oligosac-
charides (sucrose, raffinose, and stachyose), and soy polysac-
charide all improved the gelation of the SPI when compared

with the control. The finalG′ order of the CaSO4-induced SPI-
oligosaccharide gels was SPI-stachyose gel > SPI-raffinose
gel > SPI-sucrose gel at the same added level. The G′ of the
SPI-oligosaccharide gels increased as the concentration of su-
crose, raffinose, and stachyose increased from 1 to 5%.
However, the G′ values of the above gels containing 3 and
5% cosolutes did not differ significantly (P > 0.05). For the
SPI-SSPS gel, the G′ value was relatively low in comparison
with the SPI-oligosaccharide gels. It should be noted that al-
though the amount of SSPS added was one tenth that of the
other three cosolutes, the finalG′ of the gel containing 0.3 and
0.5% SSPS also improved significantly (P < 0.05) compared
with the control gel.

The G′ of the gels containing different cosolutes as a func-
tion of frequency is shown in Fig. 2. As is clearly demonstrat-
ed, the G′ value of all of the samples increased as the oscilla-
tion frequency increased. The frequency dependence of G′
suggests that the gels were in close proximity to the viscoelas-
tic material (Ahmed et al. 2006). The tan δ of the gels ranged
from 0.16 to 0.23, indicating that the gels belonged to the
category of so-called weak gels or colloidal dispersions
(Clark and Ross-Murphy 1987). In a weak gel system, G′ is
dependent on the frequency, exactly as the results in Fig. 2
show in this study. A power law model, which is G′ = a × Fb

Fig. 1 Final G′ of the CaSO4-induced SPI gels containing different cosolutes. Means with different superscript letters (a–c) differ significantly
(P < 0.05). The G′ values represent the measurements at the final temperature of 25 °C after the heating-holding-cooling cycle
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(R2 > 0.99), was employed to predict the relationship between
the value of G′ and frequency (F). The magnitudes of expo-
nent (b) are in relevance to the strength of gel (Chang et al.
2009). The b value was 0.0877 for the control SPI gel (free of
cosolute). In the case of the gels containing oligosaccharides
in the ascending order of concentrations from 1 to 5%, b
values were 0.0828, 0.0786, and 0.0765 for the SPI-sucrose
gel; 0.0801, 0.0748, and 0.0733 for the SPI-raffinose gel; and
0.0789, 0.0732, and 0.0716 for the SPI-stachyose gel, respec-
tively. The b values for the SPI-SSPS gel in the same ascend-
ing order of concentrations from 0.1 to 0.5% were 0.0864,
0.0833, and 0.0809 respectively. These results indicated that
the incorporation of cosolutes all improved the gel strength
(gel rigidity) of CaSO4-induced SPI gels and the trends of
promoted effects were inconsistent with the results of the final
G′ of the gels discussed above.

The creep recovery test, which belongs to small deforma-
tion, was used to evaluate the viscoelasticity of gels. The value
of creep compliance (stress is divided by strain) which was
recorded as a function of time can reflect the rigidity of gels
(Bi et al. 2014). When a constant stress was loaded on the gel,
compliance increased rapidly with time at the beginning and
then more slowly. But after the removal of the stress, a con-
stant deformation remained, which indicated that the gel was a

viscoelastic material (Cheng et al. 2005). The creep behavior
of gels containing different cosolutes is presented in Fig. 3 (the
recovery data not shown). The results indicate that the struc-
tures of all the gels were strengthened by the addition of
cosolutes. This is because the value of creep compliance (J)
is closely related with the strength of the gel, which implies
that a higher J value represents weaker structure and a lower J
value shows stronger structure (Toker et al. 2013; Huang et al.
2016). The values of four parameters (G0, G1, λ, and μ0)
obtained by fitting the creep data to the Burger’s model
(Eq. 1) are summarized in Table 1. In all cases, the data was
successfully fitted to Eq. (1) with the regression coefficients
(R2) > 0.99, indicating that the model is adequate to charac-
terize the viscoelastic properties of the gels. As is clearly seen
from Table 1, the addition of cosolutes all promoted the in-
stantaneous elastic behavior (G0) of CaSO4-induced SPI gels.
The trends ofG1 values were similar toG0, which demonstrat-
ed prompt resistance to deformation as a result of a strength-
ened three-dimensional network structure of gels (Wang et al.
2009). The increase in the μ0 value caused by the incorpora-
tion of oligosaccharides or soy polysaccharide indicated the
promotion of the viscous component of gels. The retardation
time λ is the time needed for the strain related to viscoelastic
behavior to reach 1 – 1/e of the maximum strain (Wu et al.

Fig. 2 Frequency sweep of the storage modulus (G′) of CaSO4-induced SPI gels containing different cosolutes at 25 °C
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Fig. 3 Creep behavior of CaSO4-induced SPI gels containing different cosolutes

Table 1 Parameters of Burger’s
model and recovery rate of
CaSO4-induced SPI gels
containing different cosolutes

Treatment Viscoelastic parameters

G0 (10
3 Pa) G1 (10

3 Pa) μ0 (10
6 Pa s) λ (s) Recovery (%)

Controla 1.78 ± 0.07i 1.86 ± 0.04i 1.42 ± 0.06f 36.5 ± 0.9g 84.4 ± 1.1h

Sucrose

1% 2.10 ± 0.06fg 2.28 ± 0.05gh 1.56 ± 0.06ef 39.2 ± 1.2ef 86.7 ± 0.6fgh

3% 2.24 ± 0.03e 2.39 ± 0.02f 1.77 ± 0.09de 42.7 ± 2.1c 88.6 ± 1.0cd

5% 2.38 ± 0.04d 2.50 ± 0.03e 2.41 ± 0.28b 47.0 ± 1.2b 89.2 ± 1.0bc

Raffinose

1% 2.11 ± 0.04fg 2.35 ± 0.03fg 1.68 ± 0.12def 39.9 ± 1.5de 87.6 ± 0.6def

3% 2.42 ± 0.04d 2.52 ± 0.08de 1.94 ± 0.11cd 41.7 ± 1.7cd 89.6 ± 0.7bc

5% 2.64 ± 0.02b 2.80 ± 0.15c 2.49 ± 0.18b 43.8 ± 1.3c 90.5 ± 0.9b

Stachyose

1% 2.17 ± 0.03ef 2.62 ± 0.08d 2.09 ± 0.18c 39.8 ± 1.2def 88.4 ± 0.6cde

3% 2.55 ± 0.03c 2.91 ± 0.08b 2.67 ± 0.20b 46.5 ± 1.2b 90.5 ± 0.9b

5% 2.89 ± 0.04a 3.11 ± 0.10a 3.05 ± 0.20a 59.1 ± 1.9a 92.2 ± 1.1a

SSPS

0.1% 1.98 ± 0.04h 2.23 ± 0.04h 1.63 ± 0.10ef 37.5 ± 1.5fg 85.8 ± 0.8gh

0.3% 2.08 ± 0.04g 2.29 ± 0.03gh 2.13 ± 0.18c 38.4 ± 0.7efg 87.0 ± 0.8efg

0.5% 2.21 ± 0.04e 2.32 ± 0.04fg 2.43 ± 0.16b 42.5 ± 1.1c 88.0 ± 1.0cdef

Each value represents the mean ± standard deviation (n = 3). Values with different lowercase letters (a–i) in the
same column differ significantly (P < 0.05)
a The gel formed by SPI with no cosolute served as the control
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2010). Steffe (1996) indicated the gel with a high λ value to
reach the full deformation slowly. The last column in Table 1
indicated the recovery rate of gels increasing with the increase
of the concentration of cosolutes. These data well
corresponded to the final G′ discussed above. The increased
recovery rate could be ascribed to the stronger network struc-
tures at higher concentrations of cosolutes. In brief, the creep
recovery data reflected the enhancement of the viscoelastic
behavior associated with the network structures of gels by
the incorporation of cosolutes.

The large deformation measurement of gels containing dif-
ferent cosolutes was performed by investigating the change in
shear stress as a function of strain, and the results are shown in
Fig. 4. The maximum in the curve where shear stress began to
decrease is identified as the fracture point (Murekatete et al.
2014a). As the deformation enlarged, the stress increased ini-
tially up to a certain point and then declined rapidly. In all
cases, the gels exhibited smaller fracture modulus values than
storage modulus values, indicating a decrease in gel rigidity
with increasing strain or known as strain weakening
(Vardhanabhuti et al. 2001). As is revealed in Fig. 4, the shear
stress of the gels containing the same cosolute at the fracture
point increased with its increasing concentration. The values

of fracture stress of gels containing different oligosaccharides
at the same added level displayed the same order as the finalG
′. Similarly, the incorporation of SSPS at lower concentration
also remarkably enhanced the fracture stress. Moreover, the
increase in shear deformation at the fracture point of gels
resulted from the fact that the effects of cosolutes were not
obvious but identifiable. Murekatete et al. (2014b) conducted
a study on the fracture point of tofu-type gels induced by
different concentrations of CaSO4 and found a similar phe-
nomenon. In general, the fracture point of a gel correlated with
its elasticity. When the results were combined with the finalG′
discussed above, a gel with higher G′ fractured at a higher
stress was found. In brief, the incorporation of different con-
centrations of cosolutes enhanced the fracture stress (gel rigid-
ity) of CaSO4-induced SPI gels.

The rigidity of a protein gel depends on the concentration
of protein particles incorporated into the gel structure and the
strength of the protein-protein interactions (Narine and
Marangoni 1999). In the present study, the presence of
cosolutes in the aqueous phase altered the fraction of protein
molecules that participated in the gel network and thus strong-
ly influenced the gel rigidity. It could be interpreted that in-
creasing the ratio of cosolutes in the continuous phase

Fig. 4 Shear stress as a function of deformation of CaSO4-induced SPI gels containing different cosolutes. The maximum in the curve is taken as the
facture point
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promoted the attraction between soy protein molecules due to
preferential interaction effects (steric exclusion mechanisms),
which are colligative, reduced the contact area between pro-
teins and the surrounding solution, and favored the molecular
arrangements of protein (Timasheff 1998). When soy protein
molecules are adequately denatured and aggregated, the rigid-
ity of the resultant gels should be stronger in the presence of
cosolutes because the protein-protein interactions are en-
hanced (Baier and McClements 2001), as illustrated by the
results of gel solubility.

Hardness andWater Holding Capacity of CaSO4-Induced
Gels

The gel hardness and WHC of the CaSO4-induced tofu-type
gels were obviously affected by the presence of cosolutes. The
incorporation of cosolutes significantly increased (P < 0.05)
both the hardness (except for the gel containing 0.1% SSPS)
and the WHC of the gels (Figs. 5 and 6). For example, the
addition of 5% sucrose increased (P < 0.05) the hardness and
WHC of the gels by 12.9 and 9.5%, respectively, in compar-
ison with the control gel, and adding the same level of
stachyose enhanced (P < 0.05) the two characteristics of the
gels by 29.9 and 12.3%, respectively, in comparison with the
control gel. The gel hardness and WHC of the gels containing

0.5% SSPS also increased (P < 0.05) by 8.7 and 7.6%, respec-
tively, compared with the control sample.

The improved hardness and WHC of the tofu-type gels
treated with cosolutes can be explained by the mechanism
of tofu curd formation, during which the textural properties
of gels are greatly influenced by the excluded volume effects
mentioned above. Before the addition of the coagulant, as the
cosolute concentration increased, a more critical heating treat-
ment was needed to unfold the protein molecules because the
contact area of the proteins in the native state is lower than in
the unfolded state. Once unfolded, the hydrophobic sites of
the protein molecules are exposed and the hydrophobic inter-
actions are enhanced by the excluded volume effects.
Moreover, the unfolded protein molecules are more prone to
aggregate (because aggregates have a lower contact area than
individual molecules), which improves the capacity of the gel
to resist puncture and compression (McClements 2002; Tseng
and Xiong 2009). A plausible explanation for the WHC is
that a higher concentration of cosolutes might become
trapped within the interstitial spaces of the gels, thus
entrapping more water within the gel. Our previous work also
demonstrated that increasing the degree of aggregation, ac-
companied by the intensification of the degree of denatur-
ation, favorably improved the hardness and WHC of the gels
(Zhao et al. 2016).

Fig. 5 Gel hardness of CaSO4-induced SPI gels containing different cosolutes. Means with different superscript letters (a–c) differ significantly
(P < 0.05)
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Force Involved in the Gel

To clarify the protein-protein interactions involved in the for-
mation of the gel network, the protein solubility of CaSO4-
induced gels in five different solvents was measured. The
differences in the protein solubility between pairs of adjacent
solvents, S2-S1, S3-S2, S4-S3, and S5-S4, represent the inter-
action forces of electrostatic interactions, hydrophobic inter-
actions, hydrogen bonds, and disulfide bonds (Puppo and
Añón 1998; Tang et al. 2006). The results of the gel solubility
tests are shown in Table 2. The gels in buffer S2 had slightly

higher solubility than those in buffer S1, especially the gel
formed by the incorporation of 0.3% (w/v) SSPS, indicating
that electrostatic interactions are involved in maintaining the
gel structure (Puppo et al. 1995; Gu et al. 2009). The increase
in gel solubility from buffer S3 to S2 and from buffer S5 to S4
was more obvious than that in the other adjacent solvent pairs,
demonstrating the important role of hydrophobic interactions
and disulfide bonds in the retention of gel structures
(Renkema et al. 2002; Campbell et al. 2009). The order of
the differences in gel solubility from buffer S2 to S3 was
SPI-SSPS gel > SPI-stachyose gel > SPI-raffinose gel > SPI-

Fig. 6 Water holding capacity of CaSO4-induced SPI gels containing different cosolutes. Means with different superscript letters (a–c) differ
significantly (P < 0.05)

Table 2 Protein solubility of
CaSO4-induced SPI gels
containing different cosolutes in
various solventsa

Gels S1 S2 S3 S4 S5

Controlb 2.00 ± 0.04a 4.70 ± 0.12c 32.90 ± 0.88d 49.27 ± 0.55c 81.28 ± 1.06d

3% Sucrose 1.91 ± 0.04b 6.03 ± 0.15b 37.25 ± 0.83bc 57.14 ± 1.07b 91.47 ± 1.27b

3% Raffinose 1.84 ± 0.03c 5.97 ± 0.09b 38.55 ± 1.00b 60.18 ± 1.68a 94.19 ± 1.92a

3% Stachyose 1.76 ± 0.03d 6.06 ± 0.08b 40.83 ± 0.59a 56.63 ± 0.74a 95.15 ± 0.82a

0.3% SSPS 1.91 ± 0.02b 8.46 ± 0.18a 43.54 ± 0.97c 55.80 ± 1.58b 88.64 ± 1.14c

Each value represents the mean ± standard deviation (n = 3). Values with different lowercase letters (a–d) in the
same column differ significantly (P < 0.05)
a S1: distilled water; S2: 0.086 M Tris-0.09 M glycine-4 mM Na2EDTA (pH 8.0); S3: S2 containing 0.5% SDS;
S4: S3 containing 8 M urea; S5: S4 containing 2% β-mercaptoethanol
b The gel formed by SPI with no cosolute served as the control
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sucrose gel > control SPI gel. These results demonstrate the
corresponding order of the contribution of hydrophobic inter-
actions to the retention of the gel network. The differences in
solubility between buffer S4 and S3 suggest that the hydrogen
bonds significantly influenced the gel structures. In summary,
the overall differences in gel solubility from buffer S1 to S5
further confirmed the speculation that the incorporation of
cosolutes enhances the protein-protein interactions in the re-
tention of gel structures.

CLSM of CaSO4-Induced Gels

The gel structures of CaSO4-induced tofu-type gels with dif-
ferent cosolutes were investigated by CLSM. The images in
Fig. 7 reveal that the gel network was relatively loose and
porous when the gels were formed by SPI dispersions without
cosolutes and with low concentrations of cosolutes (1% oli-
gosaccharide and 0.1% SSPS). The addition of cosolutes at a
somewhat higher level (3 and 5% for the oligosaccharides, 0.3

Fig. 7 CLSM images of CaSO4-
induced tofu-type gels formed by
SPI containing different
cosolutes. a Control (cosolutes
free), b with 1% sucrose, c with
3% sucrose, d with 5% sucrose, e
with 1% raffinose, f with 3% raf-
finose, g with 5% raffinose, h
with 1% stachyose, i with 3%
stachyose, j with 5% stachyose, k
with 0.1% SSPS, l with 0.3%
SSPS, m with 0.5% SSPS
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and 0.5% for the SSPS) significantly improved the gel struc-
tures. As demonstrated in Fig. 7, the stachyose-treated gels
(Fig. 7i, j) featured a more homogeneous and compact struc-
ture than the other treatments.

The results of the study indicated that the incorporation of
cosolutes altered the aggregation state of the soy protein, and
the improved density was probably due to the increased cross-
linking of protein molecules. Tseng et al. (2008) demonstrated
that the addition of cosolute (inulin) promoted the network
formation of soy protein gels, generating SPI gels with smaller
pore sizes and greater compactness. The microstructures of
11S and SPI gels coagulated with magnesium chloride were
investigated, and the researchers concluded that the gel net-
works were closely related to the types of protein aggregates
(Nagano and Tokita 2011). The results revealed by the CLSM
images were generally consistent with the results for the rhe-
ological properties, hardness, and WHC of gels, the improve-
ment of which eventually depended on the strength of the
protein-protein interactions.

Conclusions

The results of this study revealed that the addition of sucrose,
raffinose, stachyose, and SSPS improved the rigidity (elastic
properties), hardness, WHC, and microstructures of CaSO4-
induced soy protein tofu-type gels. The gel solubility in dif-
ferent buffers indicated that the enhanced protein-protein in-
teractions accounted for the improvement in the gel properties.
The incorporation of raffinose, stachyose, or soy polysaccha-
ride, which serves as a functional food ingredient, would fa-
cilitate the development of an innovative tofu-type gel with
firmer texture and higher nutritional value. Future work study-
ing on the influence of cosolutes on the sol-gel transition of
soy protein at a molecular level as correlated with the texture
of the composite SPI gel system would be highly desirable.

Acknowledgments The authors would like to thank the High
Technology Research and Development Program of China (863
Program, nos. 2013AA102200 and 2012BAD37B01) and the National
Natural Science Foundation of China (NSFC, nos. 31271946 and
31471583) for their financial support.

References

Ahmed, J., Ramaswamy, H. S., & Alli, I. (2006). Thermorheological
characteristics of soybean protein isolate. Journal of Food Science,
71(3), 158–163.

Baier, S., &McClements, D. J. (2001). Impact of preferential interactions
on thermal stability and gelation of bovine serum albumin in aque-
ous sucrose solutions. Journal of Agricultural and Food Chemistry,
49(5), 2600–2608.

Bi, C. H., Li, D., Wang, L. J., Gao, F., & Adhikari, B. (2014). Effect of
high shear homogenization on rheology, microstructure and fractal

dimension of acid-induced SPI gels. Journal of Food Engineering,
126, 48–55.

Campbell, L. J., Gu, X., Dewar, S. J., & Euston, S. R. (2009). Effects of
heat treatment and glucono-δ-lactone-induced acidification on char-
acteristics of soy protein isolate. Food Hydrocolloids, 23(2), 344–
351.

Cando, D., Moreno, H. M., Tovar, C. A., Herranz, B., & Borderias, A. J.
(2014). Effect of high pressure and/or temperature over gelation of
isolated hake myofibrils. Food and Bioprocess Technology, 7(11),
3197–3207.

Chang, Y. H., Su, H. J., & Shiau, S. Y. (2009). Rheological and textural
characteristics of black soybean touhua (soft soybean curd) prepared
with glucono-δ-lactone. Food Chemistry, 115(2), 585–591.

Chang, Y. Y., Li, D., Wang, L. J., Bi, C. H., & Adhikari, B. (2014). Effect
of gums on the rheological characteristics and microstructure of
acid-induced SPI-gum mixed gels. Carbohydrate Polymers, 108,
183–191.

Chen, W., Duizer, L., Corredig, M., & Goff, H. D. (2010). Addition of
soluble soybean polysaccharides to dairy products as a source of
dietary fiber. Journal of Food Science, 75(6), 478–484.

Cheng, Y., Shimizu, N., & Kimura, T. (2005). The viscoelastic properties
of soybean curd (tofu) as affected by soymilk concentration and type
of coagulant. International Journal of Food Science and
Technology, 40(4), 385–390.

Clark, A. H., & Ross-Murphy, S. B. (1987). Structural and mechanical
properties of biopolymer gels. Advances in Polymer Sciences, 88,
57–192.

dos Santos, R., Vergauwen, R., Pacolet, P., Lescrinier, E., & Van den
Ende, W. (2013). Manninotriose is a major carbohydrate in red
deadnettle (Lamium purpureum, Lamiaceae). Annals of Botany,
111(3), 385–393.

Dolz, M., Hernandez, M. J., & Delegido, J. (2008). Creep and recovery
experimental investigation of low oil content food emulsions. Food
Hydrocolloids, 22(3), 421–427.

Gu, X., Campbell, L. J., & Euston, S. R. (2009). Influence of sugars on
the characteristics of glucono-δ-lactone-induced soy protein isolate
gels. Food Hydrocolloids, 23(2), 314–326.

Guo, F., Xiong, Y. L., Qin, F., Jian, H., Huang, X., & Chen, J. (2015).
Surface properties of heat-induced soluble soy protein aggregates of
different molecular masses. Journal of Food Science, 80(2), 279–
287.

Huang, J., Zeng, S., Xiong, S., &Huang, Q. (2016). Steady, dynamic, and
creep-recovery rheological properties of myofibrillar protein from
grass carp muscle. Food Hydrocolloids, 61, 48–56.

Kaewmanee, T., Benjakul, S., Visessanguan, W., & Gamonpilas, C.
(2013). Effect of sodium chloride and osmotic dehydration on vis-
coelastic properties and thermal-induced transitions of duck egg
yolk. Food and Bioprocess Technology, 6(2), 367–376.

Kao, F. J., Su, N. W., & Lee, M. H. (2003). Effect of calcium sulfate
concentration in soymilk on the microstructure of firm tofu and the
protein constitutions in tofu whey. Journal of Agricultural and Food
Chemistry, 51(21), 6211–6216.

Kinsella, J. E. (1979). Functional properties of soy proteins. Journal of
the American Oil Chemists’ Society, 56(3), 242–258.

Kumar, V., Rani, A., Goyal, L., Dixit, A. K., Manjaya, J. G., Dev, J., &
Swamy, M. (2010). Sucrose and raffinose family oligosaccharides
(RFOs) in soybean seeds as influenced by genotype and growing
location. Journal of Agricultural and Food Chemistry, 58(8), 5081–
5085.

Lee, C. Y., & Kuo, M. I. (2011). Effect of γ-polyglutamate on the rheo-
logical properties and microstructure of tofu. Food Hydrocolloids,
25(5), 1034–1040.

Li, F., Kong, X., Zhang, C., & Hua, Y. (2012). Gelation behaviour and
rheological properties of acid-induced soy protein-stabilized emul-
sion gels. Food Hydrocolloids, 29(2), 347–355.

566 Food Bioprocess Technol (2017) 10:556–567



Luyten, H., Kloek, W., & Van Vliet, T. (1994). Yielding behaviour of
mixtures of xanthan and enzyme-modified galactomannans. Food
Hydrocolloids, 8(5), 431–440.

Maeda, H., & Nakamura, A. (2009). Soluble soybean polysaccharide. In
G. O. Phillips & P. A. Williams (Eds.), Handbook of hydrocolloids
(pp. 693–709). Boca Raton: CRC Press.

Maltais, A., Remondetto, G. E., Gonzalez, R., & Subirade, M. (2005).
Formation of soy protein isolate cold-set gels: protein and salt ef-
fects. Journal of Food Science, 70(1), 67–73.

McClements, D. J. (2002). Modulation of globular protein functionality
by weakly interacting cosolvents. Critical Reviews in Food Science
and Nutrition, 42(5), 417–471.

Messina, M. J. (1999). Legumes and soybeans: overview of their nutri-
tional profiles and health effects. The American Journal of Clinical
Nutrition, 70(3), 439s–450s.

Murekatete, N., Hua, Y. F., Chamba, M. V. M., Djakpo, O., & Zhang, C.
M. (2014a). Gelation behavior and rheological properties of salt-or
acid-induced soy proteins soft tofu-type gels. Journal of Texture
Studies, 45(1), 62–73.

Murekatete, N., Zhang, C. M., Karangwa, E., & Hua, Y. F. (2014b). Salt
and acid-induced soft tofu-type gels: rheology, structure and fractal
analysis of viscoelastic properties as a function of coagulant concen-
tration. International Journal of Food Engineering, 10(4), 595–611.

Mussatto, S. I., & Mancilha, I. M. (2007). Non-digestible oligosaccha-
rides: a review. Carbohydrate Polymers, 68(3), 587–597.

Nagano, T., & Tokita, M. (2011). Viscoelastic properties and microstruc-
tures of 11S globulin and soybean protein isolate gels: magnesium
chloride-induced gels. Food Hydrocolloids, 25(7), 1647–1654.

Narine, S. S., & Marangoni, A. G. (1999). Mechanical and structural
model of fractal networks of fat crystals at low deformations.
Physical Review E, 60(6), 6991–7000.

Obendorf, R. L., Zimmerman, A. D., Zhang, Q., Castillo, A., Kosina, S.
M., Bryant, E. G., et al. (2009). Accumulation of soluble carbohy-
drates during seed development and maturation of low-raffinose,
low-stachyose soybean. Crop Science, 49(1), 329–341.

Puppo, M. C., & Añón, M. C. (1998). Structural properties of heat-
induced soy protein gels as affected by ionic strength and pH.
Journal of Agricultural and Food Chemistry, 46(9), 3583–3589.

Puppo,M. C., Lupano, C. E., & Añón,M. C. (1995). Gelation of soybean
protein isolates in acidic conditions. Effect of pH and protein con-
centration. Journal of Agricultural and Food Chemistry, 43(9),
2356–2361.

Rabiey, L., & Britten, M. (2009). Effect of protein composition on the
rheological properties of acid-induced whey protein gels. Food
Hydrocolloids, 23(3), 973–979.

Renkema, J. M., Gruppen, H., & Van Vliet, T. (2002). Influence of pH
and ionic strength on heat-induced formation and rheological prop-
erties of soy protein gels in relation to denaturation and their protein
compositions. Journal of Agricultural and Food Chemistry, 50(21),
6064–6071.

Shimada, K., & Cheftel, J. C. (1988). Determination of sulfhydryl groups
and disulfide bonds in heat-induced gels of soy protein isolate.
Journal of Agricultural and Food Chemistry, 36(1), 147–153.

Steffe, J. F. (1996). Rheological methods in food process engineering
(2nd ed.pp. 304–310). East Lansing: Freeman press.

Taira, H. (1990). Quality of soybeans for processed foods in Japan. Japan
Agricultural Research Quarterly, 24(3), 224–230.

Tang, C. H., Wu, H., Chen, Z., & Yang, X. Q. (2006). Formation and
properties of glycinin-rich and β-conglycinin-rich soy protein iso-
late gels induced by microbial transglutaminase. Food Research
International, 39(1), 87–97.

Tang, C. H., Chen, L., & Foegeding, E. A. (2011). Mechanical and water-
holding properties and microstructures of soy protein isolate emul-
sion gels induced by CaCl2, glucono-δ-lactone (GDL), and
transglutaminase: influence of thermal treatments before and/or after
emulsification. Journal of Agricultural and Food Chemistry, 59(8),
4071–4077.

Timasheff, S. N. (1998). Control of protein stability and reactions by
weakly interacting cosolvents: the simplicity of the complicated.
Advances in Protein Chemistry, 51(51), 355–432.

Toker, O. S., Karaman, S., Yuksel, F., Dogan, M., Kayacier, A., &
Yilmaz, M. T. (2013). Temperature dependency of steady, dynamic,
and creep-recovery rheological properties of ice cream mix. Food
and Bioprocess Technology, 6(11), 2974–2985.

Torres, M. D., Fradinho, P., Raymundo, A., & Sousa, I. (2014).
Thermorheological and textural behaviour of gluten-free gels ob-
tained from chestnut and rice flours. Food and Bioprocess
Technology, 7(4), 1171–1182.

Tseng, Y. C., & Xiong, Y. L. (2009). Effect of inulin on the rheological
properties of silken tofu coagulated with glucono-δ-lactone. Journal
of Food Engineering, 90(4), 511–516.

Tseng, Y. C., Xiong, Y. L., & Boatright, W. L. (2008). Effects of inulin/
oligofructose on the thermal stability and acid-induced gelation of
soy proteins. Journal of Food Science, 73(2), 44–50.

Vardhanabhuti, B., Foegeding, E. A.,McGuffey,M.K., Daubert, C. R., &
Swaisgood, H. E. (2001). Gelation properties of dispersions contain-
ing polymerized and native whey protein isolate. Food
Hydrocolloids, 15(2), 165–175.

Wang, Y., Wang, L. J., Li, D., Xue, J., & Mao, Z. H. (2009). Effects of
drying methods on rheological properties of flaxseed gum.
Carbohydrate Polymers, 78(2), 213–219.

Wongputtisin, P., Ramaraj, R., Unpaprom, Y., Kawaree, R., &
Pongtrakul, N. (2015). Raffinose family oligosaccharides in seed
of Glycine max cv. Chiang Mai60 and potential source of prebiotic
substances. International Journal of Food Science and Technology,
50(8), 1750–1756.

Wu,M., Li, D.,Wang, L. J., Özkan, N., &Mao, Z. H. (2010). Rheological
properties of extruded dispersions of flaxseed-maize blend. Journal
of Food Engineering, 98(4), 480–491.

Yilmaz, M. T., Karaman, S., Dogan, M., Yetim, H., & Kayacier, A.
(2012). Characterization of O/W model system meat emulsions
using shear creep and creep recovery tests based on mechanical
simulation models and their correlation with texture profile analysis
(TPA) parameters. Journal of Food Engineering, 108(2), 327–336.

Zhao, H. B., Li, W. W., Qin, F., & Chen, J. (2016). Calcium sulphate-
induced soya bean protein tofu-type gels: influence of denaturation
and particle size. International Journal of Food Science and
Technology, 51(3), 731–741.

Food Bioprocess Technol (2017) 10:556–567 567


	Effects...
	Abstract
	Introduction
	Materials and Methods
	Materials
	Heat Treatment and CaSO4-Induced Gel Formation
	Dynamic Rheological Measurements
	Texture Analysis of CaSO4-Induced Gels
	Water Holding Capacity of CaSO4-Induced Gels
	Measurement of Gel Solubility
	Confocal Scanning Laser Microscopy Analysis of CaSO4-Induced Tofu-Type Gels
	Statistical Analysis

	Results and Discussion
	Rheological Measurement
	Hardness and Water Holding Capacity of CaSO4-Induced Gels
	Force Involved in the Gel
	CLSM of CaSO4-Induced Gels

	Conclusions
	References


