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Abstract

Soy whey, a liquid nutritional by-product of soybean manufacture, is rich in proteins, oligosaccharides and isoflavones.
Soy whey can be used to produce functional beverages, instead of discarding it as a waste. In this study, unfermented
soy whey (USW) and Cordyceps militaris SN-18-fermented soy whey (FSW) were investigated and compared for their
physicochemical and functional properties by high performance liquid chromatography (HPLC) and DNA damage
assay. Results show that C. militaris SN-18 fermentation could increase the contents of essential amino acids, total
phenolic and flavonoid and isoflavone aglycones and eliminate the oligosaccharides in soy whey. Furthermore, C.
militaris SN-18 could significantly enhance the ABTS radical scavenging ability, reducing power and ferric reducing
power of soy whey, and its fermented products could prominently attenuate Fenton reaction-induced DNA damage.
These findings indicate that soy whey can potentially be converted into a novel soy functional beverage by C. militaris
SN-18 fermentation.
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Introduction
Soy whey, a by-product of soybean production, can
be produced in large quantities when tofu is pressed
to remove excess moisture. It reported that 8.95 kg
soy whey could be produced when the traditional
craft is applied to processing 1 kg soybean (Tu Tang,
Azi Hu & Dong 2019). Soy whey is characterized by
high chemical and biochemical oxygen demand due
to a large number of nourishing substances, such as
soy protein, fat, isoflavones, saponins, stachyose, and
raffinose (Wang & Serventi 2019).
Soy whey is employed as a potential resource for various

purposes. It is used for the recovery of magnesium ions
and for the separation of isoflavone aglycones, proteins
and oligosaccharides (Chua & Liu 2019; Liu Zhang Wu

Wang & Wang 2013). Soy whey also can serve as a liquid
fermentation substrate to obtain functional substances,
such as β-galactosidase (Kumari Panesar & Panesar 2011).
However, much waste is generated during the process of
target substance extraction and purification, and achieving
zero pollution of soy whey is difficult when current extrac-
tion methods are applied. Biotransforming soy whey into
edible food and beverage products directly can reduce en-
vironmental pollution during the manufacture of soybean
products, which is an ideal solution to soy whey
utilization. Apart from the improvement in taste, micro-
bial fermentation can result in increases in the contents of
the secondary physiologically active substances and en-
hancement in the products’ functional properties. Kombu-
cha, Saccharomyces cerevisiae and Lactobacillus
plantarum fermentation could lead to the development of
soy whey-based beverages that are cheap, nutritious and
highly functional (Chua Lu & Liu 2017; Tu et al. 2019;
Xiao et al. 2015). The soy-derived food consumption is
somewhat limited by the presence of non-digestible food
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ingredients, such as stachyose and raffinose, which can
cause intestinal disturbance (Geng et al. 2020). α-
Galactosidases can be produced directly by microbial
fermentation and hydrolyze the α-galactosidic linkages of
raffinose and stachyose; thus, they effectively eliminate the
oligosaccharides in soy products (Xia et al. 2019).
Phenolic compounds have actual and potential effects

on human health, such as preventing oxidation, inflam-
matory reaction, carcinogenesis, and DNA mutations
(Wang Luo Wu Liu & Wu 2018; Xia et al. 2019).
Isoflavones, which are considered to be the most bio-
active compounds in soybean, can play an important
role in scavenging radicals, reducing a person’s risk of
cancers, and relieving osteoporosis and women’s meno-
pausal symptoms (Xia et al. 2019). Isoflavone aglycone
could be absorbed directly through the intestinal epithe-
lium without the required residence time to hydrolyze
the glycoside moiety. They are known to exhibit marked
biological activity than isoflavone glucosides (Hsiao Ho
& Pan 2020). Microbial fermentation was proved to en-
hance the levels of bioactive phenolic compounds and
flavonoids, transform isoflavone glucoside forms into
their corresponding aglycone forms, and produce new
antioxidants (Chua et al. 2017; Xia et al. 2019).
Cordyceps militaris, an entomogenous fungus, is a well-

known folk tonic food and crude drug used in traditional
Chinese medicine. Liquid state fermentation of C. mili-
taris is conducive to mycelial growth and production of
exo-biopolymer and has a broad application prospect
(Park Kim Hwang & Yun 2001). During fermentation,
proteolytic enzymes produced by C. militaris can lead to
proteolytic degradation and production of smaller
nitrogen compounds (Han Rombouts & Nout 2004; Xiao
et al. 2015). These small compounds including peptides
and amino acids can contribute to increasing the nutri-
tious components and enhancing the flavor and aroma of
products. Xiao Xing et al. (2015) reported that C. militaris
fermentation could enhance the antioxidant activities and
the in vitro protein digestibility of chickpea flours.
This study purposed to systematically assess chemical

compositions and functional properties of soy whey fer-
mented by C. militaris SN-18. Specifically, this work
focuses on investigating oligosaccharides, amino acids,
isoflavone profiles, antioxidant activities, and the DNA
damage protection of USW and FSW.

Materials and methods
Materials
The compounds 2,2-azinobis (3-ethyl benzothiazoline-6-
sulfonic acid) diammonium salt (ABTS), daidzin, glycitin,
genistin, daidzein, glycitein and genistein were obtained
from Sigma-Aldrich Chemical Co., Ltd. (St. Louis, MO,
USA). HPLC-grade acetonitrile and methanol were from
Merck Chemicals Co., Ltd. (Darmstadt, HE, Germany).

Fenton’s reagent (FR) contained 3 μL of 0.08mM FeSO4,
4 μL of 30% (v/v) H2O2 and 3 μL of distilled water. All
other chemicals employed were of analytical grade and
purchased from Macklin Inc. (Shanghai, SHH, China).

Fermentation of soy whey
C. militaris SN-18 was obtained from the Food Micro-
biology Laboratory, Nanjing Agricultural University. Soy
whey obtained from the gypsum tofu-manufacturing
process contained 7.1 mg/mL of protein, 4.1 mg/mL of
ash, 3.5 mg/mL of crude fat and 85.2 mg/mL of
carbohydrates.
C. militaris SN-18 was placed on potato dextrose agar

(PDA) and incubated at 26 °C for 7 days. The spores
were washed three times following centrifugation with
sterile distilled water and 5% (v/v) of the C. militaris
SN-18 spore suspension was inoculated into sterilized
soy whey. The fermentation was performed at 26 °C for
8 days and fermented samples were collected every 2
days during liquid fermentation.

Measurement of pH value
The pH value of soy whey was measured by using a cali-
brated FiveEasy Plus FP20 pH meter (Mettler-Toledo,
Zurich, ZH, Switzerland).

Microbial biomass determination
The mycelium was harvested by centrifuging at 8000 g
for 20 min from 100mL of soy whey and then the pre-
cipitate was washed three times with distilled water. The
microbial biomass in soy whey was expressed as grams
of wet weight per 100 mL of FSW.

Reducing sugar and oligosaccharides content
determination
Reducing sugar content was measured by the dinitrosa-
licylic acid (DNS) method as described by Hu et al. (2008)
with modification. Briefly, 1 mL of FSW and 2mL of DNS
solution were added into the tube and mixed well. After
the tube was placed in a boiling water bath for 5min, the
mixture was transferred into room temperature water
bath for 10min. After 25mL of distilled water was added
to the tube and mixed well, the absorbance was read at
540 nm. Concentrations were determined by comparing
the absorbance of samples with a standard calibration
curve constructed by using glucose.
Oligosaccharides content was determined according to

the method reported by Wang Yu Yang and Chou
(2003). An HPLC system (Waters, Milford, MA, USA)
equipped with a refractive index detector was used. 65%
acetonitrile in ultrapure water was used as the mobile
phase. After filtered with 0.45 μm membrane, 10 μL of
samples were injected into a Hypersil APS2 column (4.6
mm × 250mm, 5 mm) at a flow rate of 2.0 mL/min.
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Results were expressed as milligram per milliliter of
USW or FSW (mg/mL).

Sensory evaluation
The FSW underwent sensory evaluation by 15 trained
analytical sensory panelists at 2-day intervals. A sensory
scoring range of 0–10 (lowest to highest) was used for
organoleptic characteristics and an overall sensory evalu-
ation value was obtained.

Analysis of amino acids and determination of crude
protein
Amino acid composition was determined according to the
method reported by Han et al. (2004). After filtered with a
0.45 μm membrane, samples were subjected to a HITA
CHI L-8900 automatic amino acid analyzer (Hitachi Ltd.,
Tokyo, Japan) with ninhydrin post-column derivatization
and reverse-phase HPLC. Besides, the Kjeldahl method
was used to determine the crude protein content.
The determination of tryptophan was carried out on a

combined HPLC-ultraviolet system by using the method
of Zhu et al. (2010). The samples were centrifuged at
8000 g for 10 min and the supernatants were then fil-
tered through 0.45 μm membrane for analysis.

Samples solvent extraction
The soy whey fermented for 6 days and USW were cen-
trifuged at 8000 g for 10 min and then the supernatants
were lyophilized by FDU-1200 vacuum freeze-drying
(EYELA Co., Tokyo, Japan). For water extracts, 1.0 g of
sample mixed with 40mL of distilled water and placed
on a THZ-C-1 shaking bed (Taichang Scientific Instru-
ment Co., Ltd., China.) at 150 rpm for 3 h at 40 °C. For
ethanol (80%) extracts, 1.0 g of sample was extracted
with 40 mL of ethanol (80%) in a water bath at 50 °C for
4 h. The water and ethanol (80%) extracts were centri-
fuged (12,000 g for 20 min at 4 °C) and the supernatants
were collected. Then, the insoluble residues after centri-
fugation were re-extracted twice under the same condi-
tions. Thereafter, all the supernatants collected were
lyophilized under vacuum and then were dissolved in
corresponding extraction solvent to a concentration of
20 mg/mL for further analysis.

Total phenolic and flavonoid contents determination
Total phenolic content (TPC) was analyzed through the
Foline Ciocalteu (F-C) method described by Xiao et al.
(2016). Sample solution (200 μL) was added to 2.30 mL
of distilled water, 0.50 mL of F-C reagent and 2.00 mL of
7.5% Na2CO3 solution. The mixture was kept in the dark
for 2 h. The absorbance was measured at 700 nm and
the results were expressed as milligram of gallic acid
equivalents (GAE)/ g dry extract.

Total flavonoid content (TFC) was performed accord-
ing to Tu et al. (2019). Briefly, 250 μL of sample solution
was mixed with 1.25 mL of distilled water and 75 μL of
5% (w/v) NaNO2, and then the mixtures were kept for 6
min. One hundred fifty microliters of 10% (w/v) AlCl3
was added to incubate for 5 min. Then, 0.5 μL of 1 mol/
L NaOH and 275 μL of distilled water were added into
the mixture solution. The absorbance was measured at
510 nm and the TFC was expressed as milligram of rutin
equivalents (RE)/ g dry extract.

Isoflavone content determination
Isoflavone separation was performed by a HPLC system
including a C18 packed column (4.6mm× 250mm, 5 μm)
and a PDA-2998 photodiode array detector (Waters,
Milford, MA, USA). The isoflavone content was measured
as described by Wu et al. (2021).

ABTS radical scavenging ability
ABTS radical scavenging ability was measured following
the method of Xia et al. (2019). The inhibition percent-
age was calculated according to the equation [1 - (Asam-

ple / Acontrol)] × 100. The extraction solvent was used as
control solvents and Vc was used as a positive control.

Reducing power
Reducing power was determined by using the method
reported by Zhao and Shah (2014) with modification.
Sample solution (0.5mL) was added to 0.5 mL of 1% (w/v)
potassium ferricyanide and 0.5 mL of 0.2 mol/L phosphate
buffer (pH 6.6). Before 0.5 mL of 10% trichloroacetic acid
(TCA) was added to terminate the reaction, the mixture
was incubated at 50 °C for 20min. The upper layer (1.5
mL) was collected after centrifugation at 3000 g for 5min
and then mixed with 0.2 mL of 1mg/mL FeCl3 for 10min.
Results were expressed as absorbance of the reaction
mixture at 700 nm.

Ferric reducing power
Ferric reducing power was analyzed according to the
method previously reported by Tu et al. (2019). The
standard calibration (100–1600 μmol/L) curve was
plotted using FeSO4 and the final results were expressed
as μmol/L FeSO4 equivalents.

DNA damage assay
The prevention of oxidative DNA damage was per-
formed according to Seo et al. (2015). Briefly, 1 μL of
0.5 μg/mL plasmid pUC-18 DNA was treated with 10 μL
of Fenton’s reagent and 10 μL of extracts at the concen-
trations of 0.1, 0.5, 1.0 mg/mL, respectively. After 1 h of
incubation at 37 °C, 10 μL of reaction mixture along with
6 × DNA loading dye was loaded on a 1% agarose gel for
electrophoresis at 100 V and photographed with the gel
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documentation system (Bio-Rad Laboratories, Inc., Rich-
mond, CA, USA). The bands were quantified using Bio-
Rad Quantity One software program. The untreated
pCU-18 plasmid DNA was used as a control and rutin
was used as a positive control. The amount of super-
coiled DNA was calculated as reported by Xiao, Wang,
et al. (2015).

Statistical analysis
All measurements were carried out in triplicate for each
sample and data were expressed as means ± standard de-
viation (SD). EC50 values were obtained by interpolation
from a linear regression analysis. Analysis of data was per-
formed using one-way ANOVA followed by Duncan’s test

(SPSS version 20.0, SPSS Inc., Chicago, IL, USA), and the
significance level was set at P < 0.05.

Results and discussion
Changes in pH value and mycelial biomass during
fermentation
Figure 1 presents the changes of pH value and mycelial
biomass of C. militaris SN-18 in soy whey during
fermentation. The initial pH value of soy whey was ap-
proximately 5.83, which continuously increased to 7.58
after 8 days of fermentation (Fig. 1a). However, in con-
trast to our result, the pH value of soy whey fermented
by kombucha and lactic acid bacteria showed a continu-
ous decrease due to the continuous production of acetic

Fig. 1 Physicochemical properties of soy whey fermented with C. militaris SN-18. pH (a) and mycelial biomass (b)
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and lactic acids (Tu et al. 2019; Xiao Wang et al. 2015).
C. militaris SN-18 could release ammonia during the
fermentation of soy whey (Table 1), which increased the
pH value. The changes in mycelial biomass were in ac-
cordance with the changes in pH value (Fig. 1b). Myce-
lial biomass in soy whey presented a fast rising trend in
the first 6 days, indicating the fast growth of the C. mili-
taris SN-18 in soy whey.

Changes in reducing sugar and oligosaccharides contents
during fermentation
As shown in Fig. 2, the content of reducing sugar in
soy whey increased significantly from 0 days to 2 days
(P < 0.05), which might be attributed to the hydrolysis
of macromolecular carbohydrate into reducing sugar.
Afterward, the continuous reduction in reducing sugar
content was due to the consumption of these redu-
cing sugars by C. militaris SN-18.
Sucrose, stachyose, and raffinose can be used as sources

of carbon and energy for cell growth (Xia et al. 2019).

These sugars are found in large quantities in soybeans and
remain soluble after protein coagulation and migrate to
the soy whey (Wang Chen & Zhang 2014). Figure 2 shows
a continuous reduction of sucrose in soy whey during fer-
mentation. The initial contents of raffinose and stachyose
were 1.52 and 5.00mg/mL, respectively. The raffinose and
stachyose contents increased to 1.94 and 6.52mg/mL dur-
ing the first day of fermentation, respectively. Afterward,
raffinose and stachyose were exhausted within 3 and 5
days of fermentation, respectively. Sucrose was also
exhausted within 4 days of fermentation. The hydrolytic
enzymes produced by filamentous fungi can depolymerize
plant polysaccharides to sugars, which in turn are subse-
quently used as nutrients for their growth and chemical
conversion (Wu Dana Iavarone Clark & Glass 2017). C.
militaris SN-18 possibly broke down the oligosaccharides
in soy whey into monosaccharides or disaccharides in the
initial stage of fermentation. The sharp depolymerization
of oligosaccharides from the second day resulted in in-
creases in reducing sugar content.
Soy whey contains high amounts of stachyose and

raffinose, which have many biological activities, such as
blood pressure lowering, antidiabetic, immunity-
enhancing, and liver protection activities; moderate
intake of these oligosaccharides can benefit human
health (Chen Liu Zhu Xu, & Li 2010). However, too
much intake of these oligosaccharides can cause diar-
rhea and abdominal distension due to the absence of
α-galactosidase in the mammalian intestine (Geng
et al. 2020). Microbial fermentation is an effective
method to reduce stachyose and raffinose contents in
soy products because of the action of microorganism-
derived α-galactosidase (Xia et al. 2019). Our results
support the conclusion above that C. militaris SN-18
fermentation effectively eliminates raffinose and sta-
chyose in soy whey.

Sensory evaluation
Combination with taste, flavor, color and overall accept-
ability, the total sensory score of C. militaris-fermented
soy whey is shown in Fig. 3. A gradual increase in sensory
score was observed during the 6 days of fermentation.
However, continuous fermentation caused unpleasant and
pungent odor and a large number of hyphae clumps in
soy whey. The sensory score decreased on the 7th day of
fermentation. In this study, the sixth day after C. militaris
SN-18 inoculation served as the end point of the soy whey
fermentation.

Amino acids composition
Table 1 presents the crude protein and amino acid
composition of USW and soy whey fermented with C.
militaris SN-18 for 6 days. C. militaris SN-18 fermen-
tation decreased the protein content in soy whey due

Table 1 Total amino acid composition of USW and FSW

USW FSW

Crude protein 7.10 ± 0.07a 3.66 ± 0.05b

NH3 2.12 ± 0.09b 19.07 ± 0.12a

Non-essential amino acids

Asp 1.95 ± 0.08b 3.81 ± 0.12a

Ser 1.00 ± 0.05b 3.49 ± 0.08a

Glu 8.11 ± 0.23b 16.08 ± 0.62a

Gly 0.91 ± 0.04b 2.24 ± 0.07a

Ala 2.55 ± 0.08b 5.56 ± 0.21a

Arg 14.47 ± 0.50a 2.99 ± 0.04b

Pro 1.02 ± 0.03b 3.00 ± 0.19a

Cys 1.90 ± 0.04a 1.24 ± 0.10b

Tyr 1.21 ± 0.08b 2.21 ± 0.08a

Essential amino acids

Thr 0.74 ± 0.01b 4.10 ± 0.09a

Val 1.04 ± 0.05b 3.40 ± 0.08a

Met 0.41 ± 0.01b 1.81 ± 0.10a

Ile 0.64 ± 0.02b 2.46 ± 0.05a

Leu 0.98 ± 0.07b 3.82 ± 0.11a

Phe 1.74 ± 0.08b 2.51 ± 0.04a

Lys 1.51 ± 0.11b 6.01 ± 0.09a

His 0.94 ± 0.02b 1.46 ± 0.01a

Trp 0.06 ± 0.01a 0.03 ± 0.01b

Total essential amino acids 8.06 ± 0.63b 25.60 ± 0.87a

Total amino acids 41.18 ± 1.22b 66.22 ± 1.42a

The results were presented as mg/mL of soy whey. Data are expressed as
mean ± SD (n = 3). Different letters (a, b) within a row indicate significant
difference (P<0.05)
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to the hydrolysis of proteins to amino acids. The con-
tent of all amino acids in FSW increased significantly
compared with their original amounts in USW, except
for Arg, Cys and Trp (Table 1). Remarkably, com-
pared with USW, the contents of total amino acids
and total essential amino acids in FSW increased by
60.81 and 217.62%, respectively. Met, one of the most
critical essential amino acids, acts as metabolic factors

in cell composition and synthesizes other biochemical
compounds for cell metabolism (Kim et al. 2019).
Specifically, C. militaris SN-18 fermentation increased
the content of Met by 341.46%. Reyes-Bastidas Reyes-
Fernández López-Cervantes Milán-Carrillo and Reyes
Moreno (2010) reported that the action of transami-
nases produced by the fungus could lead to the con-
version of amino acids, which in part increased the

Fig. 2 Contents of reducing sugar and oligosaccharides in soy whey fermented with C. militaris SN-18

Fig. 3 Sensory evaluation of soy whey fermented with C. militaris SN-18
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amino acid content. Moreover, the increase in total
amino acid concentration might be related to the syn-
thesis of these amino acids during fermentation (Xiao
Xing et al. 2015).

Changes in TPC, TFC and isoflavone composition in USW
and FSW
Table 2 shows that the TPC and TFC of ethanol (80%)
and water extracts of USW and FSW, respectively. The
ethanol (80%) extracts exhibited higher TPC and TFC
than water extracts, and this phenomenon was due to
the fact that some phenolic substances were more sol-
uble in organic solvents than in water. Phenolic com-
pounds and flavonoids generally exist in soluble free
acids, soluble conjugated and insoluble bound forms
(Bei Liu Wang Chen & Wu 2017). During fermentation,
some enzymes derived from microorganisms hydrolyze
these phenolic and flavonoid complexes into smaller
molecules, thereby increasing the levels of phenolic com-
pounds and flavonoids (Queiroz Santos et al. 2018). The
TPC and TFC of FSW were higher than those of USW
regardless of the extraction solvent used. In detail, the
TPC of FSW in ethanol (80%) and water extracts in-
creased by 41.67 and 31.27%, respectively, compared
with those of USW. The TFC of FSW in ethanol (80%)
and water extract increased by 36.62 and 30.94%, re-
spectively, compared with those of USW. Similar results
were obtained by Tu et al. (2019), who worked with soy
whey fermented with kombucha.
β-glucosidase derived from the secretion of microor-

ganisms can maximally convert the isoflavone glucosides
into their corresponding isoflavone aglycones (Wang
et al. 2018). Approximately 50% of isoflavones in soy-
bean are soluble in soy whey during the processing of
soybean products (Wang & Serventi 2019). C. militaris
SN-18 fermentation was responsible for the increase of

isoflavone aglycones content in soy whey. It reported
that kombucha and C. militaris could convert the gly-
cone forms to the aglycone forms of isoflavone in soy
whey and red beans by producing β-glucosidase with
hydrolytic activity (Tu et al. 2019; Xiao et al. 2016). To
further analyze the changes in phenolic composition
during fermentation, the main phenolic forms and isofla-
vone compositions in ethanol (80%) or water extracts
from USW and FSW were measured (Table 2). The
higher isoflavone contents of USW and FSW were ob-
tained in ethanol (80%) extracts, indicating that ethanol
(80%) was more efficient for the extraction of soy isofla-
vones than water. After C. militaris SN-18 fermentation,
60.34–62.00%, 74.42–77.78%, and 80.00–84.88% of daid-
zin, glycitin, and genistin, respectively, were biocon-
verted in ethanol (80%) and water extracts. Therefore, C.
militaris SN-18 could effectively convert the isoflavone
glucosides into their aglycone forms in soy whey during
fermentation.

Antioxidant capacity of soy whey fermented with C.
militaris
Three antioxidant methods, namely, ABTS radical scav-
enging activity, reducing power, and ferric reducing
power, were used to evaluate the antioxidant effective-
ness of the USW and FSW extracts. Figure 4 shows that
ABTS radical scavenging activity, reducing power, and
ferric reducing power of ethanol (80%) and water ex-
tracts from USW and FSW were all dose-dependent. In
addition, these three antioxidant indexes of the ethanol
(80%) extracts were evidently higher than those of the
water extracts, indicating that radical scavenging activity
in ethanol (80%) extracts was higher than that found in
water extracts.
As shown in Fig. 4, the ABTS radical scavenging

activity, reducing power, and ferric reducing power of
FSW were greater than those of USW at the same ex-
traction solvent and extract concentrations. The ef-
fectiveness of the antioxidant was inversely correlated
with their EC50 values (Xiao Wang et al. 2015). The
ABTS scavenging activity of the ethanol (80%) ex-
tracts of FSW (EFSW) had the lowest EC50 value of
0.20 mg/mL, followed by 0.36 mg/mL for water ex-
tracts of FSW (WFSW), 1.07 mg/mL for ethanol
(80%) extracts of USW (EUSW), and 1.52 mg/mL for
water extracts of USW (WUSW). The EC50 values for
ferric reducing power of EFSW, WFSW, EUSW, and
WUSW were estimated to be 4.81, 9.25, 9.71, and
11.07 mg/mL, respectively. Therefore, C. militaris SN-
18 fermentation could enhance the antioxidant cap-
acities of soy whey. These results were consistent
with those of Xiao et al. (2016), who found that in-
creases in free radical scavenging activities and

Table 2 TPC, TFC and isoflavone composition of ethanol (80%)
and water extracts from FSW and USW

Ethanol (80%) Water

USW FSW USW FSW

TPC 6.24 ± 0.31b 8.84 ± 1.26a 3.07 ± 0.37d 4.43 ± 0.69c

TFC 5.13 ± 0.10b 6.98 ± 0.23a 1.81 ± 0.14d 2.87 ± 0.13c

Daidzin 1.16 ± 0.04a 0.46 ± 0.03b 0.50 ± 0.03b 0.19 ± 0.03c

Glycitin 0.43 ± 0.02a 0.11 ± 0.03c 0.18 ± 0.01b 0.04 ± 0.01d

Genistin 1.72 ± 0.06a 0.26 ± 0.02c 0.50 ± 0.03b 0.10 ± 0.02d

Daidzein 0.37 ± 0.01c 1.77 ± 0.03a 0.09 ± 0.01d 0.68 ± 0.09b

Glycitein 0.08 ± 0.01c 0.57 ± 0.03a 0.03 ± 0.01d 0.24 ± 0.03b

Genistein 0.25 ± 0.02b 1.73 ± 0.13a 0.04 ± 0.01d 0.67 ± 0.01c

The results of TPC, TFC and isoflavone content were expressed as mg GAE/g
dry extract, mg RE /g dry extract and mg/g dry extract, respectively. Data are
expressed as mean ± SD (n = 3). Different letters (a-d) within a row indicate
significant difference (P<0.05).
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reducing power of red beans were related to C. mili-
taris fermentation.
Phenolic compounds and flavonoids can interrupt

chain oxidation reactions due to their hydrogen donating
capability and metal chelating ability (Li et al. 2020). It
has been well demonstrated that the antioxidant activity
of products varied significantly and was related to the
levels of phenolic substances and flavonoids and to the
nature of their chemical structures (Queiroz Santos et al.
2018). The antioxidant potency of isoflavone aglycones
is far higher than their corresponding glycoside forms
(Xia et al. 2019; Xiao Wang et al. 2015). According to
the above mentioned results, FSW had higher antioxi-
dant activities than USW, which may be due to increases
in phenolic substances and flavonoids contents and to
the bioconversion of isoflavone glycosides into aglycone
forms in soy whey.

Protection of cellular DNA from oxidative damage
Hydroxyl radicals, generated from Fenton reaction in the
presence of catalytic transition metals (e.g., Fe3+) and
H2O2, can cause the most oxidative damages to bio-
logical systems (Seo et al. 2015). They are known to give
rise to oxidatively-induced breaks in closed circular
supercoiled DNA to yield three forms, namely, super-
coiled, open circular, and linear forms (Xiao et al. 2016).
In this study, the protective effects of water and ethanol
(80%) extracts of USW and FSW on oxidative DNA
damage were investigated.
Compared with the control (lane 2 of Fig. 5a), the

supercoiled DNA was completely converted to linear
and open circular forms under the treatment of Fen-
ton’s reagent (lane 3 of Fig. 5a). However, the
addition of USW and FSW extracts into DNA and
Fenton’s reagent mixture reduced the strand cleavage
of supercoiled DNA and retained the supercoiled
form. This ability increased with the concentration of
USW and FSW. EFSW (0.5 mg/mL) treatment showed
81.08% of supercoiled DNA, whereas a significantly
lower percentage of supercoiled DNA (61.28%) was
found at the same concentration of WFSW (P < 0.05).
Moreover, EFSW (WFSW) showed better protection
ability for supercoiled DNA than EUSW (WUSW),
which corresponded with their antioxidant capacity
(Fig. 4). Xiao Wang et al. (2015) reported that L.
plantarum-fermented soy whey extracts showed
57.91% of supercoiled DNA, which was higher than
that obtained for USW (45.00%). Singh Singh Singh,
and Nautiyal (2010) found that the inhibition of oxi-
dative DNA damage of Trichoderma-fermented soy-
bean extracts was higher than unfermented soybean.
The hydroxyl radical scavenging activity is the main

mechanism by which antioxidants inhibit hydroxyl
radical-mediated DNA damage (Zhou et al. 2012).

Fig. 4 Antioxidant activities of 80% ethanol and water extracts from
USW and FSW. ABTS radical scavenging activity (a), reducing power (b)
and ferric reducing power (c). E- and W- mean the samples extracted
with 80% ethanol and water, respectively
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Polyphenols and flavonoids are considered as the
most active antioxidant derivatives which are widely
distributed in plants and have ideal structures for the
scavenging of free radicals. Marazza Nazareno de
Giori and Garro (2012) observed that fermented soy-
milk was enriched in isoflavone aglycones and its ex-
tracts were able to inhibit Fenton reaction-induced
oxidative DNA damage. In this study, the enhance-
ment of DNA damage protecting activities of FSW
was associated with the increase of phenolic and fla-
vonoid contents. Moreover, isoflavone aglycones are
more active as antiradical substances than their corre-
sponding glycoside forms (Marazza et al. 2012).
Therefore, the increases of isoflavone aglycones dur-
ing fermentation can effectively protect plasmid DNA

against the strand breakage induced by Fenton reac-
tion. Remarkably, the reducing power, which can con-
tribute to the generation of free hydroxyl radicals
during the reduction of Fe3+ to Fe2+, may have a pro-
oxidant effect on DNA (Tian & Hua 2005). However,
in our study, the scavenging hydroxyl radical activity
of extracts may predominate over their reducing
power on Fe3+, leading to the protective effect on
DNA damage.

Conclusion
Soy whey fermented with C. militaris SN-18 for 6 days
presented good acceptability and functional properties.
The contents of essential amino acids and total essential
amino acids in soy whey were significantly increased and

Fig. 5 Protective effect of 80% ethanol and water extracts from USW and FSW on DNA damage. Lane 1: Marker; lane 2: DNA+PBS; lane 3: DNA+ FR; lanes 4–
6: DNA+ FR+ rutin (1.0, 0.5, 0.1mg/mL); lanes 7–9: DNA+ FR+WFSW (1.0, 0.5, 0.1mg/mL); lanes 10–12: DNA+ FR+ EFSW (1.0, 0.5, 0.1mg/mL); lanes 13–15:
DNA+ FR+ EUSW (1.0, 0.5, 0.1mg/mL); lanes 16–18: DNA+ FR+WUSW (1.0, 0.5, 0.1mg/mL). E- and W- mean the samples extracted with 80% ethanol and
water, respectively. a Agarose gel electrophoretic patterns of pUC-18 plasmid DNA breaks. b The content of supercoiled DNA in the presence of 0.5mg/mL
USW and FSW extracts. Vertical bars represent standard deviations. Means with different lowercase superscripts differ significantly (P<0.05)
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the contents of reducing sugar and oligosaccharides
were significantly decreased after fermentation. In
addition, C. militaris SN-18 fermentation significantly
increased the total phenolic, flavonoid and isoflavone
aglycones contents of soy whey and enhanced antioxi-
dant capacity and oxidative DNA damage protection
ability of soy whey. In conclusion, soy whey can be
transformed into a whey-based functional beverage by li-
quid state fermentation with C. militaris SN-18.
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