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Abstract

fermentation process conditions. [ Methods ] Based on the results of single factor experiments, response surface methodology was employed to optimize the fermenta-

[ Objectives | This study was conducted to improve the poor water-holding capacity (WHC) and high syneresis rate of fermented soy milk by optimizing

tion temperature, fermentation time, and starter culture addition for enhancing WHC. The physicochemical properties of fermented soybean milk were analyzed.
[Results | The optimal process parameters were determined as follows: fermentation temperature 36 °C, fermentation time 8 h, and starter culture addition 5% .
Under these conditions, WHC reached (77.18 £0.08) % , which was consistent with the theoretical prediction value of (76.75 £0.15)%. During fermentation,
the pH decreased from (6.6 £0.11) to (4.65 £0.09) , while acidity increased from (16.5 £0.04)°T to (81.5 £0.08)°T. The viable cell count rose from 1 x
10" 10 29 x 107 ¢fu/ml, and WHC was improved significantly from (10.50 £0.18)% to (77.40 £0.13)%. [ Conclusions ] This study optimized the fermentation
process parameters and revealed physicochemical characteristic changes during soybean milk fermentation, providing a theoretical foundation for industrial produc-

tion.
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Driven by the dual forces of global health awareness upgra-
ding and carbon neutrality strategies, the market of plant-based
fermented food is expanding rapidly at a compound annual growth
rate of 12.3% , with per capita protein intake reduced by 10% -
15% by 2050. Meanwhile, the proportion of plant-based protein
in the diet is expected to increase from 40% to 60% of total dieta-
ry protein''’. As a representative product in this field, fermented
soy milk combines the nutritional value of soybeans with probiotic
functions through microbial fermentation, emerging as a key

growth category in the dairy alternative market'>".

However, in-
dustry research reveals that approximately 67% of fermented soy
milk producers face rising customer complaints due to batch-to-
batch variations in physicochemical properties, with viscosity fluc-
tuations ( +15% ), insufficient water-holding capacity ( syneresis
rate > 8% ), and protein aggregation precipitation identified as

BJ. This phenomenon highlights

the three major quality defects
how existing production technologies severely constrain the
industry’s development.

The physicochemical properties of fermented soy milk are
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essentially the result of a complex dynamic equilibrium among
proteins, polysaccharides and microbial metabolism during fer-
mentation. Studies show that exopolysaccharides (EPS) produced
by lactic acid bacteria can interact with soy proteins ( such as
B-conglycinin) through hydrogen bonds to form a three-dimension-
al network structure, directly affecting the viscoelasticity and wa-

) Meanwhile, the synergistic

ter-holding capacity of products
effect of fermentation temperature and time not only regulates mi-
crobial activity but also alters protein isoelectric points by influen-

Although

traditional single-factor optimization can identify the main effects

cing proteolysis, thereby determining gel stability"™.

of individual variables such as inoculum size, it fails to elucidate
the nonlinear kinetic mechanisms underlying multivariate interac-
tion such as temperature-time-strain ratio. For instance, Gholam-
hosseinpour et al. "' found that the coupling effects of multiple
factors make precision quality targeting difficult to achieve through
empirical process control.

Therefore, in this study, with mixed bacteria of Lactobacillus
bulgaricus, Streptococcus thermophilus, Lactobacillus plantarum
and Lactobacillus rhamnosus as the starter culture, based on sin-
gle-factor experiments, a response surface model of fermentation
temperature, inoculation amount and fermentation time was estab-
lished by Box-Behnken design (BBD) to investigate the interac-
tion of multiple factors on the water-holding capacity (WHC) and
physicochemical stability of fermented soy milk and develop a pre-
diction model, and optimal production conditions were determined

through a verification experiment. This study provides theoretical
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support for standardized production of fermented soy milk while
offering methodological reference for process optimization innova-

tion in plant-based fermented food.

Materials and Methods
Materials and reagents

GMO-free soybeans from Northeast China were purchased
from the Shaoyang Agricultural Product Market in Hunan Prov-
ince. L. bulgaricus, S. thermophilus, L. plantarum, and L. rh-
amnosus were obtained from Guangdong Institute Of Microbiology.
Plate count agar and sodium hydroxide reagents, all of analytical
grade, were purchased from Sinopharm Chemical Reagent
Co. , Ltd.
Instruments and equipment

LS-B50L high-pressure steam sterilizer ( Shanghai Huaxian
Medical Nuclear Instrument Co., Lid.); integrated soy milk
cooking machine ( Beijing Kangdeli Intelligent Technology
Co. , Lid. ) ; DHP9140A incubator ( Shaoxing Super Instrument
Co., Ltd. ) ; acid-base burette ( Hunan Aidite Scientific Instru-
ments Co. , Ltd. ); pH meter (Shanghai Lichen Bangxi Instru-
ment Technology Co. , Lid. ).
Experimental methods
Preparation of starter culture  The four bacterial strains
(L. bulgaricus, S. thermophilus, L. plantarum and L. rhamno-
sus) were, respectively, inoculated into MRS liquid medium and
cultured at 37 °C for 24 h. They were activated for three succes-
sive cycles. The activated cultures were confirmed to have a viable
count of 107 ¢fu/ml through plate counting and stored at 4 °C for
subsequent use.
Design of single factor experiments Using 150 g of soy milk as
the substrate, and fixing the addition amount of sucrose at 8%
while keeping other conditions constant, the effects of starter cul-
ture addition (2% , 3% , 4% , 5% , 6% ) , fermentation time (6,
7,8,9, 10 h), and fermentation temperature (30, 33, 36, 39,
42 °C) on the viscosity of set-style fermented soy milk were inves-
tigated with WHC of set-style fermented soy milk as the evaluation
index.
Design of response surface experiment Based on the single
factor experiments, a response surface experiment was designed by
Box-Behnken Design ( BBD) using Design-Expert 8. 0. 68 RSM
software for optimization. The experimental factors, level coding
and response values are presented in Table 1. Each group of ex-
periments was conducted in triplicate to optimize the fermentation
process conditions.
pH measurement during fermentation The pH values of sam-
ples were measured using a pH meter.
Acidity determination during fermentation The acidity was

measured according to the method described by Yousefi et al. 7.

Analysis of WHC The WHC of soy yogurt was determined by
the centrifugation method. The weight of an empty 50 ml centri-
fuge tube was recorded as W,. After adding 20 g of soy yogurt into
the tube, the total weight was recorded as W,. The sample was
centrifuged at 10 000 x g and 4 °C for 20 min. After removing the
supernatant,, the weight was recorded as W,. WHC was calculated

using following formula

WHC (%) =[ (W; =W,)/(W, =W,) ] x100% (1)

Table 1 Factors and levels of the Box-Behnken Design ( BBD) experi-
mental design

Level
Factor
-1 0 1
A Inoculum size // % 4 5 6
B Fermentation time //h 7 8 9
C Fermentation temperature // °C 33 36 39

Viable cell counting The viable bacterial count was determined
according to the method described by Qin et al. ™.
Statistical analysis of data

All measurements were performed in three independent repli-
cates, with final results expressed as mean + standard deviation
(Mean = SD). Statistical analysis was conducted using SPSS 21
software, with P < 0. 05 considered statistically significant.

Graphs were generated using Origin 2021 software.

Results and Discussion
Effects of different fermentation temperatures on WHC of
fermented soy milk

The effects of fermentation temperature on the WHC of fer-
mented soy milk are shown in Fig. 1A. From 30 to 36 °C, WHC
gradually increased, and maintained a relatively high level be-
tween 33 and 36 °C. At 39 °C, WHC decreased but remained low-
er than those at 30 and 33 °C. It indicated that increasing temper-
ature within a certain range enhanced WHC, with 36 °C being the
optimal fermentation temperature. Excessively high temperatures
were unfavorable for maintaining WHC.
Effects of different fermentation time on WHC of fermented
soy milk

As shown in Fig. 1B, WHC exhibited an increasing trend as
fermentation time extended from 6 to 8 h, followed by a declining
trend from 8 to 10 h. The highest WHC was achieved in the fer-
mented soy milk at 8 h of fermentation.
Effects of different starter culture addition levels on WHC of
fermented soy milk

Fig. 1C demonstrates that WHC initially increased and then
decreased as the inoculum size rose from 2% to 6% . The WHC
was observed at the starter culture addition level of 5% , indicating

that appropriate increases in inoculum size could enhance WHC.
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Fig. 1 Effects of different fermentation temperatures (A ), fer-

mentation time (B) and starter culture addition (C) on
WHC of fermented soybean milk

Response surface optimization results
Optimization on fermentation conditions of fermented soy
milk by response surface methodology

Table 2 Experimental design of Box-Behnken Design ( BBD) and re-
sponse values of the WHC of fermented soy milk

Test A Inoculum B Fermentation C Fermentation

No. size time temperature WHC//%

1 5 8 36 78.80 £0.15
2 5 8 36 74.39 +0.42
3 5 8 36 76.88 +0.01
4 5 8 36 73.89 £0.37
5 5 8 36 77.90 £0.04
6 5 9 33 64.85 £0.02

( Continued )

(Table 2)

Test A TInoculum B Fermentation C Fermentation

No. size time temperature WHC//%

7 5 7 33 67.05 £0.16
8 5 9 39 60.01 £0.78
9 5 7 39 61.13 +0.11
10 6 8 39 63.86 £0.47
11 6 7 36 62.27 £0.02
12 6 8 33 65.25 +0.27
13 6 9 36 61.20 +0.21
14 4 7 36 67.88 £0.02
15 4 8 33 68.85 £0.05
16 4 8 39 63.70 £0.18
17 4 9 36 61.92 £0.42

Model fitting and result analysis
cording to the response surface BBD design are shown in Table 2.
The WHC of fermented soy milk ranged from 60. 01% to 78.
80% . Using Design-Expert 8.0. 6, the experimental data were fit-

The experimental results ac-

ted with a quadratic polynomial regression model, yielding follow-
ing second-order multiple regression equation; ¥ =76.11 —1.02A
-1.29B - 2.28C + 1. 22AB + 1. 18AC +0. 27BC - 5. 69A° —
7.43B” -5.10C".

Table 3 Analysis of variance for the regression model

Source of variation Sum of Df Mean F I3 Significance
squares square

Model 617.36 9 68.60 15.36 0.000 8 Significant

A Inoculum size 6.96 1 6.96 1.56 0.2521

B Fermentation time 13.39 1 13.39 3.00 0.1269

C Fermentation 29.30 1 29.30 6.56 0.0375

temperature

AB 5.98 1 5.98 1.34 0.2852

AC 3.02 1 3.02 0.68 0.4379

BC 0.29 1 0.29  0.0650.805 6

A? 125.68 1 125.68 28.15 0.001 1

B2 208.48 1 208.48 46.69 0.000 2

C? 86.57 1 86.57 19.39 0.003 1

Residual 31.26 7 4.47

Lack of fit 12.68 3 4.23  0.91 0.511 3 Non-signifi-

Pure error 18.58 4 4.64 cant

Total deviation 648.62 16

R? =0.952 R, =0.889

Analysis of variance (ANOVA) was performed on the multi-
ple regression model, with results shown in Table 3. The estab-
lished regression equation model showed P <0.000 1, indicating
the fitted model was highly significant. The regression coefficient
R’ =0.951 8 demonstrated good fitting accuracy of the equation,
while the adjusted coefficient Ridj =0.889 9 indicated the regres-
sion model could explain 88.99% of the variation in the response
value. Significance test of the regression equation coefficients re-
vealed that among the linear terms, factor C, and among the
quadratic terms, A’, B® and C* had significant effects on the
WHC of fermented soy milk. It could be seen that the effects of
various factors on the WHC of fermented soy milk were not simple
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linear relationships. After eliminating non-significant terms at
a =0. 05 significance level, the optimized model was obtained as:
Y=76.11 -2.28C -5.69A% -7.43B” -5.10C*.

Effects of interaction between factors on WHC of fermented
soy milk Fig. 2 shows the 3D response surface plots and contour
plots of the regression equation. In the plots, steeper slopes indi-
cate more significant effects, while gentler slopes suggest less sig-
nificant effects. The shape of the contour lines also reveal signifi-
cant interaction between factors. Elliptical contours indicate a
whereas circular contours

significant interaction, suggest a
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non-significant interaction. As shown in Fig. 2(A), the effect of
starter culture addition on WHC was greater than that of fermenta-
tion time, and the elliptical contour lines indicate significant inter-
action between these two factors on WHC. In Fig. 2(B), while
starter culture addition showed greater impact on WHC than fer-
mentation temperature, the elliptical contours suggest relatively
weaker interaction between the two factors. Fig. 2(C) demon-
strates that fermentation time had greater effect on WHC than fer-
mentation temperature, and the near-elliptical contours imply a
moderate interaction effect between the two factors.
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Fig. 2 Response surface and contour plots of the effects of three factors on WHC of fermented soy milk

Model verification

Based on response surface optimization

analysis, the optimal fermentation conditions for fermented soy
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milk were determined as: fermentation temperature 35.37 °C, fer-
mentation time 7.90 h, and starter culture addition 4. 86% . For
practical operation, these parameters were adjusted as follows: fer-
mentation temperature 35 °C, fermentation time 8 h, and starter
culture addition 5% . Under these optimized conditions, the ob-

tained WHC of fermented soy milk was (77.18 +0.08)% (n =

3), which closely maiched the theoretical predicted value of

(76.75 £0.15) % . Therefore, the optimized fermentation process
conditions obtained in this study were accurate and feasible.
Changes in pH during fermentation of fermented soy milk
Fig. 3A shows that at the initial fermentation stage (0 h),
the pH of the fermentation broth was 6.6 +0. 11. As the fermenta-
tion progressed from O to 8 h, the pH exhibited a gradual decrea-
sing trend, reaching 4.65 £0.09 at 8 h. This trend indicated the
microbial metabolic activity continued throughout fermentation,
with increasing production of acidic metabolites, which made acid-
ic substances in the fermentation broth accumulate continuously,
leading to consequent pH reduction.
Changes in acidity during fermentation of fermented soy milk
As shown in Fig. 3B, the total acidity of fermented soy milk
exhibited a continuous increasing trend with prolonged fermentation
time. At the initial stage (0 h), before fermentation began, the
acidity remained relatively low at (16.5 +£0.04)°T. The total
acidity progressively increased as fermentation proceeded, reaching
approximately (81.5+0.08)°T after 8 h of fermentation. Tt
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demonstrated that microbial metabolic activity gradually intensified
after fermentation initiation, leading to continuous accumulation of
acidic compounds. Extended fermentation duration caused greater
production of acidic metabolites by microorganisms, resulting in
higher total acidity.
Changes in viable bacterial count during fermentation of fer-
mented soy milk

Fig. 3C demonstrates that during the initial fermentation stage
(0, 2 and 4 h) , the viable bacterial count remained relatively low
and stable at approximately 1 x 10" c¢fu/ml, indicating slow micro-
bial proliferation at the beginning of fermentation. By 8 h of fer-
mentation, the viable count significantly increased to about 29 x
107 cfu/ml, representing the peak value throughout the fermenta-
tion process. It showed that with the extension of fermentation
time, microorganisms had adequate time to grow and reproduce u-
sing nutrients, and the viable cell number increased accordingly.
Changes in WHC during fermentation of fermented soy milk

Fig. 3D shows that the WHC was approximately (10. 50 +
0.18)% at 0 h of fermentation. Between 0 and 2 h, WHC showed
an increasing trend. When fermentation time reached 2 — 6 h,
WHC gradually rose to (56 £0.15)%. At 8 h of fermentation,
WHC remained a high level of (77.40 £0.13)% . Overall, WHC
exhibited a progressive increase with fermentation time and was
stabilized in later stages, demonstrating that the fermentation
process effectively enhanced the WHC of the system.
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Fig. 3 Changes in pH (A), acidity (B), viable bacteria count ( C) , and water-holding capacity (D) of fermented soy milk with the extension of

fermentation time
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Conclusions and Discussion

The results of this study elucidated the effects of fermentation
temperature , time, and starter culture addition on the WHC of fer-
mented soy milk. The optimal parameters determined through re-
sponse surface methodology were as follows; fermentation tempera-
ture 35 °C, fermentation time 8 h, and starter culture addition
5% . Under these conditions, the fermented soy milk achieved su-
perior WHC of (77.18 £0.08)% . ANOVA results confirmed the
highly significant reliability of the established multiple regression
model. Fermentation time was identified as the most significant
factor affecting the WHC of fermented soy milk. The study re-
vealed a nonlinear relationship between various process parameters
and WHC. During fermentation, the pH value was on the decrease
with time, while acidity, WHC and viable bacterial count showed
increasing trends. These findings provide both theoretical founda-
tion and practical guidance for industrial production and quality
improvement of fermented soy milk.
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soils and crops, and flexibly adjust nutrient management strategies
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could allow students to master the method of precise regulation of
soil nutrients, improve their ability of nutrient management in ag-
ricultural production, and stimulate their interest in agricultural
science and technology and love for agriculture.

Ideological and political objectives: The ideological and po-
litical objectives included carrying forward the flexible tactical
spirit of Crossing the Chishui River Four Times, cultivating
students’ innovative thinking and practical ability in soil nutrient
regulation, enhancing their love for agricultural production, and
making them realize the importance of scientific nutrient manage-
ment for good harvest in agriculture.
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pertinence and effectiveness of teaching. The improvement of the
teaching evaluation system should be strengthened to evaluate
students’ learning achievements more comprehensively and objec-
tively, which is also an inevitable requirement for the construction

"B Through continuous exploration

of "new agricultural science
and practice, we will better cultivate more new "red heart" young
talents with firm ideals and beliefs, solid professional knowledge

and strong social responsibility who know and love agriculture.

References

[1] GUO XG, LI XY. Analysis on the ideological and political value and path
of practice research of "red and green" [J]. Journal of Nanping Teachers
College, 2021, 40(8) : 33 —=37. (in Chinese).

[2] TAN T. Research on Guizhou college students’ inheritance of local red

culture in the new era[ D]. Guiyang: Guizhou Normal University, 2021.

(in Chinese).

CHEN XH, FANG YM, HUANG HN. Exploration on the path of integra-

ting red culture into curriculum ideological and political education[J].

Cuanbo Yu Banquan, 2021(2): 122 - 124. (in Chinese).

[4] WEI JL, ZHANG LL, XU G, et al. Construction and practice of ideolog-
ical and political theory education system of soil science experimental
course[ J]. Journal of Anhui Agricultural Sciences, 2022, 50(14) : 253
-255. (in Chinese).

[5] ZHANG BR, CUL'Y, JIANG QQ, et al. The implementation approach of

ideological and political education in soil and fertilizer course under the

[3

[

background of new agricultural science[J]. Anhui Agricultural Science
Bulletin, 2020, 26(9) : 150 —152. (in Chinese).

Proofreader: Xinxiu ZHU



