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ting process on the
physicochemical characteristics and nutritional
properties of whole cotyledon soymilk and tofu

Yuexi Yang,a Zhoujieyu Ji,a Cheng Wu,a Yin-Yi Ding *ab and Zhenyu Gu*a

This study focused on the effect of the heating process on the whole cotyledon soymilk and tofu. Whole

cotyledon soymilk was made from soybean cotyledon and processed by enzymatic hydrolysis using

cellulase and high-pressure homogeneity. In this study, a one-step heating method was selected for the

cooking process of whole cotyledon soybean milk, and the whole cotyledon soybean milk was heated to

90 �C and held for 4 min. Results showed that the protein, total saccharides and dietary fiber content of

the whole cotyledon soymilk were higher than those of the tradition soymilk due to the existence of

bean dregs (okara). Both protein aggregation and protein–polysaccharide interaction were observed

during the heating process. We also found a change in soymilk physicochemical characteristics such as

particle size distribution, viscosity, surface hydrophobicity and soluble protein during the heating

process. The results in this study showed that compared with traditional tofu, the phytic acid and trypsin

inhibitor content in whole cotyledon tofu was lower, so its protein had higher digestibility in vitro. In

conclusion, whole cotyledon tofu had better health properties and application prospects.
1. Introduction

In the recent years, macrobiotic and vegetarian soybean dishes,
such as tofu, have becomemore popular among people seeking to
prevent illness, reduce cholesterol levels, and generally improve
their health.1 Traditionally, tofu is made by coagulating soymilk
from whole soybean.2 The traditional procedures of tofu produc-
tion including cleaning, soaking, grinding beans, ltering,
boiling, coagulation, and pressing.3,4 Traditional tofu processing
technology has many problems, such as low utilization of raw
material, unpleasant odor, and bean dreg (okara) disposal,4 and it
is time-consuming, and this restricts the standardization and
modernization of soy food manufacturing.4,5

Okara in soymilk has a negative effect on the gelling property
of tofu, so it is generally ltered out during tofu processing.6

However, okara is rich in dietary ber and protein.7 Disgarding
okara causes nutrient loss and environmental pollution.8 In the
process of making tofu, if the okara could be preserved, it can
greatly improve the material utilization and the nutritional
value of tofu.9,10 Previous studies demonstrate that whole coty-
ledon soymilk treated with ne milling and calcium sulfate
addition could successfully produce whole-soybean tofu.11
hejiang Gongshang University, Hangzhou
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ongshang University, Hangzhou 310018,

f Chemistry 2020
Because of the existence of okara, whole-soybean tofu has
enhanced hardness and springiness than traditional tofu.12,13

Heating treatment is the most important step for tofu gel
structure formation from soybean protein.14 During soymilk
heating process, hydrophobic region and sulydryl groups are
exposed, it facilitates soymilk solidication. Finally, unique
texture of tofu is obtained.15 The heating conditions have a great
inuence on the characteristics of soybean milk. Compared
with traditional tofu, whole cotyledon tofu processed by high
pressure and high temperature has higher protein content and
larger average particle size.16 Milder thermal treatment (63 �C
for 30 min and 72 �C for 15 s) results in a moderate increase of
the surface hydrophobicity of soybean protein.17

The previous and recent researches are mostly focusing on the
reducing the size of insoluble particles in whole cotyledon soy-
milk18 and coagulant selection.19 In addition, the physicochemical
and sensory properties changes of traditional tofu during heat-
treatment has been well studied.20,21 Because of existence okara,
the whole cotyledon tofu may show different physical and
chemical changes and texture changes during the heat treatment.
The whole cotyledon tofu may also exhibit different nutritional
characteristics. However, the effects of heating process on whole
cotyledon soymilk or whole soybean tofu are seldom concerned.
The objective of this research is to explore the optimized heating
condition by determining the texture properties of whole coty-
ledon tofu. This study will also focus for the rst time on the
nutritional characteristics and gastrointestinal digestive charac-
teristics of whole cotyledon tofu. Provide guidance for the
production of whole cotyledon soymilk and tofu.
RSC Adv., 2020, 10, 40625–40636 | 40625
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2. Materials and methods
2.1. Materials

Soybeans harvested from northeast China were dehulled by
a local factory in Shandong province, and all the raw materials
were stored in a hermetic plastic package until further experi-
ments. All reagents were of analytical purity and purchased
from Sigma Chemical Co., Ltd. (St. Louis, Mo., USA).

2.2. Whole cotyledon soymilk preparation

The samples of whole cotyledon soymilk for experiments were
prepared according to Kuo's research19 with a little modication
as following steps:

step 1: 50 g of whole soybean cotyledon was soaked using
200 mL of distilled water for 4 h at 20 �C.

Step 2: the hydrated cotyledon was drained and mixed with
500 mL of boiling water, the mixture was then heated in
a thermostat water bath at 100 �C for 5 min to obtain the
blanched soybean cotyledon. Subsequently, the blanched
soybean cotyledon was ground with 350 mL distilled water
using a soymilk grinder (Model JYL-Y5, Joyoung Co., China) for
4 min to obtain the slurry.

Step 3: 400 mL of slurry mixed with 3.2 g of commercial
cellulase preparation (enzyme activity of cellulase: 7159 U g�1).
The mixture was placed into a thermostatic heating magnetic
stirrer (Model DF-101, Yuhua Analytical Instrument Co. Ltd.,
China), and then stirred at 50 �C for 3.5 h to obtain enzymatic
hydrolysate of soymilk.

Step 4: enzymatic hydrolysate of soymilk was homogenized 4
times at 30 MPa by high pressure homogenizer (Model
J04010065, APV Co., Germany) to obtain the raw whole coty-
ledon milk.

2.3. Whole cotyledon tofu preparation

Whole cotyledon tofu was prepared according to Shin's research
with a little modication.22 Briey, 0.5 g of NaCl was added to
500 g of cooked whole cotyledon soymilk. Aer mixing, 1.75 g of
CaSO4 was added at 75 �C. When the soymilk was cooled down
to 60 �C, let it stand for 20 min. The 500 g cooked soymilk was
put into the mold (80 mm � 80 mm � 80 mm), suppressed
with 1 kg pressure for 40 min.

2.4. Tradition soymilk preparation

The samples of tradition soymilk for experiments were prepared
according to Lv's research with a little modication.23 Briey,
soybeans were washed and soaked in distilled water (soy-
bean : water ¼ 1 : 4) for 10 h at 25 �C. The hydrated soybeans
were ground with distilled water (1 g of dry soybean per 10mL of
distilled water) for 4 min by a grinder (Model JYL-Y5, Joyoung
Co., China). The homogenate was ltered by a 100 mesh sieve.

2.5. Heating treatment

The sample of raw whole cotyledon soymilk was heated from
20 �C to boiling point (95 �C) in 6 min, the temperature was
rising at a rate of 8 �C min�1. Then keep boiling for 2, 4, 6, 8, or
40626 | RSC Adv., 2020, 10, 40625–40636
10 min with continuous stirring. Heated soymilk was quickly
cooled in iced water bath to room temperature.
2.6. Analysis of whole cotyledon soymilk particles size
distribution

The distribution of particles size was measured by laser light-
scattering with a Series Particle Size analyzer (Model Master
Sizer 2000, Malvern Instruments Ltd., UK). The refractive
indexes used for the dispersed phase and water were 1.460 and
1.330, respectively. Each sample was measured in triplicate and
expressed as the percentage of volumetric particle size distri-
butions by the Mastersizer2000 analytical soware.
2.7. Viscosity measurement

Viscosity of soymilk was determined by a rotary viscometer
(Model NDJ-5S, LICHEN Co., China) equipped with no. 1 rotor.
The soymilk was added to beaker until the soymilk in parallel
with the 30 rpm rotor's scale mark.
2.8. Surface hydrophobicity (H0) measurement

H0 was determined according to the method of Alizadeh-Pasdar
& Li-Chan24 with some modications. The sample of whole
cotyledon soymilk was diluted 500–5000 times with 0.1 M
phosphate buffer (pH 6.8). The soluble protein content of
diluted sample was determined by Coomassie brilliant blue
method. 20 mL of the ANS solution (8 M, be prepared in the
same buffer) was added to 2 mL each of diluted soymilk
samples and let stand for 3 min. The uorescent intensity (FI) of
the mixture was measured at wavelengths of 390 nm (excitation)
and 470 nm (emission), respectively, and a slit width of 5 nm.
The initial slope of the FI versus protein concentration (mg
mL�1) plot (calculated by linear regression analysis) was used as
an index of H0.
2.9. Determination of protein sulydryl group content in
soymilk

The sulydryl group content in soymilk was measured
according to Zuo's method.25 100 mL of soymilk was added with
9.9 mL of Tris–Gly buffer. Aer 20 min of ultrasonic demulsi-
cation, the diluted soymilk was added with 60 L of Ellman
reagent. The mixture was kept at 25 �C for 20 min. The mixture
was subsequently centrifuged for 20 min at 1644�g. The
absorbance value of soymilk supernatant was determined at
wavelength of 412 nm.
2.10. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE)

The concentrations of the stacking gel and separating gel were
5% and 12%, respectively. The samples were dissolved in the
loading buffer (4 mL 10% SDS, 1.2 mL DTT, 1.6 mL Tris–HCl
(1 M, pH 6.8), 4 mg of bromophenol blue and 2.2 mL 100%
glycerol diluted in water to 20 mL). The solution was boiled for
5 min. Then 10 mL was loaded into sample well. The gel was
stained by Coomassie Brilliant Blue G-250.
This journal is © The Royal Society of Chemistry 2020
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2.11. Texture prole analysis

2.11.1. Determination of gel strength. Cubic shaped
samples (2.5 cm � 2.5 cm � 2.5 cm) were prepared from the
central part of tofu. A test speed of 1.0 mm s�1 and type P/0.5
probe was used. The maximum displacement was 15 mm. Six
replicate tests were carried out for every coagulant tofu.

2.11.2. Texture prole analysis (TPA). Cubic shaped
samples (2.5 cm � 2.5 cm � 2.5 cm) were prepared from the
central part of tofu. A test speed of 1.0 mm s�1 and type P/0.5
probe was used. The samples were compressed to 30% defor-
mation. Six replicate tests were carried out for every coagulant
tofu. And such qualitative parameters as hardness, springiness,
cohesiveness, gumminess and chewiness were obtained.
2.12. Determination of color of the whole cotyledon tofu

The color of the whole cotyledon tofu was measured at 5
different positions for each sample by an automatic color
difference meter (CR-400 Keshengxing Instrument Co. LTD,
China). The value of L* represented the brightness or whiteness
of tofu. The a* value (red/green) and the b* value (yellow/blue)
were used as color indicators.
2.13. Determination of anti-nutrient factor in tofu

2.13.1. Determination of phytic acid content. The content
of phytic acid in tofu was determined according to Garcia-
Estepa's method.26 The tofu sample (1 g) was extracted under
magnetic agitation with 40 mL of extraction solution (10 g/100 g
Na2SO4 in 0.4 M HCl) for 3 h at room temperature. The
suspension was centrifuged at 5000 rpm for 30 min and the
supernatant was ltered. 10 mL of supernatant (containing
between 3.3 and 9.0 mg of phytic acid) was mixed with 10.0 mL
of 0.4 M HCl, 10.0 mL of 0.02 M FeCl3 and 10.0 mL of 20 g/100 g
sulphosalicylic acid, shook gently and the tube used was sealed
with a rubber cork through which passes a narrow 30 cm long
glass tube, to prevent evaporation. The tube was placed in
a boiling water bath for 15 min. The sample was centrifuged at
5000 rpm for 10 min, decanted, ltered and the residue was
washed several times with distilled water. The supernatant and
washed fractions were diluted (100 mL). 20 mL of mixture was
Table 1 Preparation of stock solution of simulated gastric fluid (SGF) an

Components

Concentration of
electrolytic liquid

SGF stock

Volume

g L�1 mol L�1 mL

KCl 37.3 0.5 6.9
KH2PO4 68.0 0.5 0.9
NaHCO3 84.0 1.0 12.5
NaCl 117.0 2.0 11.8
MgCl2(H2O)6 30.5 0.15 0.4
(NH4)2CO3 48.0 0.5 0.5
CaCl2(H2O)2 44.1 0.3 —

This journal is © The Royal Society of Chemistry 2020
adjusted to pH 2.5 � 0.5 by addition of glycine was diluted to
200 mL. The solution was heated at 70–80 �C and titrated with
50 mM EDTA solution. The 4 : 6 Fe/P atomic ratio was used to
calculate phytic acid content.

2.13.2. Determination of trypsin inhibitor activity (TIA).
The TIA in tofu sample was determined according to Call's
method.27 Briey, the tofu sample was briey shaken with
50 mL of 10 mMNaOH, and the pH of the slurry was adjusted to
between 9.4–9.6. The slurry was shaken and le at 4 �C over-
night. An aliquot of 1 mL of the benzoyl-m-arginine-p-nitro-
anilide solution was added to 600 mL of water and equilibrated
for 10 min at two different temperature levels (37 �C and room
temperature). Aer addition of 200 mL of trypsin working solu-
tion the mixture was incubated at either 37 �C or room
temperature for a certain time (10–60 min), before the reaction
was stopped by adding 200 mL of 30% acetic acid. Aer ltration
or centrifugation, the absorbance of the clear solutions was
measured at 410 nm. Percentages of inhibition (%) were
calculated by comparing the absorbance measured for the
trypsin standard to the absorbance measured for the sample
extract, by following equation:

I (%) ¼ (At � Abt) � (As � Abs)/(At � Abt) � 100

where I: percentage of inhibition, At: the absorbance of the
solution with trypsin standard, Abt: the absorbance of the blank
with trypsin standard, As: the absorbance of the solution with
sample, TIA (mg g�1) was dened as trypsin inhibitory activity
and was expressed in mg of inhibited trypsin per g of sample, by
the following equation:

TIA (mg g�1) ¼ I/100% � r � 5.6 � 103/mF

where r: the mass concentration of trypsin working solution, 5.6
� 103: the factor considering trypsin purity,m (mg): the mass of
tofu sample, F (mL/100 mL): the dilution of the sample extract.
2.14. Determination of the digestibility of tofu protein in
vitro

2.14.1. Preparation of simulated gastric uids (SGF) and
simulated intestinal uids (SIF). SGF and SIF were prepared
d simulated intestinal fluid (SIF)

solution (pH ¼ 3) SIF stock solution (pH ¼ 7)

Concentration
in SGF Volume

Concentration
in SIF

mM mL mM

6.9 6.8 6.8
0.9 0.8 0.8

25.0 42.5 85.0
47.2 9.6 38.4
0.1 1.1 0.33
0.5 — —
0.15 — 0.6

RSC Adv., 2020, 10, 40625–40636 | 40627
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Table 2 Chemical compositions of raw whole cotyledon soymilk and
traditional soymilk

Main components

Content (g/100 mL)

Whole cotyledon
soymilk Traditional soymilk

Protein 4.68 � 0.09 2.75 � 0.03a

Fat 2.22 � 0.24 2.04 � 0.11
Carbohydrate 2.10 � 0.01 1.50 � 0.03a

Fiber 1.42 � 0.02 0.30 � 0.01a

a p < 0.001 when compared with whole cotyledon tofu.
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according to Hu's method.28 The composition of SGF and SIF
were shown in Table 1.

2.14.2. Determination of the protein digestibility of tofu
protein in SGF. Twelve g tofu samples were accurately weighed,
and 300 mL simulated gastric juice with constant temperature
of 37 �C was added. The samples were sealed and placed in
a constant temperature water bath with stirring function. The
tofu samples were stirred and digested at 37 �C for 0, 0.5, 1, 1.5
and 2 h. The digested solution was centrifuged at 4000 rpm for
10 min. Protein content in supernatant was determined by
Kjeldahl method. Take the solution without adding the tofu
sample as blank. In vitro digestibility of tofu protein in SGF was
calculated as following formula.

A1 ¼ (C1 � C2)/C3 � 100

where A1: in vitro digestibility in SGF (%), C1: protein content in
supernatant, C2: protein content in blank sample, C3: total
protein content before digestion.

2.14.3. Determination of the protein digestibility of tofu
protein in SIF. The tofu sample was digested in SGF for 2 h.
200 mL of SGF containing tofu sample was mixed with 200 mL
of SIF with a constant temperature of 37 �C. The pH value was
adjusted to 7. The digestion solution was sealed and placed in
a thermostatic water bath with stirring function, stirred and
digested at 37 �C for 0, 0.5, 1, 1.5 and 2 h. The digested solution
was centrifuged at 4000 rpm for 10 min. Protein content in
supernatant was determined by Kjeldahl method. Take the
solution without adding the tofu sample as blank. In vitro
digestibility of tofu protein in SIF was calculated as following
formula.

A2 ¼ (C4 � C5)/C6 � 100

where A2 in vitro digestibility in SIF (%), C4 protein content in
supernatant, C5 protein content in blank sample, C6 total
protein content before digestion.
2.15. Statistical analysis

All determinations were conducted for three times, and the
whole experiment was repeated twice. The data were analyzed
by an one-way ANOVA and t-test by SSPS 19.0. All tests of
signicance were at p < 0.05.
Fig. 1 The varying tendency of volume average particle size and
temperature of whole cotyledon soymilk during the process of heat-
ing. Bars indicate standard deviation. (a–e) Means do not share
a common superscript letter are significantly different (p < 0.05).
3. Results and discussion
3.1. Chemical composition of whole cotyledon soymilk

Compared with the traditional soymilk, the whole cotyledon
soymilk had higher content of protein, carbohydrate and die-
tary ber (Table 2). It was mainly caused by the existence of
okara in the soymilk. Macromolecules in okara play important
roles in viscosity, particulate, protein content of soymilk and the
breaking stress of tofu.6 Therefore, the nutrient content of
whole cotyledon soymilk were different from traditional
soymilk.
40628 | RSC Adv., 2020, 10, 40625–40636
3.2. The varying tendency of the volume average particle size
and temperature of whole cotyledon milk during the heating
process

As shown in Fig. 1, raw whole cotyledon soymilk was heated
from 20 �C to boiling point (95 �C) for 6 min. Aer the soymilk
was heated for 18 min, the boiling point was down to 91 �C. The
decrease of the boiling point induced by the prolongation of
boiling could be attributed to the composition changes of whole
cotyledon soymilk during the heating process, such as degen-
eration, aggregation and Maillard reaction.29

As the heating temperature increasing, the volume average
particle size of the whole cotyledon soymilk had no signicant
difference before the soymilk was boiled, and it increased
slightly when heated to 6–12 min. Volume average particle size
increased signicantly aer 12 min heating. This phenomenon
was partly caused by the thermal aggregation of particles in the
whole cotyledon soymilk.30 It was presumably caused by protein
aggregation induced by heating and ber adsorption in soy-
milk.31 Soybean cotyledons contain many kinds of poly-
saccharides such as cellulose, hemicellulose, and acidic
polysaccharides.32 Aggregated protein particles were easy to
combine with soluble polysaccharide chain, and then form
a composite aggregation.33 In addition, aer enzymatic hydro-
lysis of cellulase and high-pressure homogenization, the
macromolecular cellulose in soymilk was disintegrated into
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Differences of particle size distribution between the raw whole
cotyledon soymilk and traditional soymilk.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 2

/2
4/

20
26

 1
2:

44
:5

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
ber particles with smaller particle size and lower polymeriza-
tion degree, which have large specic surface area and large
amount of hydroxyl groups on the surface.34 With the soymilk
temperature increase, hydrophobic areas of protein were grad-
ually exposed aer the protein heat-induced denaturation, ber
particles cannot absorb the protein.35 Protein molecules
converge on each other during heating processing, and hydro-
phobic area wrap into protein aggregation again.36 Fiber parti-
cles with large specic surface area were easily adsorbed by
macromolecular protein aggregation, which result in particle
size of protein–ber aggregate increasing quickly.37
3.3. The varying tendency of the particle size distribution of
whole cotyledon soymilk during the heating process

The composition and quantity of protein particles signicantly
affect the physical and chemical properties of soymilk.38 As
shown in Fig. 2, we observed signicant difference of particle
size distribution between whole cotyledon soymilk and tradi-
tion milk. The particle size distribution of raw whole cotyledon
soymilk was mainly divided into two parts, the small peak was
a monomodal (peak 1), with the size in the 0.3–2 mm range,
while the larger part was formed by the merger of two peaks, the
particle size were in the range of 2–8 mm (peak 2) and 8–130 mm
(peak 3), respectively. The particle size distribution of raw
Fig. 3 The varying tendency of particle size distribution of whole cotyl
heated 10–18 min.

This journal is © The Royal Society of Chemistry 2020
traditional soymilk was divided into two parts. However, large
size region was a monomodal, with the size in the 10–140 mm
(peak 3) range, and the small size region was formed by the
merger of two peaks, range in 0.2–4 mm (peak 1) and 4–10 mm
(peak 2), respectively. It can be indicated that the traditional
soymilk had more extensive particle size distribution, and its
particle size was mostly distributed less than 10 mm, while the
particle size of whole cotyledon soymilk was mostly distributed
more than 50 mm.

Combining the main components analysis (Table 2) of whole
cotyledon soymilk and traditional soymilk, it could be specu-
lated that peak 1 might indicate soluble protein in the soymilk,
peak 2 might be the macromolecular insoluble protein and
peak 3 might indicate the decomposed cellulose.

To clarify the change of particle size distribution during
heating producing, the particles size distribution of whole
cotyledon soymilk was measured by the laser particle size
analyzer. The particle size distribution of soymilk was not
signicantly changed before boiling (before 8 min, Fig. 3a).
Aer boiling (aer 8 min), the peak 1 disappeared, which
mainly due to the heat-induced aggregation of the small
molecular proteins in the whole cotyledon soymilk (Fig. 3).
Thermal aggregation of protein requires the unfolding of the
protein to generate aggregation-prone molecules. It also
requires the ability of these molecules to approach each other
close enough so that the intermolecular interaction for aggre-
gates formation can efficiently occur, such as hydrophobic
interactions.39 And boiling processing causes the dissociation,
denaturation and aggregation of both 7S and 11S proteins.40

The relative volume of peak 2 increased before heating
12 min, while decreased aer heating 12–18 min. However,
peak 3 decreased when heating for 6–10 min and increased
when heating for 10–14 min. Aer heating for 14–18 min, the
relation volume of peak 3 descended again (Fig. 3b). When the
soymilk was boiled, we observed peak 4, which was distributed
in the region of 200 mm. The relative volume of peak 4 was
continuously rising with the prolongation of heating time.

The increasing of relative volume of peak 2 indicated the
increase of insoluble protein produced by the denaturation and
aggregation of soluble protein, and degraded-protein and ber
particles would form a protein–ber complex.41,42 Peak 4
edon soymilk during the heating process. (a) Heated 0–8 min and (b)
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Fig. 4 The varying tendency of viscosity and temperature of whole
cotyledon soymilk during the heating process.
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appeared aer soymilk was boiled and it could be inferred that
peak 4 might indicate the protein–ber complex.
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3.4. The changes of viscosity of whole cotyledon soymilk
during the heating process

The viscosity of raw whole cotyledon soymilk was signicantly
higher than that of raw traditional soymilk. It was partly
because whole cotyledon soymilk contained a higher content of
okara, which was rich in protein and ber. Higher concentra-
tion of nutrients indicated higher viscosity of soymilk system.6

In addition, as the ber was degraded by cellulase, the contents
of soluble polysaccharides in whole cotyledon soymilk were
increased.

The change of viscosity and temperature of whole cotyledon
soymilk during the heating process are shown in Fig. 4. It was
consistent with the results of previous studies, which demon-
strated that thermal treatment increased the viscosity of
almond milk.43 With the temperature increased, the viscosity of
the whole cotyledon milk was slightly decreased before it was
boiled. However, when the temperature reached the boiling
point, the viscosity increased rapidly from 20 Cp to 50 Cp. This
phenomenon was caused by a series of reactions such as
structural changes of protein molecules, disaggregation of
oligomers, hydrophobic groups and hydrogen bond exposure
reacted aer soymilk heating.44

Therefore, with the heat-induced denaturation of protein in
soymilk, the protein granular structure expanded, and its
molecular surface area increased. The protein molecules collide
with each other and the adjacent protein molecules were easy to
form the disulde bond, which cause the increase of soymilk
viscosity.45 Besides, the soluble polysaccharide was combined
with soybean protein to form the protein–polysaccharide gel,
resulting in the increase of the soymilk viscosity.46 The high
viscosity of soymilk had a great inuence on the dispersion of
coagulant in the coagulating process, and it could directly affect
the quality of the whole cotyledon tofu product.47 The soluble
ber fraction could also contribute to the increase in viscosity
by the extension and hydration of the biopolymer chains
induced by the temperature.43
40630 | RSC Adv., 2020, 10, 40625–40636 This journal is © The Royal Society of Chemistry 2020
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3.5. The change of surface hydrophobicity and soluble
protein content of whole cotyledon soymilk during the
heating process

The soluble protein content of whole cotyledon soymilk was
continuously decreasing with the prolongation of heating time
(Table 3). It was mainly because the small soluble protein
particles in the whole cotyledon soymilk had aggregated aer
thermal degeneration, formed large particles of protein polymer
with poor solubility.

During heating in 6–12 min, the aggregation between
protein molecular was faster than the aggregation between
protein and ber, therefore the relative volume of peak 2
showed an increase and peak 3 showed a decrease trend. Aer
12 min heating, most of the soluble protein particles had been
aggregated. It was consistent with the varying tendency of
soluble protein content of whole cotyledon soymilk during the
heating process. In this case, the aggregation between proteins
was much slower than that between the protein and ber.
Therefore, the relative volume of peak 2 showed a downward
trend and the peak 4 continued to increase.

The hydrophobicity of protein molecules was due to its
hydrophobicity side-chains of amino acid residue.48 These side-
chains would not interact with the polarity water molecules
(with the exception of van der Waals force), which resulted in
the hydrophobic groups tend to be combined in the interior of
the natural globulin hydrophobic region.48,49 During heating
process, the hydrophobic areas and hydrophobic groups in the
protein were exposed, which contribute to the formation of
protein gel network during coagulating process.50

As shown in Table 3, when the heating time was less than
12 min, protein surface hydrophobicity increased signicantly
with the prolongation of heating time, it showed that as the
heating of whole cotyledon soymilk, protein hydrophobic area
gradually exposed. With the prolongation of the boiling time of
Table 4 Effect of heating method on viscosity and content of free sulfh

Heating method Condition

Two-step 70 �C (5 min) to 95 �C (5 min)
75 �C (5 min) to 95 �C (5 min)
80 �C (5 min) to 95 �C (5 min)

One-step 85 �C (5 min)
90 �C (5 min)
95 �C (5 min)

a Different letters indicated signicant differences (p < 0.05). Capital letters
different heating methods, and lower letters indicate the difference of th
methods.

Table 5 Effect of heating method on texture properties of whole cotyle

Temperature

Texture properties

Gel strength (g) Hard

90 �C (5 min) 71.5 � 4.9 108.9
95 �C (5 min) 61.0 � 4.2 67.8

This journal is © The Royal Society of Chemistry 2020
soymilk, the surface hydrophobicity of protein was reduced
during heating 12 to 18 min. It suggested that the heat accu-
mulation between proteins was faster than the disaggregation
caused by thermal denaturation, exposed hydrophobic area was
wrapped up again. The results showed that boiling time of the
whole cotyledon soymilk had a great inuence on the formation
of protein gel network. When the soymilk was boiled for 6 min,
the protein surface hydrophobic reached the maximum. Theo-
retically, it was themost benecial condition for the coagulating
process.
3.6. Effect of heating method on viscosity and sulydryl
content of soluble protein in whole cotyledon soymilk

It could be seen from Table 4 that the viscosity of soymilk ob-
tained by two-step heatingmethod was signicantly higher than
that of soymilk obtained by one-step heating method, while the
content of sulydryl group was relatively low. Two-step heating
method lengthened the heating time at lower temperature,
allowing more polysaccharides to aggregate with the unfolding
proteins, resulting in a reduction in the sulydryl content in
whole cotyledon soymilk.

In one-step heating experiment, the viscosity of the whole
cotyledon soymilk increased with the rise of temperature and
sulydryl content also increased with heating temperature. It
showed that for the one-step heating method, the increase of
heating temperature could deepen the degree of protein
degeneration and thus increased the content of sulydryl
group. Meanwhile, as the heating time of one-step heating was
shorter than two-step heating, the amount of sulydryl group
wrapped by polysaccharide gel was relatively less, so one-step
heating method was suitable for whole cotyledon soybean milk.

As shown in Table 5, when the boiling temperature was 85 �C
and kept for 5 min, the tofu structure could hardly be solidied
and formed. This result was consistent with the low content of
ydryl group in whole cotyledon soymilka

Viscosity (mPa s)
Free sulydryl group
(mmol g�1)

81.0 � 0.01B 0.95 � 0.01d

73.3 � 0.6C 1.13 � 0.06d

84.3 � 0.6A 1.36 � 0.01c

46.7 � 0.6F 1.51 � 0.01c

62.3 � 0.6E 2.11 � 0.06b

69.0 � 0.01D 2.45 � 0.16a

indicated the difference of viscosity of whole cotyledon soybean milk in
iol group content in whole cotyledon soybean milk in different heating

don tofu

ness (g) Springiness Chewiness

� 0.3 0.945 � 0.003 37.8 � 1.7
� 2.1 0.939 � 0.003 28.9 � 4.4
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Table 6 The changes of sulfhydryl group content of whole cotyledon soymilk during the heating process

Boiling
time 0 min 2 min 4 min 6 min 8 min 10 min 12 min 14 min 16 min 18 min P-value

Sulydryl
group
content
(mmol g�1

protein)

2.43 � 0.14 2.39 � 0.12 3.40 � 0.15 2.98 � 0.13 2.62 � 0.11 2.99 � 0.09 2.49 � 0.06 2.70 � 0.07 2.59 � 0.10 3.04 � 0.08 <0.0001
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sulydryl in soybean milk under this condition, indicating that
the protein was not completely deformed and unfolded at this
temperature, so it was not conducive to the subsequent
formation of tofu gel. The gel strength, hardness, springiness
and other structural characteristics of whole cotyledon soybean
milk heated at 90 �C were all higher than those of the soymilk
kept at 95 �C (boiling point), mainly because the boiling of
whole cotyledon soybean milk for a long time would make more
proteins produce gelation, and accelerate aggregation between
polysaccharide and protein, which signicantly increased the
large particle in soymilk.51

As shown in Table 6, as the heating process continuous, the
content of sulydryl group in water-soluble protein in soybean
milk reached its maximum value at 4 min, but in general, the
content of sulydryl group did not change signicantly during
the heating process. In the process of heating, protein structure
denatured and the sulydryl group exposed to the surface of
the protein structure. At the beginning of the heating process,
the sulydryl content in soymilk increased slightly. As the
heating continued, the sulydryl group exposed to the surface
of the protein structure oxidized with oxygen to formmolecular-
or intramolecular-disulde bonds.52,53 The results shown in the
gure might be due to the fact that the exposure rate of sulf-
hydryl group in whole cotyledon soybean milk was close to the
rate of disulde bond re-formation, which resulted in the non-
signicant change of sulydryl content in soybean milk, and
the ultrasonic demulsication treatment of experimental
Fig. 5 SDS-PAGE profile of whole cotyledon soymilk under different te
conglycinin; A, A3 and B: acidic and basic subunits of glycinin; BX1 and

40632 | RSC Adv., 2020, 10, 40625–40636
samples also had a certain inuence on the content of protein
sulydryl.

3.7. SDS-PAGE prole of whole cotyledon soymilk during the
heating process

According to the different sedimentation coefficient, soy protein
could be divided into 4 components (2S, 7S, 11S and 15S). The
components of 7S and 11S accounted for 80% of soybean
protein. Many studies have shown that 7S subunit content is
negatively correlated with the product yield, hardness and
springiness of tofu, and the content of acidic polypeptides of
11S is positively correlated with yield and hardness of tofu, the
basic polypeptides of 11S is positively correlated with yield of
tofu.54,55

As shown in Fig. 5, soy protein of whole cotyledon soymilk
exhibited the characteristic bands representing the subunits of
7S (a, a0, and b) and 11S (A and B). The bands of 24 kDa (BX1)
and 18 kDa (BX2) are revealed to be oleosin proteins,56 which are
unique proteins in lipid bodies.57

Fig. 5a showed the SDS-PAGE prole of whole cotyledon
soymilk heated by different temperature (30–90 �C). Before the
temperature reached to 60 �C, band intensities of 7S and 11S
subunits had no signicant change. However, when the treat-
ment temperature was higher than 60 �C, band intensities of a,
a0, and b subunits substantially decreased with the increase of
soymilk temperature. In contrast, band intensities of A and B
subunits substantially increased. These results were in
mperature (a) and different heating time (b) a, a0 and b: subunits of b-
BX2: oleosins.

This journal is © The Royal Society of Chemistry 2020
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Table 7 Texture properties of whole cotyledon tofu prepared from heating whole cotyledon soymilk with different boiling time

Boiling time 0 min 2 min 4 min 6 min P-value

Gel strength (g) 84.5 � 7.8 94.5 � 0.7 120.0 � 9.9 84.0 � 4.2 <0.0001
Hardness (g) 77.1 � 2.971 85.4 � 0.727 94.8 � 1.536 67.8 � 2.164 <0.0001
Springiness 0.8 � 0.004 0.9 � 0.013 1.0 � 0.010 1.0 � 0.003 <0.0001
Chewiness 29.6 � 1.415 38.6 � 0.014 47.1 � 0.254 28.9 � 4.439 <0.0001

Table 8 Differences of anti-nutrient factor content between the
whole cotyledon tofu and traditional tofu

Anti-nutrient factors Whole cotyledon tofu Traditional tofu

Phytic acid (mg g�1) 1.71 � 0.81 23.35 � 0.79a

Trypsin inhibitor (mg g�1) 0.56 � 0.06 1.65 � 0.06a

a p < 0.001 when compared with whole cotyledon tofu.
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agreement with previous work which reported that the larger
particles in unheated soymilk were composed of 11S protein.38

Heating process decreases the solubility of 7S subunits protein,
the large particles of 11S subunits protein were broken and
more 11S subunits particles were recovered in the supernatants
of heated soymilk.31 Therefore, the heating process could
improve the ratio of 11S/7S subunits, which was benecial to
improve the quality of the whole cotyledon tofu.

Fig. 5b showed the SDS-PAGE prole of whole cotyledon
soymilk heated to different time (0–20 min). Compared with the
raw whole cotyledon soymilk, band intensities of 11S rapidly
increased aer 5 min heating. However, the change of the band
intensities of both 7S and 11S subunits were not obvious aer
boiling. This phenomenon indicated the protein aggregation of
both 7S and 11S aer soymilk boiling, and the boiling time has
no signicant effect on the ratio of 11S/7S subunits.
3.8. Texture properties of whole cotyledon tofu prepared
from whole cotyledon soymilk with different boiling time

The gel strength and hardness of whole cotyledon tofu were
lower than those of traditional tofu under experimental
Fig. 6 The difference of protein digestibility in SGF (a) and SIF (b) betwe

This journal is © The Royal Society of Chemistry 2020
conditions, which might be related to the presence of a large
amount of soybean polysaccharide in soymilk. Polysaccharide
concentration of whole cotyledon soymilk increased signi-
cantly aer enzymatic hydrolysis, which resulted in accelerating
of phase separation in the soymilk system. The polysaccharide
molecules appear to aggregate together, and the protein parti-
cles cannot distribute evenly in aqueous dispersion. In addi-
tion, protein–polysaccharide complex can block the formation
of gel network structure formed between proteins, which have
a negative effect on the strength of tofu gel, and the structure of
protein gel network was relatively loose.58–60

Aer 6 min boiling, the whole cotyledon soymilk could form
tofu structure. Thus, we selected 0–6 min as the research
gradient of boiling time in this experiment. The textural prop-
erties of whole cotyledon tofu prepared by whole cotyledon
soymilk with different boiling time are shown in Table 7. With
the prolongation of boiling time, the gel strength of the whole
cotyledon tofu rose rst and then decreased, it reached
a maximum point at 4 min boiling. Compared to the gel
strength, the hardness, the springiness, and the chewiness
changed slightly with the extension of time. Together with the
volume average particle size change of the soymilk, it indicated
that protein denaturation and aggregation occurred during the
6 min boiling, protein molecules formed thermal gels under the
physical interaction of hydrophobic interactions, hydrogen
bonding, electrostatic interaction.61 The hydrophobic region is
encapsulated by the protein aggregate, which then affect the
formation of the gel network structure in the coagulation
process.62 The surface hydrophobicity of protein rose rst and
then decreased in boiling process, and reached the maximum
en whole cotyledon tofu and traditional tofu.
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Table 9 Differences of color indexes between the whole cotyledon
tofu and traditional tofu

Color index Whole cotyledon tofu Traditional tofu

L* 88.33 � 0.86 81.13 � 1.90a

A* 0.24 � 0.09 1.77 � 0.12a

b* 13.19 � 0.39 15.93 � 0.60a

a p < 0.001 when compared with whole cotyledon tofu.
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value at 12 min aer boiling. However, aer 4 min of boiling,
the gel strength of whole cotyledon tofu reached its maximum
point. It suggests that the gel strength of whole cotyledon tofu
was not only affected by the surface hydrophobicity of the
protein, but also with other factors such as particle size and
content of polysaccharides and viscosity. Considering the
quality of the whole cotyledon tofu, the optimized heating
condition of the whole cotyledon milk in the experimental
conditions was determined: boil for 4 min.
3.9. Comparison of the content of anti-nutrient factors
between whole cotyledon tofu and traditional tofu

Phytic acid and trypsin inhibitors are widespread anti-
nutritional factors in soybean. Phytic acid can chelate with
calcium, iron, zinc and other minerals in food to form insoluble
compounds, which affect the absorption of minerals in the
small intestine.63 Trypsin inhibitors can inhibit or hinder the
trypsin digestion function, thus affecting protein absorption.64

Thus reducing the content of the two substances has great
signicances to the nutrition quality of tofu.

In this study, the content of phytic acid and trypsin inhibi-
tors in whole cotyledon tofu were signicantly lower than those
in the traditional tofu (Table 8). This was mainly because the
soaking operation in traditional tofu process could effectively
remove phytic acid from soybean embryo, and the water
absorption rate of soybean cotyledon was much faster than that
of soybean, which accelerated the phytic acid dissolution. In
addition, the heating treatment of whole cotyledon tofu could
effectively reduce the content and activity of anti-nutrient
factors in tofu.
3.10. Comparison of digestibility between whole cotyledon
tofu and traditional tofu protein in vitro

As could be seen from Fig. 6a, the protein digestibility in SGF of
whole cotyledon tofu increased rapidly in the rst 0.5 h, while
the protein digestibility changed slowly in the following 1.5 h.
While the digestibility of traditional tofu kept constant growth
Table 10 Differences of texture properties between the whole cotyledo

Gel strength/g H

Whole cotyledon tofu 120.0 � 9.9
Traditional tofu 178.4 � 4.3a 1

a p < 0.05 when compared with whole cotyledon tofu. b p < 0.001 when co

40634 | RSC Adv., 2020, 10, 40625–40636
within 2 h. In the SIF (Fig. 6b), the digestibility rate of whole
cotyledon tofu and traditional tofu was very slow. With 2 h of
digestion, the digestibility increased by about 10%.

In this study, we found that the digestion rate of whole
cotyledon tofu was faster than traditional tofu. The reasons
were as follows: (1) protein denaturation occurred under suit-
able heating conditions, peptide chain was broken, the folded
part of peptide chain became loose, and the action site of
digestive enzyme was exposed, digestive enzyme was easier to
play the role of digestion.65 (2) Phytic acid chelated metal ions
and polymerized with protein, resulting in the protease sites
being shielded. In addition, trypsin inhibitor could inhibit the
trypsin activity. The above results observed in this study
conrmed that heating treatment could reduce the content of
trypsin inhibitor in the whole cotyledon tofu, thus improving
the protein digestibility of whole cotyledon tofu.

3.11. Comparison of physical properties between whole
cotyledon tofu and traditional tofu

Table 9 showed the color difference between the two types of
tofu. The whiteness of whole cotyledon tofu was signicantly
higher than that of traditional tofu, and the color of traditional
tofu was more red and yellow. Soybean was rich in b-carotene,
which caused the color of traditional tofu to be light yellow.
However, b-carotene was unstable in heat, light and oxygen
environment,66 while the whole cotyledon tofu was processed by
heat treatment and enzymolysis, resulting in the decrease of b-
carotene. Therefore, the color of the whole cotyledon tofu was
whiter.

As shown in Table 10, the texture characteristics such as gel
strength, hardness and chewiness were all lower than those of
traditional tofu, while springiness was closer to traditional tofu.
Combined with previous studies, the size of insoluble particles
in the whole cotyledon soymilk was signicantly larger than
that in traditional soybean milk, which hindered the formation
of protein gel network. In addition, the interaction between
soybean protein and soybean residue polysaccharides was
weaker than that between proteins. The stability of the gel
network constructed by polysaccharide and protein was rela-
tively poor.34 Therefore, the whole cotyledon tofu gel exhibits
a weak gel state.

4. Conclusions

Based on the above results, the heating parameters of whole
cotyledons tofu were determined. In addition, compared with
traditional tofu, whole cotyledon tofu could make full use of
soybean raw materials and had higher nutritional value. The
n tofu and traditional tofu

ardness/g Springiness Chewiness

94.8 � 1.5 1.00 � 0.01 47.1 � 0.3
81.2 � 4.3b 0.99 � 0.02 37.7 � 1.8a

mpared with whole cotyledon tofu.
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processing of whole cotyledon tofu included heat processing
and enzymatic hydrolysis technology, which greatly reduced the
content and activity of anti-nutrient factors and made higher
protein digestibility of tofu. Therefore, whole cotyledon tofu
had better health properties and application prospects. More
researches are required to understand the mechanism of
interaction between soy polysaccharide and protein during the
heating process in order to illuminate the effects of poly-
saccharide on the formation of tofu gels.
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