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f Pueraria candollei var. mirifica
phytoestrogens using immobilized and free b-
glucosidase, a technique for enhancing estrogenic
activity†

Fonthip Makkliang, a Wipawee Juengsanguanpornsuk, b Suppalak Phaisan, c

Attapon Sakdamas, c Waraporn Putalun, b Seiichi Sakamoto d

and Gorawit Yusakul *ce

Pueraria candollei var. mirifica (PM) has a significant beneficial effect on postmenopausal symptoms

associated with estrogen deficiency. However, the estrogenic activity and intestinal absorption of

isoflavonoid glycosides derived from PM, such as daidzin and genistin, are significantly lower than those

of their aglycones. To enhance the estrogenic activity of the PM extract, we developed b-glucosidase

and its immobilized form to increase the PM aglycone content (daidzein and genistein). The enzyme

immobilization was done by alginate beads, and the resulting b-glucosidase alginate beads have

a diameter of about 0.20 cm. Response surface methodology (RSM) was used to optimize certain

parameters, such as the pH, temperature, and ethanol concentration. The optimal conditions of b-

glucosidase for daidzein and genistein production were pH of 4.8–4.9, a temperature in the range 46.3–

49.1 �C, and ethanol concentration of 10.0–11.0%. The ANOVA results indicated that the design

experiment involving free and immobilized b-glucosidase was the best fit by quadratic models, which

had adjusted R2 values between 0.8625 and 0.9318. Immobilized b-glucosidase can be reused up to

nine times and maintained efficacy of greater than 90%. Treatment of the PM extract with b-glucosidase

increased the estrogenic activity of the PM extract by 8.71- to 23.2-fold compared to that of the

untreated extract. Thus, b-glucosidase has a high potential for enhancing the estrogenic activity of PM

constituents, and it can be applied on an industrial scale to increase the utility of these natural products.
1. Introduction

Pueraria candollei var. mirica (Airy Shaw & Suvat.) Niyomdham
(PM) is a medicinal plant containing phytoestrogens that can be
used against vasomotor symptoms.1 PM phytochemicals
potentially protect against bone loss, act as antioxidants, and
provide neurodegeneration protection.1 PM phytoestrogens
have been divided into three groups: (i) isoavonoids [kwa-
khurin, puerarin (PUE), daidzin (DZ), genistin (GT), daidzein
(DZe), and genistein (GTe)], (ii) chromenes [miroestrol (MI),
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isomiroestrol, deoxymiroestrol (DMI), and methoxyisomir-
oestrol], and (iii) coumestans (coumestrol).1 DMI was identied
as the most estrogenic constituent, and it is more estrogenic
than MI and isomiroestrol.2 In raw materials, the glycoside
isoavones of PM phytoestrogens were found to be more
abundant.3 When isoavonoid glycosides are administered,
they are hydrolyzed prior to absorption by b-glucosidase
produced by the intestinal ora. In the human small intestine,
aglycone products are readily absorbed and metabolized
because their aglycones exhibit higher hydrophobic properties
than glycosides.4,5 The presence of intestinal oras that secrete
b-glucosidase varies among individuals. As a result, b-
glucosidase-mediated conversion of isoavone may be
unpredictable.

b-Glucosidase (b-D-glucoside glycohydrolases, EC 3.2.1.21) is
a glycosyl hydrolase that belongs to the family of glycosyl
hydrolases.6 It is frequently found in a variety of organisms,
including microorganisms, plants, fungi, and bacteria. In the
human intestine, b-glucosidase is secreted by Bidobacterium
spp. and Lactobacillus spp.7,8 Studies have revealed that b-
glucosidase plays an essential role in efficiently increasing the
RSC Adv., 2021, 11, 32067–32076 | 32067
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concentration of isoavone aglycones.9,10 b-Glucosidase may
enhance the estrogenic activity of PM by converting glycosides
to aglycone isoavones, specically DZ and GT, to DZe and GTe.
The effect of PM phytoestrogen transformation on estrogenic
activity and absorption has not been evaluated. Fermentation of
soy isoavonoids with Lactobacillus paracasei signicantly
increases DZe and GTe bioavailability.11 Additionally, DZe is
capable of being metabolized to the more potent equol.12 The
production of equol has a direct effect on preventing bone loss
and fat accumulation as well as relieving menopausal symp-
toms.13,14 The biotransformation of DZ to DZe is the rst step in
the production of equol. However, less than half of the pop-
ulation is capable of producing equol endogenously,15 and
Bidobacterium, which produces b-glucosidase, is less prevalent
in the elderly, particularly those with certain diseases.16 The DZe
and GTe enrichment of isoavone provides relief from meno-
pausal symptoms and benecial effects on C-reactive protein
concentrations.17,18 The clinical outcomes for menopausal
symptoms may be improved consistently among subjects
because the transformation of isoavone glycosides to the
aglycone form leads to improved bioavailability.19

Free b-glucosidases are powerful and benecial enzymes for
biotransformation. However, the applications of free enzymes
are limited because of their low stability, high cost, and non-
reusability. The immobilized enzymes have a number of
advantages over their free-b-glucosidase counterparts,
including increased enzyme stability over a broad temperature
and pH range, reusability, ease of separation from the reaction
mixture, and applicability in a variety of systems.20 Enzyme
immobilization may be classied into three types: covalent
binding, adsorption on the support, and entrapment. Covalent
binding and adsorption on the support have some restrictions,
which may inuence the binding size of the enzyme and reduce
the enzyme activity.21 Entrapment is one of the best methods for
immobilization, since this technique involves little enzyme loss
and is not affected by the structure and chemistry of the
enzyme.22 The present research focuses on the entrapment of
enzymes on calcium alginate beads. This method involves
simple preparation, is non-toxic (biocompatible), non-reactive
with the enzyme, and affordable.23,24 In addition, calcium algi-
nate is easily prepared in bead form and has a high surface area
with greater porosity to diffuse the substrate and product.25–27

Previous studies have not focused on the effect of b-glucosidase
treatment on the chemical constituents and estrogenic activity
of PM phytoestrogens. In the present study, we developed and
optimized both b-glucosidase and alginate-based immobiliza-
tion of b-glucosidase for the production of the PM aglycone
isoavones DZe and GTe.

b-Glucosidase activity and stability are inuenced by envi-
ronmental conditions, such as temperature, pH, and ethanol.
However, the ethanol concentration is essential to keep the
substrates solubilized. Response surface methodology (RSM)
was applied using a central composite design (CCD), and the
pH, temperature, and ethanol concentration were optimized to
achieve the best activity of b-glucosidase for the production of
PM aglycone isoavones. Increased temperature and ethanol
levels have a combined detrimental effect on enzyme activity
32068 | RSC Adv., 2021, 11, 32067–32076
and stability,28 therefore, the interaction between these factors
is expected. The optimal temperature has a considerable
inuence on the pH range in which the enzymemixture exhibits
high activity.29 RSM is the method of choice for addressing
these interactions. Finally, we evaluated the estrogenic activity
of the resulting PM extracts using the MCF-7 cell model. The
process was shown to increase the estrogenic activity of the PM
extract signicantly and could be applied in the botanical
extract industry.
2. Materials and methods
2.1. Chemicals and reagents

p-Nitrophenol ($99%), p-nitrophenyl-b-D-glucopyranoside (p-
NPG) (98%), and daidzin (DZ) were purchased from Sigma-
Aldrich, Inc. (MO, USA). Daidzein (DZe), puerarin (PUE), and
genistein (GTe) were purchased from LKT Laboratories Inc.
(MN, USA). Genistin (GT, 99%) was from Fujicco (Tokyo, Japan).
Calcium chloride dihydrate (CaCl2$2H2O, 97%) was purchased
from Rankem (RFCL Limited, New Delhi, India). Sodium algi-
nate was purchased from Loba Chemie Pvt Ltd. (91%, Mumbai,
India). b-Glucosidase of Trichoderma reesei was purchased from
Xian Lyphar Biotech Co., Ltd. (Shaanxi, China). We isolated
miroestrol (MI) and deoxymiroestrol (DMI) from PM roots.30
2.2. Immobilization of b-glucosidase

Sodium alginate solution (3.8% w/v) was prepared by dissolving
sodium alginate powder in hot ultrapure water and then stirring
at a rate of 500 rpm. The sodium alginate solution and b-
glucosidase were mixed in various proportions to obtain
a homogeneous solution containing 2000 UmL�1 b-glucosidase
in a nal sodium alginate concentration of 2.0–4.0% (w/v).
Subsequently, drops of this mixture solution were produced
with the tip of the transfer pipette into a 0.20 M CaCl2 solution
(20 mL) under continuous stirring at 500 rpm for two hours.
Finally, these alginate beads were washed with ultrapure water
and kept at 4 �C until use. An equation was used to determine
the immobilization yield of b-glucosidase. Aadd denotes the
enzyme's initial activity, while Afree denotes the enzyme's
remaining free activity following immobilization. The ESI (ESI†,
Analysis of b-glucosidase activity) details the procedure for
determining enzyme activity.

Immobilization yieldð%Þ ¼ Aadd � Afree

Aadd

� 100

A scanning electron microscope (SEM) was used to examine
the surface morphology of alginate beads, as described in the
ESI† (Analysis of the surface morphology using a scanning
electron microscope).
2.3. Reaction between b-glucosidase and an extract of
Pueraria candollei var. mirica

Free b-glucosidase and immobilized b-glucosidase were reacted
with isoavonoids of the PM extract, which was prepared by
macerating 500 g of dry PM powder in 2.5 L of 80% EtOH for two
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05109a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 2

/2
0/

20
26

 3
:0

7:
59

 P
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
days at room temperature. The extract was collected and then
concentrated using a rotary evaporator and a lyophilizer under
vacuum, and then 37.5 g of the product was obtained. The
powdered PM extract (10 g) was dissolved in 20% EtOH (100
mL). The clear extract was collected and kept at �20 �C.
Previous research established that 20% EtOH extracts could
recover between 89–99% of the phytoestrogens found in PM.31

The PM isoavonoids were reacted with immobilized or free b-
glucosidase on alginate beads. A 2.5 mL solution of PM extract
was mixed with an equal volume of 50 mM sodium citrate
phosphate buffer (pH 5) containing b-glucosidase. The reaction
mixture was shaken in a temperate incubator. At specic time
intervals, the sample solution (100 mL) was collected. Next,
alkaline ethanol (300 mL of 50 mM sodium carbonate buffer pH
9.6 and 200 mL of EtOH) was added to the sample solution to
terminate the reaction. Finally, this solution was injected into
an HPLC-UV system for isoavone analysis (ESI,† Instrumental
and high-performance liquid chromatography for isoavonoid
analysis). Then, the appropriate enzyme amount was selected
for optimization of the extraction parameters, including the
solution pH, temperature, and EtOH concentration.

2.4. Response surface methodology (RSM)

Response surface methodology (RSM) is an effective statistical
technique for experimental design and optimization. This
technique is used to examine the responses (dependent vari-
ables) as a result of the interaction of independent variables.
Based on the optimization of single parameters (pH, tempera-
ture, and EtOH concentration of the reaction mixture), the
optimal ranges of the mentioned parameters were selected for
RSM. The central composition design (CCD) method was used
in this study to optimize the interaction between the indepen-
dent variables pH (3, 5, and 7, X1), temperature (30, 50, and
70 �C, X2), and EtOH concentration (5, 10, and 15% v/v, X3). The
DZe (Y1) and GTe (Y2) responses were obtained using immobi-
lized b-glucosidase, whereas the DZe (Y3) and GTe (Y4)
responses were obtained using free b-glucosidase. The effects of
independent factors on the responses were randomized and
tted to the appropriate model. Design-Expert® soware was
used to perform the statistical analyses. As illustrated in Table
S1,† the CCD is composed of axial points (�1.68 and +1.68),
center points (0), and factorial points (�1 and +1). Twenty sets
of experiments with six center points were conducted in this
study, as shown in Table S2.†

2.5. Evaluation of estrogenic activity by an MCF-7
proliferation assay

Aer optimizing the conditions using RSM, the PM extract was
prepared and analyzed for isoavonoid, MI, and DMI contents.
Then, estrogenic activity was compared between the PM extracts
and extracts treated with b-glucosidase. For the control sample,
a solution of PM extract (25 mL) was mixed with an equal
volume of 50 mM sodium citrate phosphate buffer pH 5 and
incubated. In the case of enzymatic treatment, one hundred
beads of immobilized b-glucosidase or 0.2 U mL�1 free b-
glucosidase were used. Following the reaction, the treated
© 2021 The Author(s). Published by the Royal Society of Chemistry
extracts were puried using octadecylsilyl silica resin. The resin
(30 mL volume) was initially packed and equilibrated with 5%
EtOH. The resulting reaction mixture was diluted one-to-one
with water, resulting in a nal concentration of EtOH of 5%.
Contaminants, such as buffer salts, were eluted with 150 mL
water. The bound compounds were eluted with EtOH at
a concentration of 80%. The extracts were dried using a vacuum
rotary evaporator and a freeze dryer. The target compounds
were identied, and the total MI and DMI were determined
using an indirect competitive enzyme-linked immunosorbent
assay (ELISA) using a previously described procedure.32

The culture and treatment of MCF-7 human breast cancer
cells were performed in accordance with our previous study.31

MCF-7 cells were cultured in DMEM/F12 supplemented with
charcoal-treated FBS (10%, v/v) and antibiotics. Cells were
seeded in 96-well plates at a density of 7 � 103 cells per well.
Aer 48 hours of growth, the cells were treated with 10�10 M
estradiol (E2) as a control estrogen. PM extracts at various
concentrations (0.01–10 ng mL�1) were diluted in estrogen-free
medium containing 0.1% (v/v) EtOH. The treatment lasted six
days, with the medium being replaced every three days. The
effects of E2 and PM extract on cell proliferation were deter-
mined using the tetrazolium 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay, which was incu-
bated at 0.45 mg mL�1 for 2 hours at 37 �C. The resulting for-
mazan was dissolved in 100 mL solubilizing solution containing
2% (v/v) glacial acetic acid, 40% (v/v) dimethylformamide, and
16% (w/v) sodium dodecyl sulfate. A microplate reader (595 nm)
was used to determine the formazan concentration. The
proliferative effect of the PM extract treatment was quantied as
the percentage of cells that proliferated (% RPE) relative to that
of the 10�10 M E2. RPE (%) ¼ (PME/E2) �100, where PME and
E2 refer to the cell proliferation induced by the PM extract and
10�10 M E2, respectively.
2.6. Soware and statical analysis

Design-Expert® soware version 13 was used to conduct the
RSM (Stat-Ease Inc. MN, USA). Statistically signicant differ-
ences were determined by an ANOVA, which was performed
using SPSS ver. 26.
3. Results and discussion
3.1. Immobilization of b-glucosidase on alginate beads

Different shapes of b-glucosidase beads immobilized in 2.0, 2.5,
3.0, 3.5, and 4.0% w/v alginate solutions were obtained (Fig. 1).
Higher alginate concentrations resulted in higher immobilized
yields, and a drop-like shape was obtained with alginate
concentrations of 3.0–4.0% w/v. We obtained spherical alginate
beads at concentrations of 2.0 and 2.5% w/v alginate solution.
The immobilized yields of b-glucosidase on alginate beads were
72� 0.18, 74� 0.24, 75� 0.12, 75� 0.28, and 76� 0.12% using
alginate solutions at 2.0, 2.5, 3.0, 3.5, and 4.0% w/v, respectively.
At higher concentrations of alginate, the enzyme could be
trapped in the cross-linked structure with a smaller pore size.33

The surface morphology of alginate beads immobilized with b-
RSC Adv., 2021, 11, 32067–32076 | 32069
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Fig. 1 Shapes of the b-glucosidase beads immobilized in 2.0, 2.5, 3.0, 3.5, and 4.0% w/v alginate solutions (A) and surface morphology of the
enzyme-free alginate beads (B) and immobilized b-glucosidase alginate beads (C). The surface morphology was observed using a scanning
electron microscope at a magnification of 100 00�.
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glucosidase (2.0, 2.5, and 3.0% w/v) was revealed. Beads of b-
glucosidase alginate had a diameter of approximately 0.20 cm.
The smooth surface of enzyme-free alginate beads was observed
(Fig. 1). A porous structure can be observed in immobilized b-
glucosidase alginate beads (Fig. 1), where the substrate reached
the immobilized b-glucosidase, and the products were released
into the reaction solution. The results are consistent with
a previous report in which the highest immobilized yield was
obtained using 3% sodium alginate and 0.2 M CaCl2.34

3.2. b-Glucosidase reaction toward PM isoavonoid

The reactivity of immobilized b-glucosidase (2.0, 2.5, and 3.0%
w/v alginate beads) and free b-glucosidase (0.04, 0.20, and 1.0 U
mL�1) with PM extract was rst examined. Aer the reaction,
sample solutions for free b-glucosidase were collected at 0, 30,
and 60 minutes, whereas sample solutions for immobilized b-
glucosidase reaction were collected at 0, 60, and 120 minutes.
The enzyme reaction was stopped with alkaline ethanol before
the HPLC-UV analysis of the isoavonoids. The maximum
response of DZe and GTe generation was obtained using
immobilized b-glucosidase on 2.0% w/v alginate beads (ESI,
Fig. S1†). Low alginate concentrations (2.0% w/v) produced
higher porosity than 2.5 and 3.0% w/v, thus allowing the
substrate and product to ow in and out of beads (Fig. 1). For
further experiments, b-glucosidase immobilized in 2.0% w/v
alginate beads was used. The target compound conversion in
the case of free b-glucosidase were dependent on the enzyme
concentration (ESI, Fig. S2†). For the following experiment, 0.2
U mL�1 b-glucosidase was used since it gave a medium
response of DZe and GTe synthesis, which suggests that the
optimization could be improved further. For comparison,
32070 | RSC Adv., 2021, 11, 32067–32076
immobilized b-glucosidase (210 U, 21 U per bead) and free b-
glucosidase (1 U) were added to the reaction volume (5 mL). The
immobilized approach necessitated a substantially higher
enzyme amount and a slightly longer reaction time. The
increased b-glucosidase quantity required in the immobilized
enzyme system was due to the limited ow of the substrate and
product into and out of the matrix.

3.3. Reaction optimization and RSM analysis

Each factor was optimized individually prior to RSM optimiza-
tion. Sodium citrate phosphate buffer (50 mM) was used to
optimize both the free and immobilized reaction solutions of b-
glucosidase at pH 3, 4, 5, and 6. A 50 mM Tris–HCl buffer
solution was used as a buffer solution at pH 7 and 8. For both
the free and immobilized b-glucosidase on alginate beads, the
greatest response of DZe and GTe was achieved with 50 mM
sodium citrate phosphate buffer (pH 5) (Fig. 2A and D). The
optimum pH of free-b-glucosidase ranged from 4 to 5, whereas
the immobilized b-glucosidase exhibited a broader pH range (4–
6). The result was similar to that obtained for b-glucosidase
from Aspergillus fumigatus ABK9 entrapped into alginate beads,
in which the immobilized enzyme exhibited a broader pH range
(pH 4.5–6.5) than that exhibited by the free enzyme (pH 5–6).35

The results indicated that at pH 6, free b-glucosidase was lost at
18% and 28% for DZe and GTe production, respectively,
whereas the immobilized b-glucosidase exhibited lower loss of
DZe and GTe production at approximately 7%, where the losses
were compared to that those productions at pH 5. The results
suggest that b-glucosidase immobilized on alginate beads may
protect the enzyme. Trichoderma b-glucosidases mainly exhibit
optimal reactivity at pH values over 4.0 to 5.5 and in the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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temperature range of 35 to 80 �C,36 and this study obtained
similar results. Therefore, a suitable buffer was chosen to
optimize the temperature of free and immobilized b-
glucosidase.

The temperature of the reaction mixture inuences the
catalytic activity. The optimal reaction temperature for b-
glucosidase was investigated between 30 and 60 �C at intervals
of 10 �C. The reactions of DZe and GTe increased, resulting in
a temperature increase from 30 to 50 �C. The production of DZe
and GTe decreased at temperatures above 50 �C (Fig. 2B and E).
For example, at 60 �C, the immobilized b-glucosidase was more
stable than the free b-glucosidase. The immobilized b-
Fig. 2 Conversion of daidzin (DZ) and genistin (GT) to daidzein (DZe)
optimization. The effects of pH (A and D), temperature (B and E), and EtO
where results in A, B and C were produced by immobilized b-glucosidas
obtained from triplicates (n ¼ 3) of each treatment and standard deviat
(lowercase) indicate nonsignificant and significant differences, respectiv
a compound. Statistical significance was determined by one-way ANOV

© 2021 The Author(s). Published by the Royal Society of Chemistry
glucosidase retained DZe and GTe productivities at 80% and
74%, respectively, while the productivities by free b-glucosidase
remained at 54% and 45%, respectively, compared to 50 �C.
High temperatures are likely to denature enzymes. Thermal
energy can disrupt the weak non-covalent interactions in the
conformation of the native enzyme protein, leading to dena-
turation.28 Thus, for both the immobilized and free b-glucosi-
dase, the reaction temperature of 50 �C was optimal for
converting DZ and GT to DZe and GTe, respectively. To dissolve
PM isoavones and retain enzyme activity, the EtOH concen-
tration had to be adjusted. The reaction mixture was examined
at various concentrations of EtOH (5, 10, 15, 20, and 25% (v/v)
and genistein (GTe) under different conditions with single parameter
H concentration of the reaction mixture (C and F) were demonstrated,
e and those in (D–F) were obtained by free b-glucosidase. The results
ion (SD) are indicated in the error bars. The same and different letters
ely, when the data are compared among levels of each parameter for
A, followed by LSD (p <0.01).
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Table 1 ANOVA data for the regression parameters of the central composition design experiment

Source of
variation

Y1 Y2 Y3 Y4

Sum of
squares

F-
value

P-value
probability

Sum of
squares

F-
value

P-value
probability

Sum of
squares

F-
value

P-value
probability

Sum of
squares

F-
value

P-value
probability

Model1 3161.88 44.28 <0.0001 11.25 20.87 <0.0001 2384.13 33.06 <0.0001 12.12 22.99 <0.0001
X1 22.04 1.85 0.1967 0.1330 1.48 0.2454 41.65 3.47 0.0854 0.0414 0.4715 0.5044
X2 141.85 11.92 0.0043 0.0537 0.5979 0.4532 20.86 1.74 0.2105 0.0496 0.5645 0.4658
X3 2.17 0.1827 0.6760 0.6871 7.65 0.0161 0.0136 0.0011 0.9737 0.3319 3.78 0.0739
X1X2 — — — — — — — — — — — —
X2X3 — — — — — — — — — — — —
X1X3 — — — — — — — — — — — —
X1

2 1206.97 101.41 <0.0001 2.79 31.03 <0.0001 1019.29 84.81 <0.0001 4.44 50.48 <0.0001
X2

2 1122.77 94.34 <0.0001 6.92 76.98 <0.0001 1275.62 106.14 <0.0001 7.14 81.25 <0.0001
X3

2 1260.34 105.89 <0.0001 2.51 27.93 <0.0001 450.38 37.47 <0.0001 2.22 25.24 0.0002
Residual 154.72 1.17 156.24 1.14
Lack of t 101.93 1.21 0.4368 0.6682 0.8353 0.6099 102.02 1.18 0.4487 0.6135 0.7250 0.6739
Pure error 52.79 0.5000 54.22 0.5289
Cor total 3316.60 12.42 2540.37 13.27
Std dev. 3.45 0.2998 3.47 0.2964
Mean 25.00 1.44 21.20 1.90
C.V. (%) 13.80 20.85 16.35 15.61
PRESS 528.75 3.73 470.44 3.35
R2 0.9533 0.9059 0.9385 0.9139
Adj R2 0.9318 0.8625 0.9101 0.8741
Pre R2 0.8406 0.6993 0.8148 0.7478

Fig. 3 The interaction effects of dependent factors, including the interaction between pH and temperature (X1X2, A and D), pH and EtOH
concentration (X1X3, B and E), and temperature and EtOH concentration (X2X3, C and F), where (A–C) and (D–F) indicated the responses of
daidzein (DZe, Y1) and genistein (GTe, Y2) production, respectively, by immobilized b-glucosidase.
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Fig. 4 The interaction effects of dependent factors, such as the interaction between pH and temperature (X1X2, A and D), pH and EtOH
concentration (X1X3, B and E), and temperature and EtOH concentration (X2X3, C and F), where (A–C) and (D–F) indicated the responses of
daidzein (DZe, Y3) and genistein (GTe, Y4) production, respectively, by free b-glucosidase.
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nal concentrations) and water. The reaction of DZe and GTe
increased as the EtOH concentration increased from 0% to 10%
(Fig. 2C and F) and decreased steadily as the EtOH concentra-
tion increased above 10% because higher EtOH concentrations
denature the enzyme. Ethanol disrupts or loosens the compact
structure of the enzyme by disrupting the tertiary hydrophobic
interactions.37 Therefore, 10% EtOH was chosen as the best
medium for both immobilized and free b-glucosidase reactivity.

Based on the abovementioned ideal circumstances, the CCD
was used. The reduced quadratic models of all responses were
determined from the CCD (Table 1), where the model F-values
were 44.28, 20.87, 33.06, and 22.99, with all p-values of
<0.0001 for Y1, Y2, Y3, and Y4, respectively. The lack of t values
for all models were nonsignicant. Design models can be used
to forecast the best values for dependent variables. This
proposed model has an excellent correlation between the
experimental data and the tted model, as seen by the adjusted
R2 values of 0.9318, 0.8625, 0.9101, and 0.8741 for Y1, Y2, Y3, and
Y4, respectively. The difference between the adjusted R2 and
predicted R2 of Y1 and Y3 was less than 0.2, indicating that Y1
and Y3 had good model prediction abilities. The prediction
efficacy of the Y2 and Y4 models was lower than that of the Y1
and Y3 models. Because PM extract had a higher concentration
of DZ than the GT extract, it is possible that the enzyme velocity
for DZ is more than those of GT.
© 2021 The Author(s). Published by the Royal Society of Chemistry
The coded equation shows the regression model of inde-
pendent variables and the responses of Y1, Y2, Y3, and Y4.

Y1 ¼ 43.67 � 1.27X1 � 3.22X2 + 0.3991X3 � 9.15X1
2 � 8.83X2

2 �
9.35X3

2

Y2 ¼ 3.42 � 0.0845X1 � 0.0967X2 + 0.0661X3 � 0.6336X1
2 �

0.7348X2
2 � 0.5995X3

2

Y3 ¼ 37.18� 1.75X1 � 1.24X2 � 0.0315X3 � 8.41X1
2 � 9.41X2

2 �
5.59X3

2

Y4 ¼ 3.03 � 0.0551X1 � 0.0603X2 + 0.1559X3 � 0.5548X1
2 �

0.7039X2
2 � 0.3923X3

2

The independent factor interactions of each parameter were
explained using a three-dimensional (3D) response, including
pH and temperature (X1 and X2) interactions, pH and EtOH
concentration (X1 and X3) interactions, and temperature and
EtOH concentration (X2 and X3) interactions, as shown in Fig. 3
(immobilized enzyme) and Fig. 4 (free enzyme). Regarding the
reduced quadratic models, the interaction between factors did
not have a signicant impact on all responses. Moreover, the
inuence order of the single factors was X2 > X1 > X3 for DZe
production. The optimal conditions of all factors were almost
RSC Adv., 2021, 11, 32067–32076 | 32073
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the same between the free and immobilized b-glucosidase. In
the case of the immobilized b-glucosidase reaction, the optimal
conditions for Y1 and Y2 were obtained at pH values of 4.9 and
4.9, temperatures of 46.3 and 48.7 �C, and EtOH concentrations
of 10.1 and 10.3%, respectively. In the same manner, free b-
glucosidase optimally produced Y3 and Y4 at pH values of 4.8
and 4.9, temperatures of 48.6 and 49.1 �C, and EtOH concen-
trations of 10.0 and 11.0%, respectively. Glutaraldehyde-based
enzyme immobilization indicated improved thermal
stability.38 While calcium alginate immobilization physically
traps b-glucosidase; thus, the active site and structure of the
enzyme were not altered by immobilization. The optimal
condition of free and immobilized b-glucosidase were almost
the same.

The investigated values of the three parameters from the
experimental design were used for further experiments. These
values conrm that the experimental models are reliable and
applicable for product production. Validations of the estab-
lished models were evaluated, and the reaction was performed
under the optimal conditions for immobilized b-glucosidase
(X1, 4.9; X2, 46.3; X3, 10) and its free form (X1, 4.8; X2, 48.6; X3,
10). The resulting prediction accuracy with immobilized b-
glucosidase was 98 and 95% for Y1 and Y2, respectively, whereas
the prediction accuracy of the free enzyme models was 91 and
79% for Y3 and Y4, respectively (Table 2).
Fig. 5 Comparative estrogen activity of PM extracts, including those
with none-b-glucosidase treatment (control, A), immobilized b-
glucosidase treatment (B), and free b-glucosidase treatment (C). The
results were plotted between concentrations and their relative
proliferation effects (RPE, %), as compared to 10�10 M estradiol.
3.4. Reusability of immobilized b-glucosidase on alginate
beads

Immobilized b-glucosidase was established to enhance the
reusability of the product. The reaction of immobilized b-
glucosidase (10 beads) and PM extract (5 mL) was performed
under the optimum conditions, and the rst round of reaction
produced 49.6 � 1.11 and 3.37 � 0.29 mg mL�1 Y1 and Y2,
respectively, which was set as 100% activity. Before the subse-
quent reaction, b-glucosidase alginate beads were washed by
stirring for 5 min. The next round of reactions followed the
abovementioned procedure. At the 9th cycle of the immobilized
glucosidase process, the yields for Y1 and Y2 were above 90%.
Aer the 9th cycle, the response of Y1 and Y2 gradually decreased
(Fig. S3†), which may have been due to enzyme loss from the
alginate beads under the continuous shaking stress and activity
loss due to instability at the late reaction cycle. Genetic engi-
neering of b-glucosidase for specic immobilization on regen-
erated amorphous cellulose showed more than 96% efficiency
Table 2 The validation of models for daidzein and genistein production using b-glucosidasea

Immobilized b-glucosidase
Prediction
accuracy
(%)

Free b-glucosidase
Prediction
accuracy
(%)

Optimum
condition

Predicted
values

Validated
values

Optimum
condition

Predicted
values

Validated
values

X1 ¼ 4.9 Y1 ¼ 44.00 Y1 ¼ 43.3� 0.88 98 X1 ¼ 4.8 Y3 ¼ 37.31 Y3 ¼ 34.3� 1.47 91
X2 ¼ 46.3 Y2 ¼ 3.41 Y2 ¼ 3.59� 0.12 95 X2 ¼ 48.6 Y4 ¼ 3.02 Y4 ¼ 3.81� 0.16 79
X3 ¼ 10.0 X3 ¼ 10.0

a Prediction accuracyð%Þ ¼ 100� jðexperimental value� predicted valueÞj
experimental value

� 100:
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Table 3 Chemical constituents of b-glucosidase-treated PM extracts and their estrogenic potency

Extract treatment

Content (mg g�1 PM extract)

EC80 (ng mL�1)PUE DZ GT DZe GTe MI and DMI

Control 1063 � 17.5 50.0 � 1.01 8.32 � 0.19 34.9 � 0.87 2.74 � 0.11 43.9 � 1.48 8.80 � 3.81
Immobilized b-glucosidase 954 � 8.95 4.07 � 0.07 5.25 � 0.36 82.6 � 4.45 4.42 � 0.23 49.8 � 3.34 1.01 � 0.32
Free b-glucosidase 975 � 3.74 10.6 � 0.34 3.46 � 0.01 88.0 � 0.67 4.47 � 0.05 49.7 � 1.05 0.38 � 0.12
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aer 30 rounds of recycling.39 Immobilized b-glucosidase on
magnetic chitosan microspheres retained high efficacy over
eight batches.40
3.5. MCF-7

The contents of each PM isoavone and total MI and DMI are
shown in Table 3. The contents of PUE did not seem to be much
changed by the b-glucosidase treatment, although the conver-
sion of DZ and GT to DZe and GTe, respectively, was signicant.
The total contents of MI and DMI slightly increased aer the b-
glucosidase treatment. Previously, miroestrol-3-O-b-D-glucopyr-
anoside was isolated at a yield of 23 mg/40 kg PM root.41 Thus,
the compound may be cleaved to yield MI. The DZ content in
the PM extract was more abundant than that in GT, which
corresponded to the higher DZe yield than GTe. Although GTe
exhibited more binding potency toward the estrogen receptor
(ER) of MCF-7 cells, DZe was reported to be a more efficient
substance against ovariectomized bone loss than GTe.42 The PM
extract exhibited estrogen activity in a concentration-dependent
manner (Fig. 5). The concentration of PM extract, which
produced 80% RPE compared to 10�10 M E2, was dened as
EC80. Less EC80 indicated more estrogenic potency (Table 3).
The immobilized and free b-glucosidase treatments showed
enhanced estrogenic potency by 8.71- and 23.2-fold, respec-
tively, compared to the non-b-glucosidase-treated extract. Free
b-glucosidase enhanced estrogenic activity more than the
immobilized form. The free b-glucosidase reaction provided
more DZe, and the increased DZe and GTe contents may
correspond to increased estrogen potency. The PM extract
treated with b-glucosidase could be further developed as
a functional food against estrogen deciency disorders, such as
menopause, osteoporosis, Alzheimer's disease, and systemic
inammation. Further clinical trials of PM may lead to more
efficacious and safe treatments for menopause-related symp-
toms. Based on current knowledge, the controversial results of
clinical trials are associated with a lack of PM extract stan-
dardization and interpersonal variations in isoavone absorp-
tion. This b-glucosidase-derived PM extract (standardized) may
lead to more consistent clinical outcomes.
4. Conclusion

The b-glucosidase enzyme was successfully immobilized in
alginate beads, which retained the enzyme's reactivity and
could be reused. b-Glucosidase effectively converts the PM iso-
avone glycoside to an aglycone. Immobilized b-glucosidase
© 2021 The Author(s). Published by the Royal Society of Chemistry
could be reused for up to 9 cycles. In addition, the immobilized
enzymes can be conveniently separated from the product. The
response surface methodology (RSM) central composite design
(CCD) established reliable response models, and the prediction
accuracy for DZe and GTe was 79–98%. The estrogenic potency
of the PM extracts improved by 8.71- to 23.2-fold aer treatment
with b-glucosidase. Thus, b-glucosidases were efficient for PM
isoavone conversion and enhanced estrogenic activity.
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