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soybeans (Glycine max L.) by
solid-state fermentation with Eurotium cristatum
YL-1 improves total phenolic content, isoflavone
aglycones, and antioxidant activity

Yulian Chen,†c Yuanliang Wang,†ab Jiaxu Chen, a Hao Tang,a Chuanhua Wang,a

Zongjun Liab and Yu Xiao *a

In this study, soybean (Glycinemax L.) was bioprocessed with fungal strain Eurotium cristatum YL-1 by using

the solid-state fermentation (SSF) technique. The effect of SSF on total phenolic content (TPC), isoflavone

compositions, and antioxidant activity of soybean during different fermentation periods was evaluated.

Results showed that TPC and isoflavone aglycones were significantly increased, whereas glucoside

isoflavones were remarkably reduced during SSF. After 15 days of SSF, the TPC, daidzein, genistein, and

total aglycones of soybeans were approximately 1.9-, 10.4-, 8.4-, and 9.4-fold higher, respectively, than

those of non-fermented soybeans. During SSF, b-glucosidase activity was very high, whereas a-amylase

and protease activities were at moderate levels, and cellulase activity was relatively low. A highly positive

correlation was found between TPC and the activities of a-amylase (correlation coefficient R2 ¼ 0.9452),

b-glucosidase (R2 ¼ 0.9559), cellulase (R2 ¼ 0.9783), and protease (R2 ¼ 0.6785). Linear analysis

validated that the b-glucosidase produced by E. cristatum contributed to the bioconversion of soybean

isoflavone glucosides into their aglycone forms. The DPPH radical and ABTSc+ scavenging activity,

reducing power, and ferric reducing antioxidant power of soybeans were considerably enhanced during

SSF. Principal component analysis and Pearson's correlation analysis verified that the improvement in

TPC and isoflavone aglycone content during SSF was mainly responsible for the improved antioxidant

capacity of soybeans. Thus, our results demonstrated that solid-state bioprocessing with E. cristatum is

an effective approach for the enhancement of the TPC, isoflavone aglycones, and antioxidant capacity of

soybeans. Bioprocessed soybean products might be a healthy food supplement rich in antioxidants

compared with non-fermented soybean and thus could be a source of natural antioxidants.
1. Introduction

The development of economical technologies to enhance the
nutritional value and bioactive compounds of natural resources
(e.g., legumes and cereals) has received considerable attention
in the past years.1–4 Solid-state fermentation (SSF) bioprocessing
has emerged as a rapidly growing food process technology due
to its ability to improve the nutritional quality and biological
activity of food products and reduce production costs.5–9

Furthermore, SSF is quite safe, non-toxic, and eco-friendly and
depends on the use of specic starter cultures.4,10 Filamentous
fungi require very low levels of water activity and substrates for
their growth. Many previous studies have reported that
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lamentous fungi exhibit a great potential to modulate bioac-
tive compounds and augment the bioactivities of legume and
cereal products by SSF, making them the ideal and most
commonly applied microorganisms for SSF. Thus, lamentous
fungi have received considerable interest from researchers/food
scientists.6,11 For instance, SSF with Aspergillus awamori Naka-
zawa was used to improve the total phenolic content (TPC) and
antioxidant properties of different wheat cultivars.12 Salar et al.13

reported that SSF with Aspergillus sojae fungal mycelia enhances
the bioactive prole, antioxidant potential, and protection
against DNA damage of pearl millet. Previous studies have
shown that most phenolic compounds in cereals, legumes, and
fruits are present in complex insoluble-bound forms as conju-
gates with cell wall components (such as lignin, cellulose, and
polysaccharides) through ether, ester, or glycosidic bonds.6,14

During SSF, lamentous fungi can produce different types of
carbohydrate-cleaving enzymes, such as a-amylase, pectinases,
cellulases, and b-glucosidase, which can all effectively hydrolyze
ether, ester, or glycosidic bonds; liberate the insoluble bound;
This journal is © The Royal Society of Chemistry 2020

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra10344a&domain=pdf&date_stamp=2020-04-29
http://orcid.org/0000-0001-5768-7657
http://orcid.org/0000-0003-2711-5070
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra10344a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010029


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

pr
il 

20
20

. D
ow

nl
oa

de
d 

on
 1

/1
0/

20
26

 7
:0

9:
56

 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
and improve the antioxidant activity of food products.6,10 Thus,
SSF is considered as a promising process technology for
enhancing the nutritional value of food products.4,7

In various edible sources, soybean (Glycine max L.) is one of
the most important cultivated legumes that exhibit numerous
health benecial properties, such as antioxidant, anticancer,
and anti-atherosclerosis, which are mainly attributed to the
richness of primary and secondary metabolites, including
protein, amino acids, carbohydrate fractions, isoavone,
phenolic acid, and saponin.15,16 Soybeans and soybean-based
products (e.g., natto, douchi, and doenjang) have been greatly
consumed in Asian countries (e.g., China, South Korea, Japan,
and India) for several centuries and now are gaining an
increasing interest from Western countries due to their high
nutritional qualities and physicochemical functions.17,18

Soybeans contain abundant isoavones, which possess potent
biological activities, including antioxidant, anti-obesity, estro-
genic activity, immunomodulatory, and cholesterol-reducing
activities.19 The biological effects of isoavones are signi-
cantly affected by their chemical structure.20 Some earlier
studies have reported that aglycone forms (e.g., daidzein and
genistein) exhibit higher biological effect and are absorbed
faster and in greater amounts than their glucoside forms (e.g.,
daidzin and genistin).21,22 However, glucoside forms are
predominantly present in soybeans, which account for 68.0–
93.0% of total isoavone content.21,23 As a result, the healthy
benecial effect of soybean is greatly inuenced. Previous
studies have veried that the SSF of soybean is a valuable
approach to accumulate isoavone aglycones and phenolic
compounds and consequently enhance its biological activity.
For example, Ahmad et al.24 demonstrated that the SSF of
soybean with Rhizopus sp. contributes to the transformation of
glucoside forms (i.e., daidzin and genistin) into their corre-
sponding aglycone forms (i.e., daidzein and genistein) and
enhances their b-secretase inhibitory and antioxidant activities.
Lee et al.15 also found that the TPC and isoavone aglycone
content of soybeans are considerably increased by SSF with
Tricholoma matsutake mycelia at different fermentation times
(0–12 days) and that the radical scavenging activities (including
DPPH, ABTS, and hydroxyl free radicals) and a-glucosidase
inhibitory property of soybean are signicantly augmented.

Eurotium cristatum is a predominant probiotic fungus tradi-
tionally used in manufacturing Fu-brick dark tea and plays
a crucial role on the quality and function of this tea.25–27 E.
cristatum forms a colony of golden yellow-like owers,
commonly known as “gold ower.” E. cristatum is safe,
nontoxic, and generally recognized as a safe fungal strain.28,29

This fungus is characterized by its low free water content
requirement of the substrate during fermentation and is easily
grown on various substrate materials. During incubation
periods, E. cristatum effectively biotransforms compounds into
many natural materials and thus improves their bioactivities.
Many previous studies have focused specically on the trans-
formation of medicinal materials or tea compounds by SSF with
E. cristatum.29–32 For instance, Gu et al.30 found that the pro-
cessing of Hippophae rhamnoides leaves with E. cristatum leads
to the bioconversion of rutin into quercetin, kaempferol, and
This journal is © The Royal Society of Chemistry 2020
isorhamnetin and enhances radical scavenging activities and
ferric reducing antioxidant power (FRAP). Yao et al.28 and Jiang
et al.31 reported that loose tea and Pu'er tea processed by E.
cristatum exhibit signicantly increased antioxidant potential
and lipid-lowering activities, respectively. Nevertheless, to the
best of our knowledge, the inuences of SSF with E. cristatum on
the chemical compositions and biological effects of legumes
and cereals have received little attention.

The present study aimed to investigate the inuence of SSF
bioprocessing with E. cristatum on the contents and composi-
tions of phenolics and isoavones and the antioxidant capacity
(evaluated by scavenging activity of DPPH and ABTS radical,
reducing power, and FRAP) of soybeans. Furthermore, the
hydrolytic enzymes (including cellulase, b-glucosidase, a-
amylase, and protease) produced by E. cristatum during SSF and
their relationship with phenolic liberation and isoavone
transformation were investigated. Principal component and
correlation analyses were carried out to determine which
components are the crucial factors that contributed to the
change in antioxidant activity during soybean bioprocessing.
This work provides a theoretical basis for the enhancement of
phenolic and isoavone aglycone of soybean matrices during
SSF and lays a solid foundation for providing more effective
process approaches to enhance the biological effect of soybean.
2. Materials and methods
2.1 Materials

2,4,6-Tris(2-pyridyl)-S-triazine (TPTZ), Folin–Ciocalteu reagent,
gallic acid, 2,2-azinobis(3-ethylbenzothiazoline-6-sulphonic
acid)diammonium salt (ABTS), 2,2-diphenyl-1-picrylhydrazyl
(DPPH), daidzin, genistin, daidzein and genistein, p-nitro-
phenol, p-nitrophenyl-b-D-glucoside (pNPbG) were obtained
from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Aceto-
nitrile was HPLC grade and purchased from Tedia (Faireld,
OH, USA). All other used reagents and chemicals in this study
were of analytical grade. Soybeans (Glycine max L.) were ob-
tained from the Dongzhiyuan supermarket (Changsha, Hunan
Province, China). Eurotium cristatum YL-1, which was rstly
isolated from Fuzhuan brick-tea (Anhua, Hunan, China) in our
group, was stored on M40Y agar slant and subculture monthly.
E. cristatum slants were incubated for 7 days at 28 �C and
preserved at 4 �C subsequently.
2.2 Preparation of inoculum starter

The inoculum starter used for bioprocessing soybean was
prepared based on the described method as follows. Briey, the
preserved E. cristatum YL-1 was carried out for two successive
transfers in M40Y agar medium. Firstly, E. cristatum was inoc-
ulated into M40Y medium for 7 days at 28 �C. Then, the acti-
vated culture was again propagated in M40Y plates at 28 �C to
generate large amount of golden spores. The golden mycelia
and spores were scraped from the plate into sterile water using
a sterilized glass rod. The mycelia and spores were then ltering
with absorbent cotton into a ask and shaken with several
sterilized small glass. A hemocytometer was performed to
RSC Adv., 2020, 10, 16928–16941 | 16929
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determine the spore counts and working spore concentration
were adjusted to 106 to 107 spores per mL. All microbiological
experiments were performed in a sterilized environment.

2.3 Solid-state bioprocessing of soybeans

The soybeans were rstly rinsed under tap water and then with
deionized water. The seeds were immersed in deionized water
for 60 min at room temperature. The resulting wet soybean
seeds were sterilized in an autoclave for 25 min at 121 �C. Aer
cooling to 25 �C, the soybeans were inoculated with E. cristatum
spore suspension (5 mL/100 g) and the inoculated soybeans
were placed for 15 days at 28 �C for bioprocessing. Samples were
aseptically withdrawn at 0, 2, 4, 6, 8, 10 and 15 days for further
analyses. All the samples obtained were freeze-dried and
crushed using an electric grinder (FW 100, Beijing Yong-
guangming Medical Instrument Co., Ltd., Beijing, China)
separately. The crushed soybean our was then passed through
a 60-mesh sieve and store at 4 �C in the dark in order to further
analysis.

2.4 Enzyme extraction

The enzyme solution was prepared in light of the method re-
ported by Bhanja et al.14 and Salar et al.33 Soybean samples
mixed with 20 folds (w/v) of deionized water in extraction bottle
which put in a water bath shaker and then extracted at 30 �C for
1 h. The supernatant was collected aer the mixtures were
centrifuged at 8000g for 10 min at 4 �C. The obtained super-
natant was used as the crude enzyme solutions and assayed for
a-amylase, b-glucosidase and carboxymethylcellulase activities.

2.4.1 Assay of a-amylase activity. The a-amylase activity was
assayed based on the method of Bhanja et al.14 reported. Briey,
1.0 mL of extracted enzyme solution with appropriate dilution
mixed with 0.1 M sodium citrate–citrate buffer (2.0 mL, pH 5.0)
and kept at 50 �C for 5min. Aer that, 5 mL of 1% soluble starch
solution (w/v) added into the mixture and incubated for 10 min
at 50 �C. The content of glucose released from the soluble starch
was determined by the 3,5-dinitrosalicylic acid (DNS) approach
as follows. 1 mL of test sample boiled with 2 mL of DNS reagent
and then cooling down to room temperature. The absorbance of
the solution was measured at 540 nm aer the mixture diluted
with distilled water to 10 mL. A standard curve was plotted
using glucose. A unit of a-amylase activity was described as the
amount of enzyme that hydrolyzes starch to release one
micromole of glucose per minute at 50 �C under the evaluation
conditions. The results obtained were presented as U g�1 of dry
soybean our.

2.4.2 b-Glucosidase activity assay. The activity of b-gluco-
sidase was assayed based on the method of Salar et al.33 0.1 mL
of enzymes solution was mixed with 0.8 mL of 100 mM acetate
buffer (pH 5.0) and 0.1 mL of 5 mM p-nitrophenyl-b-D-glucoside
(pNPbG). Aer 30 min incubated at 50 �C, 2 mL of 1 M Na2CO3

solution was added to stop the reaction mixture, the released p-
nitrophenol was recorded at 405 nm. Different concentrations
of pure p-nitrophenol were prepared to establish the standard
curve. A unit of b-glucosidase activity was calculated as the
amount of enzyme that catalyzes pNPbG to liberate one
16930 | RSC Adv., 2020, 10, 16928–16941
micromole of p-nitrophenol per minute at pH 5.0 under the
incubation temperature (50 �C). The b-glucosidase activity was
recorded as U per gram of dry soybean substrate performed in
initial extraction.

2.4.3 Assay of carboxymethylcellulase (CMCase) activity.
The assay of CMCase activity is referred to the approach of Ang
et al.34 Briey, 0.5 mL of 2.0% (w/v) carboxymethylcellulose
solution in 0.05 mol L�1 acetate buffer (pH 5.0) was added with
0.5 mL of suitably diluted crude enzyme solution, the mixture
incubated at 50 �C for 30 min. The amount of released glucose
was evaluated with the DNS approach as shown in Section 2.4.1.
A unit of CMCase activity was calculated as the amount of
enzyme that hydrolyzes carboxymethylcellulose to release one
micromole of glucose per minute at pH 5.0 at 50 �C. The
cellulase activity was recorded as U per gram of dry soybean
substrate.

2.4.4 Assay of protease activity. Protease activity was
assayed using casein as the substrate based on the procedure
reported by Chen et al.35 with minor modications. In brief,
1 mL of suitably diluted crude enzyme solution was mixed with
1 mL of 0.05 M phosphate buffer (pH 7.5) that containing 1%
(w/v) casein. Aer 10 min incubated at 40 �C on a gyratory
shaker, 2 mL of 0.4 M trichloroacetic acid (TCA) solution was
added to terminate the reaction mixture, and centrifuged at
10 000g for 10 min at 4 �C. Then, 1 mL of collected supernatant
was thoroughly mixed with 5 mL Na2CO3 and 1 mL of Folin–
Ciocalteu reagent and incubated for 20 min at 40 �C. The
absorbance of the solution was measured at 660 nm and tyro-
sine was prepared to establish the standard curve. One unit of
protease activity was described as the amount of enzyme that
hydrolyzes casein to release one microgram of tyrosine per
minute at 40 �C under the evaluation conditions. The protease
activity was presented as U per gram of dry soybean substrate.

2.5 Preparation of solvent extracts

Sample powder was extracted with 40 mL of 80% (v/v) aqueous
ethanol for 40 min in an ultrasonic bath (40 kHz, 40 �C). The
supernatants were obtained aer the extracts were centrifuged
at 4 �C for 15 min at 12 000g (3–18R refrigerated centrifuge,
Hunan Hengnuo Instrument Equipment Co., Ltd., Hunan,
China). The residues were then extracted with two additional
40 mL aqueous ethanol under the same conditions. The
combined ethanolic extracts were evaporated to dryness at 40 �C
using a vacuum evaporator RE-52 (Shanghai Yarong Biochem-
ical Instrument Factory, Shanghai, Chins), and then re-
suspended in 25 mL of 80% (v/v) aqueous ethanol. The resul-
tant extracts stored at �20 �C in the dark for further analysis.

2.6 Evaluation of total phenolics content (TPC)

Folin–Ciocalteu method was applied to determine the total
phenolics content of the studied samples.36 Briey, 2.3 mL of
deionized water was added into 0.2 mL of sample extracts and
then mixed with 0.5 mL of Folin–Ciocalteu reagent. Aer 1 min
of incubation, 2 mL of sodium carbonate solution (75 g L�1) was
added to initiate the reaction andmaintained for 2 h at ambient
temperature (25 �C) in dark place. The absorbance was then
This journal is © The Royal Society of Chemistry 2020
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recorded at 760 nm aer incubation. Gallic acid solution with
concentration of 10–200 mg mL�1 was prepared to establish the
standard curve. The obtained standard curve equation is y ¼
0.0021x + 0.002 (R2 ¼ 0.9996). Samples were conducted in
triplicate for independent analysis and TPC were presented as
mg gallic acid equivalent (GAE) in one-gram dry soybean (mg GAE
per g d.w.).

2.7 Analysis of isoavone compositions with high
performance liquid chromatography (HPLC)

It was well established that isoavones consist of the main
phenolics in soybean seeds or its products, whereas genistin,
genistein, daidzin and daidzein are the major isoavones.
Therefore, the four isoavones of the soybean samples were
determined using HPLC. First, a syringe lter equipped with
0.45 mm PVDFmembrane was used to lter the soybean extracts
(which obtained in part 2.5), then 20 mL of the obtained solution
was injected to the Waters e2695 HPLC system (Waters Co.,
Milford, MA) for analysis of specic isoavones. A ZORBAX SB-
C18 reverse-phase column (Eclipse Plus, Agilent Technologies,
USA) (5 mm particle size; 4.6 � 250 mm) was performed and
maintained at 25 �C. The solvent ow rate was set at 0.8
mL min�1. Deionized water was used as mobile A and aceto-
nitrile was used as mobile B. A gradient elution program was
carried out during the separation process as follows: 0–3 min
from 10% to 20% B; 3–8 min, 20–25% B; 8–30 min, from 25% to
60% B; 30–35 min, 60–100% B; 35–37 min from 100% to 10% B.
The monitored wavelength was set at 254 nm and measured
with a photodiode array detector (Waters 2998 PDA Detector;
Waters Co., Milford, MA). The identication and quantication
of genistin, genistein, daidzin and daidzein were carried out by
comparing the UV spectra and retention times with their
authentic standards, respectively.21,37 The isoavones content
were presented as mg in one-gram dry soybean (mg g�1 d.w.).

2.8 Evaluation of antioxidant activity

2.8.1 DPPH radical scavenging activity assay. Scavenging
activity against DPPH radical was performed according to Xiao
et al.38 reported. Briey, 2 mL of 0.4 mmol L�1 DPPH solution
(dissolved in methanol) was mixed with 2 mL of test sample
solution, then the mixture was shaken vigorously using a vortex
mixer and react for 30 min in the dark place at room tempera-
ture before measuring absorbance at 517 nm. Calibration curve
of different vitamin C concentrations was prepared to deter-
mine the vitamin C-equivalent antioxidant capacity. Scavenging
activity of DPPH radical results were presented in mg vitamin C
equivalents in one-gram dry soybean (mg VCE per g d.w.).

2.8.2 Determination of ABTS free radical (ABTSc+) scav-
enging activity. Scavenging activity against ABTSc+ was evaluated in
light of the approach of Lee et al.15 ABTSc+ stock solution was
conducted by mixing 2.45 mM K2S2O8 with 7 mM ABTS and
incubated at room temperature for 12 h in the darkness. Ethanol
was used to dilute the ABTSc+ stock solution to obtain absorbance
of 0.70 � 0.02 (on the condition of 734 nm). 1 mL of diluted
soybean sample extract was added into 4 mL of ABTSc+ solution
and shaken well, then the absorbance of the mixture was
This journal is © The Royal Society of Chemistry 2020
measured at 734 nm aer it kept for 6 min in the dark. Calibration
curve of different vitamin C concentrations was prepared to
determine the vitamin C-equivalent antioxidant capacity, and
ABTSc+ scavenging activity results were presented in mg vitamin C
equivalents in one-gram dry soybean (mg VCE per g d.w.).

2.8.3 Evaluation of ferric reducing antioxidant power
(FRAP). The FRAP of the test soybean samples was evaluated
using the procedure reported by ĐorCevíc et al.39 Fresh FRAP
reagent was performed by mixing 10 mL TPTZ (10 mM, dis-
solved in 40 mM HCl), with 10 mL ferric chloride (20 mM) in
100 mL of pH 3.6 acetate buffer (0.3 M). 1 mL of test sample was
mixed with 5 mL of fresh prepared FRAP solution, and then
incubated at 37 �C in the dark for 20 min. The absorbance was
recorded at 593 nm against a blank. Different concentrations of
FeSO4 (100–1600 mM) standard solutions were conducted to plot
the calibration curve. The calibration curve equation was y ¼
0.0013x � 0.0012 (R2 ¼ 0.9998). The results of FRAP were pre-
sented as mmol Fe(II) per g dry weight soybean. A greater of FRAP
value is indication of a stronger antioxidant activity.

2.8.4 Reducing power assay. The assay of reducing power
referred to the method of Zhang and Yu.23 Briey, 2.5 mL of 1%
(w/v) potassium ferricyanide solution and 2.5 mL of 0.2 M
phosphate buffer (pH 6.6) were added into to 0.5 mL of the
evaluated sample solution, then incubated for 20 min at 50 �C.
The mixture reaction was terminated by adding 10% (w/v) tri-
chloroacetic acid solution (2.5 mL) and then centrifuged at
420 g for 10 min. Aer that, 0.5 mL of FeCl3 solution 0.1% (w/v)
was added into 2.5 mL of the collected supernatant and kept in
the dark place at room temperature for 10 min. The absorbance
was immediately recorded at 700 nm. A higher absorbance of
mixture is indicative of a higher reducing power of the test
sample. Standard calibration curve was plotted using different
concentration of vitamin C. The result of reducing power was
presented as mg vitamin C equivalent in one-gram dry soybean
(mg VCE per g d.w.).
2.9 Statistical analysis

All the experiments were carried out in triplicate and the data
were presented as the mean value � standard deviation and
conducted with one-way analysis of variance (ANOVA). Signi-
cant differences (p < 0.05) between the means were determined
using the Duncan's multiple range test which conducted by
SPSS version 17.0 (SPSS Inc., Chicago, USA). Correlation anal-
ysis was investigated to evaluate the relationship among
parameters. Principal component analysis (PCA) was performed
to obtain an overview of the relationships between total
phenolic, isoavones, enzymes activity and antioxidant activity.
OriginPro 8.1 statistical soware (OriginLab Co., USA) was
carried out to prepare the data graphs.
3. Results and discussion
3.1 Evaluation of TPC and hydrolytic enzymes activities
during SSF

Phenolic compounds are regarded as natural antioxidants and
important biological compounds in food matrices.8,38,40,41 In the
RSC Adv., 2020, 10, 16928–16941 | 16931
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present study, the TPC changes in the soybean substrate bio-
processed by SFF with E. cristatum are illustrated in Fig. 1. The
TPC of soybeans varied during SFF. Aer 4 days of fermentation,
the TPC of soybeans signicantly increased compared with that
of the non-fermented counterpart (day 0, control). Thereaer,
steady increasing levels were observed (days 4–10). As shown in
Fig. 1, the TPC of soybeans increased to 5205 � 27 mg GAE per g
d.w. aer 15 days of fermentation, which was approximately 1.9-
fold higher than that of the non-fermented counterpart (2716 mg
GAE per g d.w.). The enhanced TPC in soybean aer SSF was
consistent with previous ndings reported by other investiga-
tors. Singh et al.,42 Salar et al.,13 and Kang et al.43 veried that the
TPC of soybeans, pearl millet, and buckwheat are remarkably
enhanced by SSF with Trichoderma harzianum, Aspergillus sojae,
and Agaricus bisporus, respectively. Thus, the improvement of
TPC during fermentation can be attributed to the mobilization
of sample phenolics by starter microorganisms. These micro-
organisms produce some hydrolytic enzymes, such as b-gluco-
sidase, a-amylase, and protease, which can hydrolyze the
covalent bonds between the bound phenolics and other groups,
such as proteins, amines, starches, and other some poly-
saccharides.14,44 Salar et al.13 found that a-amylase produced by
Aspergillus sojae is mainly responsible for the enhanced
phenolic compounds of pearl millet during SSF, and they re-
ported that TPC and a-amylase enzyme are highly and positively
correlated (correlation coefficient R2 ¼ 0.901, p < 0.01). Earlier
studies have demonstrated that most phenolic compounds in
legume and cereal grains are covalently bound to cell wall
structural components, such as cellulose, arabinoxylans, lignin,
pectin, structural proteins, and hemicellulose, which are diffi-
cult to extract.45,46 SSF is a complex biochemical process in
which several hydrolytic enzymes (e.g., cellulase, b-glucosidase,
amylases, and proteases) are produced and contribute to the
hydrolyzation of the covalent bonds between the cell wall
structural components and phenolics; as a result, the insoluble-
Fig. 1 Changes in total phenolics content of soybean during solid-
state bioprocessing with E. cristatum. Data were reported as the mean
value� standard deviation of three replicates. Mean values followed by
the different letters demonstrated significantly (p < 0.05) different
among the samples.

16932 | RSC Adv., 2020, 10, 16928–16941
bound phenolics are released and facilitate extraction.7,47,48 For
instance, insoluble-bound phenolics can form ester linkages
with structural protein/carbohydrates and ether linkages with
lignin, which can be hydrolyzed by cellulase and liberate free
phenolics.46,49 Furthermore, the decomposition of cell wall
structures induced by fermentation is favorable to the release of
phenolic compounds.7,10 Some soluble phenolic compounds
may be synthesized by microorganisms during fermentation.48

Hydrolytic enzymes can hydrolyze the protein, cellulose, or
starch of soybean substrates into small available molecule
peptides, amino acids, and oligosaccharides, which can be used
as energy and make the microorganism grow well in soybean,
thereby improving the biosynthesis of phenolic compounds.35,50

In this study, the key hydrolytic enzymes produced by E.
cristatum were assayed to study the precise hydrolytic enzymes
that mobilized the phenolic compounds of soybeans during
SSF, and the results are depicted in Fig. 2. b-Glucosidase activity
was very high during soybean bioprocessing, a-amylase and
protease activities were at moderate levels, and cellulase
(CMCase) activity was low during the whole fermentation
period. However, all three carbohydrate-cleaving enzyme activ-
ities enhanced during SSF. a-Amylase activity showed steady
increasing levels between days 2 and 10 (ranging from 1.8 U g�1

to 13.3 U g�1). Elevated a-amylase activity (39 U g�1) was
observed at the later period of fermentation (day 15). Previous
studies have shown that fungal mycelia can produce abundant
a-amylase during fermentation, and the produced a-amylase is
effective in releasing phenolic compounds. Wang et al.50 and
Salar et al. found that a-amylase and phenolic compounds are
signicantly correlated (p < 0.01). In the present study, a-
amylase also displayed highly positive correlations (R2¼ 0.9452,
p < 0.01) with the liberation of phenolics, as shown in Fig. 3A. b-
Glucosidase activity was low during the early growth phase (days
0–2) and then signicantly increased until day 4 (473 U g�1).
Aer 6 days of bioprocessing, the b-glucosidase activity of the
soybean substrate increased up to 2152 � 146 U g�1 and
continued to increase with the fermentation time. b-Glucosi-
dase activity reached up to 4216 U g�1 at the late stage of SSF
(day 15). Previous studies have also reported that other various
lamentous fungi such as R. oligosporus, A. awamori, and A.
oryzae grown on soybeans and cereal substrates can produce b-
glucosidase during fermentation.3,12,51 Other studies showed
that b-glucosidase can catalyze the hydrolysis of partial glyco-
sidic bonds between two or more carbohydrates or between
carbohydrates and non-carbohydrates.52 In the present study,
the produced b-glucosidase during the fungal bio-fermentation
changed the phenolic compounds in the fermented substrate.
Cheng et al.51 reported that the R. oligosporus-produced b-
glucosidase during the SSF of black soybeans can hydrolyze the
phenol-bound glucosyl group and release free phenolics to
improve the phenolic content of black soybeans. Zambrano
et al.53 stated that apples and grapes fermented with Rhizomucor
miehei can produce b-glucosidase, which contributes to the
release of phenolic compounds from the substrates. As shown
in Fig. 3B, linear correlation analysis demonstrated a closely
positive relationship (R2 ¼ 0.9559, p < 0.01) between b-glucosi-
dase and TPC. Therefore, the highly produced b-glucosidase
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (A) a-Amylase activity, (B) b-glucosidase activity, (C) carboxymethylcellulase activity and (D) protease activity of soybean substrate during
solid-state bioprocessing by E. cristatum. Data were presented as the mean value � standard deviation of triplicate experiments. Mean values
marked by the different letters were significant (p < 0.05) difference among the samples.
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observed in the present study was strongly involved in the
liberation of phenolic compound in the fermented soybeans.
Although cellulase activity was low during SSF with E. cristatum,
it enhanced with the increase in fermentation time. Correlation
analysis also revealed that the phenolic mobilization of
soybeans during SSF was closely associated (R2 ¼ 0.9783, p <
0.01) with cellulase activity, as shown in Fig. 3C, which coin-
cided with some previous studies. For instance, Wang et al.50

stated that cellulase is closely related to the mobilization of
phenolic compounds during guava leaf tea fermentation with
Monascus anka and Bacillus sp. Protease activity was also
determined in the present study, and the result is shown in
Fig. 2D. The result revealed that the protease activity was at
a moderate level similar to a-amylase activity, steadily increased
between days 2 and 8 (ranging from 24 U g�1 to 51 U g�1), and
then rapidly increased to a maximum value of 75 U g�1 aer day
10 of solid-state bioprocessing. However, the protease activity
decreased at the later period of fermentation (day 15), which
was possibly due to the enzyme feedback regulated or inhibited
immediately by the increased amount of phenolic or enzyme
denaturation and/or decomposition.14,54 The protease produced
during fermentation was effectively involved in themobilization
of phenolic compounds, which can contribute to the enhance-
ment of TPC.35 Fig. 3D shows that protease activity was signi-
cantly correlated (p < 0.05) with the liberation of phenolics,
whereas R2 (0.6785) was much lower than those in the three
carbohydrate-cleaving enzymes.
This journal is © The Royal Society of Chemistry 2020
Asmentioned above, the hydrolytic enzymes (i.e., b-glucosidase,
a-amylase, cellulase, and protease) produced by E. cristatum played
a prominent role in liberating phenolics from the soybean
substrate. In summary, the role of hydrolytic enzymes in the
mobilization of soybean phenolics during SSF with E. cristatum is
as follows. First, the cellulase produced by the fungus decomposed
the plant cell wall structure, leading to the release of phenolic
compounds.6,43 Second, cellulase, a-amylase, and b-glucosidase
produced by E. cristatumhydrolyzed the covalent bond between the
insoluble-bound phenolic and starches, cellulose, hemicellulose,
lignin, and other polysaccharide structures; thus, the insoluble-
bound phenolics were bioconverted into soluble phenolic frac-
tions prior to extraction.6,48 Third, the b-glucosidase produced by E.
cristatum catalyzed the glycosidic linkage hydrolysis in alkyl and
aryl b-D-glucosides and the glycosides containing merely carbohy-
drate residues. As a result, the corresponding avonoid aglycone
compounds, such as daidzein and genistein, could be released.
Oboh et al.55 stated that protease can efficiently convert protein-
bound polyphenols into free phenolics; thus, protease is possibly
one of the contributors to the enhancement of phenolics during
fermentation.
3.2 Changes in isoavone compositions of soybeans during
SSF and its relationship with b-glucosidase activity

In the present study, four major isoavones, including genistin,
genistein, daidzin, and daidzein, in the soybean extracts during
RSC Adv., 2020, 10, 16928–16941 | 16933
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Fig. 3 Line relationship among changes of total phenolics content and the activities of (A) a-amylase, (B) b-glucosidase, (C) carbox-
ymethylcellulase and (D) protease during solid-state bioprocessing by E. cristatum.
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SSF were identied and qualied by HPLC, as shown in Fig. 4
and Table 1. The quantity of glucoside isoavones signicantly
decreased as SSF progressed, with the largest reduction
observed aer 15 days of bioprocessing. At the late period (day
15) of bioprocessing, the contents of daidzin, genistin, and total
glucosides were signicantly decreased to 150 � 18, 361 � 9,
and 511 � 26 mg g�1, respectively. By contrast, aglycone iso-
avone concentration in fermented soybeans remarkably
Fig. 4 High performance liquid chromatographic chromatogram of t
detected in the soybeans and soybeans bioprocessed by E. cristatum.

16934 | RSC Adv., 2020, 10, 16928–16941
increased during SSF. As illustrated in Table 1, daidzein, gen-
istein, and total aglycones were signicantly increased (p < 0.05)
to 777 � 12, 669 � 11, and 1446 � 23 mg g�1 aer 15 days of
fermentation, which were approximately 10.4, 8.4, and 9.4-fold
higher, respectively, than those in non-fermented soybeans.
The accumulation of avonoid aglycones via fermentation
techniques has been reported by previous investigators. For
instance, Lee et al.15 reported that SSF with Tricholoma
he four major isoflavones (daidzin, daidzein, genistin and genistein)

This journal is © The Royal Society of Chemistry 2020
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Table 1 HPLC results of the biotransformation of glucosides isoflavone to aglycones during soybean bioprocessed with E. cristatum. Isoflavones
content were presented as mg g�1 d.w.a

Isoavone isomers

Solid state fermentation time (days)

0 day 2 day 4 day 6 day 8 day 10 day 15 day

Glucosides
Daidzin 730 � 19a 724 � 20a 644 � 17b 597 � 14c 475 � 11d 384 � 11e 150 � 18f

Genistin 954 � 9a 940 � 10a 890 � 2b 873 � 19b 793 � 19c 685 � 19d 361 � 9e

Total glucosides 1685 � 24a 1664 � 25a 1534 � 19b 1471 � 29c 1268 � 29d 1069 � 22e 511 � 26f

Aglycones
Daidzein 74 � 6f 84 � 3f 149 � 3e 248 � 5d 303 � 5c 497 � 16b 777 � 12a

Genistein 79 � 3f 85 � 6f 128 � 6e 212 � 5d 269 � 6c 359 � 10b 669 � 11a

Total aglycones 154 � 4f 170 � 7f 277 � 9e 459 � 10d 572 � 5c 856 � 24b 1446 � 23a

a Each value was represented as the mean value� standard deviation of three replicates. Mean values followed by different superscript letters in the
same row denoted signicant difference (p < 0.05) to each other.
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matsutake also contributes to the enhancement of isoavone
aglycones in soybeans. Santos et al.37 demonstrated that
soybean okara processed by SSF with Saccharomyces cerevisiae
signicantly (p < 0.05) increases daidzein and genistein. Gu
et al.30 recently reported that the glucoside avonoid (i.e., rutin)
of Hippophae rhamnoides leaves are bio-transformed into agly-
cone avonoid (i.e., quercetin, kaempferol, and isorhamnetin)
by SSF with Eurotium amstelodami. Previous studies have
attributed the enhancement of aglycone forms to the action of
b-glucosidase produced by inoculated fungal mycelia, which
can catalyze the hydrolysis of avonoid glucosides into their
corresponding aglycone forms during fermentation.15 Gu et al.30

veried that glucoside avonoid geniposide is converted into its
corresponding aglycone genipin by Eurotium sp. for the
produced b-glucosidase, which catalyzes the hydrolysis of the
glycosidic bond between genipin and glucose, thus releasing
the aglycone avonoid genipin.

Correlation analysis was performed to obtain the precise
interrelationship between the change in isoavone composi-
tions and b-glucosidase activity, and the results are exhibited in
Fig. 5. Daidzin, genistin, and total glucosides were highly
negatively correlated with b-glucosidase activity (R2 ¼ 0.8072,
0.8698, and 0.7834, respectively, p < 0.01). By contrast, b-
glucosidase activity displayed highly positive correlations with
the contents of aglycone isoavones (i.e., daidzein, genistein,
and total aglycones), with R2 values reaching 0.7676, 0.7759, and
0.8393 (p < 0.01), respectively. Therefore, b-glucosidase was
strongly involved in the bioconversion of glucoside isoavones
into their corresponding aglycone forms. The remarkable
enhancement of aglycone isoavone in the bioprocessed
soybean by E. cristatum mycelia can be ascribed to the obvious
increase in b-glucosidase activity during SSF. This result is in
agreement with those of many previous investigations that b-
glucosidase plays a crucial role in the transformation of iso-
avone glucosides into aglycones during SSF.15 The increased
total isoavone aglycones was more than the reduced total
isoavone glucosides (Table 1), which can be attributed to some
isoavone aglycones being synthesized or bio-transformed into
other compounds by E. cristatum during fermentation. Further
This journal is © The Royal Society of Chemistry 2020
research is needed to perform on how isoavone aglycones are
synthesized during SSF with E. cristatum.

Aglycone avonoids exhibit stronger anticancer, antioxidant,
and anti-atherosclerotic effects than glucosides.22,56 Ahmad
et al.24 and Lee et al.15 demonstrated that isoavone aglycones
display stronger antioxidant property than glucosides. In addi-
tion, Kim et al.56 illustrated that the side glycosidic linkage of
ginsenoside is broken down by the action of b-glucosidase,
which then enhances its anticancer activity. Thus, the solid-
state bioprocessed soybeans using E. cristatum enhances iso-
avone aglycones, which may be applied to the commercial
production of nutraceuticals and functional foods.
3.3 Changes in antioxidant activity of soybeans during SSF

In recent years, there have been many methods to evaluate the
antioxidant effects of complex food constituents due to the
distinctive antioxidant mechanism of different antioxidant
compounds. The specicity and sensitivity of one method does
not adequately detect all antioxidant compounds in the studied
sample. Consequently, it is very essential to use a series of
approaches for the antioxidant evaluation of samples to take
into consideration of the different mechanisms of antioxidants.
In the present investigation, four common antioxidant property
assays with different mechanisms were carried out to assess the
change of antioxidant activity of soybeans during SSF, and the
results are illustrated in Fig. 6A–D.

3.3.1 DPPH radical scavenging activity. DPPH is stable
organic free radical which generally applied for the assessment
of in vitro antioxidant property. The distinct purple color of
DPPH radical solution disappeared as it reacts with antioxi-
dants which prevent the radical chain reaction by providing
hydrogen atoms. In this study, the scavenging activity against
DPPH radical of fermented (days 2–15) and non-fermented
soybeans (day 0, control) is shown in Fig. 6A. The result
revealed that days of fermentation displayed a signicant (p <
0.01) inuence on DPPH radical scavenging activity. It was
noted that DPPH radical scavenging activity changed slightly at
the early growth phase (from day 0 to day 2), and then started to
rapidly increase from day 4 onwards. DPPH radical scavenging
RSC Adv., 2020, 10, 16928–16941 | 16935
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Fig. 5 Relationship among change of glucoside isoflavones (a–c), aglycone isoflavones (d–f) and b-glucosidase activity during solid-state
bioprocessing by E. cristatum.
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activity enhanced about 4 times at the late periods of SSF (day
15). In detail, during the different bioprocessed periods (days 0,
2, 4, 6, 8, 10, and 15), the values of scavenging activity against
Fig. 6 Effect of solid-state bioprocessing by E. cristatum on the DPPH
reducing antioxidant power (C) and reducing power of soybeans. Data we
Mean values marked by the different letters among the samples denote

16936 | RSC Adv., 2020, 10, 16928–16941
DPPH radical of soybeans were 818, 992, 1779, 2453, 2684, 2874,
and 3292 mg VCE per g, respectively. SSF's ability to remarkably
enhance the scavenging activity against DPPH radical of the
radical scavenging activity (A), ABTSc+ scavenging activity (B), ferric
re recorded as the mean value� standard deviation of three replicates.
d significant difference (p < 0.05).

This journal is © The Royal Society of Chemistry 2020
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soybean samples was also elucidated in earlier literatures. For
example, Lee et al.15 and Santos et al.37 have veried that
soybean samples processed by SSF with Tricholoma matsutake
and Saccharomyces cerevisiae, respectively, signicantly
enhanced its scavenging activity against DPPH radical and the
magnitude enhancement of the antioxidant activity depended
on the fermentation time, which is in consistence with the
result from our study. It was well illustrated in earlier researches
that the augment of scavenging activity against DPPH radical of
fermented samples was mainly associated with the released
phenolic compounds during SSF process. In addition, the
structure of phenolic compounds would also signicantly
inuence the radical scavenging activity, which is widely re-
ported in previous studies. In general, polyphenols are more
efficient as antioxidants than monophenols, and the mono-
phenols antioxidant activity can also be enhanced by methoxy
substitution, however, this effect is less important than
a hydroxyl group addition.57 Furthermore, Gu et al.30 have also
stated that the phenolic compound derivatives (e.g., avonoids
derivatives) having a hydroxyl group which substituted on the C-
ring were noted to exhibit higher radical scavenging activity.
The chemical structures of the phenolic compounds might be
changed by SSF, which would signicantly inuence the anti-
oxidant activity of the fermented samples. In fact, this study
found that glucosides isoavone (a special kind of phenolic
compounds) were transformed into aglycones isoavone of
soybeans via processed with E. cristatum mycelia, thus
a hydroxyl group which in the C-7 position of the C-ring was
obtained aer SSF. Accordingly, the enhanced DPPH radical
scavenging activity might be caused by the increase of aglycones
isoavone during SSF. Furthermore, Zhang and Yu23 and Santos
et al.37 have reported that soybeans processed with microor-
ganisms promoted the biotransformation of soybean isoavone
from glucosides to aglycones, which contribute to the enhanced
antioxidant activity of products during SSF.

Hence, as discussed above, in order to further elucidate the
precise relationship between TPC, glucosides isoavones, agly-
cone isoavones and antioxidant activity, Pearson's correlation
analysis was conducted, and the results are displayed in Table 2.
It was revealed that there was a highly positive correlation (p <
0.01) between TPC, aglycone isoavones and DPPH radical
scavenging activity (TPC, r ¼ 0.961; daidzein, r ¼ 0.877; genis-
tein, r ¼ 0.855; total aglycones, r ¼ 0.868). Thus, it seems that
the improved scavenging activity against DPPH radical of fer-
mented soybeans mainly attributed to the enhancement of
phenolic compounds as well as the isoavone aglycones (e.g.,
daidzein and genistein) formed during SSF process.

3.3.2 ABTSc+ scavenging activity. ABTSc+ scavenging effect
is applicable for both hydrophilic and antioxidants assay. ABTS
is associated with the scavenging abilities of hydrogen donating
and chain breaking antioxidants, which has documented in
previous literatures.12 Scavenging effects of the fungus treated
soybeans were evaluated and compared with the non-fermented
counterpart. ABTSc+ scavenging effect of soybeans changed
depending on the SSF bioprocessing times as shown in Fig. 6B.
However, at early stage (days 0–2), there was no signicant
difference for the activity which suggested that E. cristatum
This journal is © The Royal Society of Chemistry 2020
might not have entirely grown and biotransformation of
soybean substance within 2 days. With the fermentation times
increased (days 4–10), steady increasing of ABTSc+ scavenging
effects was observed. Aer 15 days of fermentation, remarkably
elevated ABTSc+ scavenging activity was observed for fermented
soybeans, the increase rates was approximately 37.8% when
compares with the non-fermented soybeans (day 0). This
increase tendency was in agreement with the enhancement of
TPC and isoavone aglycones results obtained in the present
study (Table 1). Table 2 shows that TPC, isoavone aglycones
and ABTSc+ scavenging effect of soybean fractions were greatly
correlated (r > 0.9, p < 0.01), which providing strong evidence
that the improved ABTSc+ scavenging effect noted might be
ascribed to the augment of phenolics and isoavone aglycones
during SSF.

3.3.3 Ferric reducing antioxidant power (FRAP). FRAP was
conducted to assay the ability of antioxidants that result in
TPTZ–Fe3+ complex compound reducing to the TPTZ–Fe2+ form.
The FRAP changes trend of soybeans during SSF process by E.
cristatum are shown in Fig. 6C, which is like ABTSc+ scavenging
activity. The FRAP of fermented soybeans signicantly
increased with the fermentation time increased except for the
early fermentation periods (day 0–2). Highest FRAP (52 mmol
Fe(II) per g d.w.) of the bioprocessed soybeans was observed
aer 15 days of fermentation, which is approximately 3 times
when in comparison with the non-fermented soybeans (19.7
mmol Fe(II) per g d.w.). This enhancement is most likely attrib-
uted to the liberation of phenolic from the matrices by the
fungus. Solid-state bioprocessing with lamentous fungus
improved the FRAP of sample was also veried in previous
investigations. Razak et al.58 and ĐorCević et al.39 have reported
that rice bran fermented with R. oligosporus and M. purpureus,
barley fermented with Lactobacillus rhamnosus and Saccharo-
myces cerevisiae signicantly enhanced FRAP in comparison of
their non-fermented counterpart, and both of them attributed
to the released phenolics during SSF. In terms of this study,
total phenolics content displayed highly positive correlation
with FRAP, with the coefficient r values reaching 0.993 (p < 0.01).
Besides, it was worth nothing that isoavone aglycones also
showed good correlations with FRAP concurrently (r > 0.9, p <
0.01). Therefore, it can be concluded that released phenolics
and produced isoavone aglycones via biotransformation of
isoavone glucosides during SSF were responsible for the
increase of FRAP.

3.3.4 Reducing power (RP). The reducing power of fer-
mented (days 2–15) and non-fermented soybeans (day 0) is
shown in Fig. 6D. It was revealed that slight increases in the RP
at the early period of SSF (days 0–2), but the increment is
insignicant (p > 0.05), which is like ABTSc+ scavenging effect
and FRAP. However, with the proceeding of SSF (days 4–10), it
was clearly found that RP enhanced signicantly (p < 0.05) and
thereaer the values remained constant for the late period of
SSF (days 10–15). The results observed form RP demonstrated
that as E. cristatum initially adapted itself according to
surrounding conditions, RP value initially increased slightly
and thereaer signicantly enhanced till 10th day of SSF fol-
lowed by remaining constant. Specically, aer 10 days of SSF,
RSC Adv., 2020, 10, 16928–16941 | 16937
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Table 2 Pearson's correlation coefficients among total phenolics content (TPC), contents of glucoside isoflavones and aglycone isoflavones,
and antioxidant activitya,b

TPC Daidzin Genistin TGI Daidzein Genistein TAI DPPH ABTS FRAP RP

TPC 1.000 �0.969** �0.927** �0.954** 0.959** 0.957** 0.960** 0.961** 0.975** 0.993** 0.920**
Daidzin 1.000 0.977 0.994** �0.990** �0.986** �0.990** �0.898** �0.967** �0.958** �0.849**
Genistin 1.000 0.994** �0.983** �0.992** �0.989** �0.808** �0.960** �0.898** �0.741**
TGI 1.000 �0.993** �0.995** �0.996** �0.858** �0.969** �0.933** �0.800**
Daidzein 1.000 0.992** 0.998** 0.877** 0.966** 0.942** 0.826**
Genistein 1.000 0.998** 0.855** 0.978** 0.932** 0.791**
TAI 1.000 0.868** 0.973** 0.939** 0.812**
DPPH 1.000 0.896** 0.980** 0.986**
ABTS 1.000 0.954** 0.839**
FRAP 1.000 0.953**
RP 1.000

a DPPH, DPPH radical scavenging activity; ABTS, ABTSc+ scavenging activity; FRAP, ferric reducing antioxidant power; RP, reducing power; TGI, total
glucoside isoavones; TAI, total aglycone isoavones. b **Correlation was signicant at the 0.01 level (two-tailed).
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RP value of fermented soybeans is 2128 mg VCE per g, which is
about 2.3 folds higher compared to the non-fermented
soybeans (924 mg VCE per g). Earlier reports have also show
that the RP value of cereal samples (e.g., oat, wheat, millet,
sorghum, corn, rice and broomcorn millet) were signicantly
enhanced by solid-state fermentation with Agaricus blazei
fungus.59 The enhanced RP revealed might be due to the
increased phenolics during SSF (correlation coefficient r ¼
0.920, p < 0.01, Table 2), which could react with free radicals to
stabilize and break radical chain reactions,36 consequently
transforming them to more stable products. Besides, improve-
ment of isoavones aglycones during SSF is also partially
responsible for the enhanced RP, in which the correlation
analysis also displayed that they were remarkably correlated (r >
0.75, p < 0.01, Table 2). These explanations could also be proved
by earlier studies that attributed to the enhanced RP to the
increase of TPC and isoavones aglycones during
fermentation.24,37

3.4 Principal component analysis (PCA) of hydrolytic
enzymes activities, total phenolics content, isoavones and
antioxidant activities

It has been well reported that phenolics and isoavones were
mainly contributed to the antioxidant activities of soybean
samples. In the present study, the enhancement of phenolic
compounds and isoavone aglycones were mainly ascribed to
the produced carbohydrate-cleaving enzymes (i.e., b-glucosi-
dase, a-amylase and cellulase) and protease by E. cristatum
during SSF process. Principal component analysis (PCA) is
widely conducted by food scientists/researchers to evaluate the
relationship of bioactive compounds and antioxidant activities
of studied samples.36 Hence, in order to get an overview of the
correlation between the hydrolysis enzyme activities and the
change of phenolics and isoavone content, as well as its
subsequent closely effect on the enhanced antioxidant activities
of soybeans during SSF, principal component analysis (PCA)
model was created in this study, and the results are elucidated
in Fig. 7. Fig. 7A shows the PCA loading plot of each evaluation
index. The result revealed that the rst two validated principal
16938 | RSC Adv., 2020, 10, 16928–16941
components (PCs) attributed to 97.09% of the total information
in terms of the original variables, implying that the rst two PCs
could well reect the information of the original variables. The
PCA loading plot not only could clarify the how well the PCs
related with original variables, but also reect the relationship
between the studied variables. The close position of the indices
in the PCA loading plot is an indicative of the high relationship
between these indices,57 which can described by the same PC. In
contrast, less or no correlated indices were explained by
different PCs. As illustrated in Fig. 7A, RP, DPPH, FRAP, ABTS,
TPC, isoavone aglycones were well correlated with PC1 and
was noted to be highly similar loaded on PC1 as well, which
suggests that RP, DPPH, FRAP, ABTS and TPC, isoavone agly-
cones exhibited remarkably positive relationship. This result
observed by PCA is coincided with the phenomenon obtained by
the Pearson's correlation analysis (Table 2). Thereaer, as
described above, PCA result further demonstrated that the
increased antioxidant activity of soybeans was primarily attrib-
uted to the improvement of TPC and aglycone isoavones
during SSF process.

Besides, as seen from Fig. 7A, TPC, aglycone isoavones and
all the hydrolytic enzymes were observed to be similarly loaded
on PC1, implying that the increase of phenolic and aglycone
isoavones content during SSF process might be due to the
produced hydrolytic enzymes by E. cristatum, which could
catalyze the liberation of free phenolics and aglycones from the
soybeans substrate, hence resulting in an signicant enhance-
ment in their antioxidant potential. Furthermore, it was obvi-
ously noted that aglycone isoavones (i.e., daidzein, genistein
and TAI) was inversely displayed with glucoside isoavones
(daidzin, genistin and TGI) in light of the direction of the
variables, which implied that the hydrolysis of this conjugated
glucoside isoavones and subsequently contributing to the
liberation of aglycone isoavones during SSF.

The score plot of PCA was also applied to investigate the
differences and similarities of antioxidant activities among
soybean samples at the different time points of fermentation,
and the results are shown in Fig. 7B. The distance between the
points of different samples on the scores plot demonstrated
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 (A) Principal component analysis (PCA) loading plot of hydrolytic enzymes, total phenolic content (TPC), contents of glucoside isoflavones
and aglycone isoflavones, and antioxidant activity of soybean during solid-state bioprocessing by E. cristatum. (B) PCA score plot of soybeans
with different bioprocessing period with E. cristatum.
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that the degree of similarity or variability of the antioxidant
properties for these samples. According to Fig. 7B, it can be
clearly found that the scores of the soybean samples moved
from the negative axis to the positive axis of PC1 with the
proceeding of SSF. Furthermore, it worth noting that all of the
soybean samples could be divided into four stages along with
the vector of PC1 from le to right. It can be revealed in Fig. 7B
that 2 day fermented soybeans and non-fermented soybeans
(day 0) are distributed in the le of PC1 and having high
negative score, which can be interpreted that the bioactive
compounds and antioxidant activity of these samples are lower.
Besides, it was observed that close relationships among
soybeans fermented with 6, 8 and 10 days, which suggested that
these samples have similar TPC, aglycone isoavones content
and antioxidant activity. Furthermore, 15 day fermented
soybeans exhibited great different distribution with respect to
the other soybean samples and having high positive score of
PC1, which indicated that these soybean samples could be best
depicted as having great bioactive compounds and antioxidant
activity. The trends of this change explanation could also
further support by the results illustrated in Table 1, Fig. 1 and 6.
Thus, these results conrmed that fermentation time played an
important role on the phenolic compounds, isoavones
composition and antioxidant activity variation of the soybean
samples, which was in accordance with the previous studies
published earlier.44,60 Hence, this nding implied that PCA
could be useful to provide crucial insight into the discrimina-
tion and classication of the soybean samples investigated,
along with the relationships between TPC, isoavone and
antioxidant activity.
4. Conclusions

The current study demonstrated that E. cristatum used for SSF
was very effective for the enhancement of TPC, aglycone iso-
avone, scavenging activity of DPPH radical and ABTSc+, FRAP
and RP of soybeans studied. Carbohydrate cleaving enzymes
(i.e., a-amylase, b-glucosidase and CMCase) and protease were
This journal is © The Royal Society of Chemistry 2020
produced by E. cristatum during soybean fermentation. b-
Glucosidase activity was very high whereas a-amylase as well as
protease activity was at moderate levels, and cellulase (CMCase)
was low during the fermentation periods. Carbohydrate
cleaving enzymes, TPC, aglycone isoavone as well as antioxi-
dant activity remarkably increased with the proceeding of the
fermentation times. There was a signicant correlation between
the improvement of TPC and the activities of a-amylase, b-
glucosidase, cellulase and protease during SSF process. More
importantly, b-glucosidase produced by E. cristatum was
strongly involved in the biotransformation of isoavone gluco-
sides of soybeans into their corresponding aglycone forms. Both
PCA and Pearson's correlation analysis veried that the
augment of antioxidant activities of soybean samples during
SSF were mainly attributed to the improvement of TPC and
isoavones aglycone. Thus, we demonstrated for the rst time
E. cristatum mycelia bioprocessed soybeans signicantly
improved its TPC, aglycone isoavone and antioxidant activity,
which might be utilized in the production of novel functional
foods or nutraceuticals compared to the non-fermented
soybean. Further work is needed to estimation their potential
human health promotion effects in E. cristatum bioprocessed
soybeans with regards to the development of nutraceuticals or
functional foods.
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C. E. Gómez-Sánchez and J. A. Gutiérrez-Uribe, J. Cereal
Sci., 2019, 90, 102837.

41 Y. Ma, Y. Wu, J. Yang, H. Liang and F. Shang, Bangladesh J.
Bot., 2017, 46, 907–915.

42 H. B. Singh, B. N. Singh, S. P. Singh and C. S. Nautiyal,
Bioresour. Technol., 2010, 101, 6444–6453.

43 M. Kang, F.-H. Zhai, X.-X. Li, J.-L. Cao and J.-R. Han, J. Cereal
Sci., 2017, 73, 138–142.
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra10344a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

pr
il 

20
20

. D
ow

nl
oa

de
d 

on
 1

/1
0/

20
26

 7
:0

9:
56

 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
44 L. Wang, Y. Luo, Y. Wu and Z. Wu, J. Funct. Foods, 2018, 41,
183–190.

45 Q. Bei, G. Chen, F. Lu, S. Wu and Z. Wu, Food Chem., 2018,
245, 297–304.

46 B. A. Acosta-Estrada, J. A. Gutiérrez-Uribe and S. O. Serna-
Sald́ıvar, Food Chem., 2014, 152, 46–55.

47 S. Yeo and J. Ewe, in Advances in fermented foods and
beverages, Elsevier, 2015, pp. 107–122.

48 S. J. Hur, S. Y. Lee, Y.-C. Kim, I. Choi and G.-B. Kim, Food
Chem., 2014, 160, 346–356.

49 F. Shahidi and J. Yeo, Molecules, 2016, 21, 1216.
50 L. Wang, J. Zhang, W. Zhang, X. Lin, C. Li and Z. Wu, Process

Biochem., 2019, 82, 51–58.
51 K.-C. Cheng, J.-Y. Wu, J.-T. Lin and W.-H. Liu, Eur. Food Res.

Technol., 2013, 236, 1107–1113.
52 J.-E. Sarry and Z. Günata, Food Chem., 2004, 87, 509–521.
This journal is © The Royal Society of Chemistry 2020
53 C. Zambrano, A. Kotogán, O. Bencsik, T. Papp, C. Vágvölgyi,
K. C. Mondal, J. Krisch andM. Takó, LWT, 2018, 89, 457–465.
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