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Encapsulation of β‑Glucosidase within PVA Fibers by CCD-RSM-
Guided Coelectrospinning: A Novel Approach for Specific Mogroside
Sweetener Production
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ABSTRACT: Siamenoside I is a rare mogroside in Siraitia grosvenorii Swingle and has become one of the target ingredients in
natural sweetener production. However, the complex structure of siamenoside I has hindered its production in various ways. Here, a
yeast cell that produces a specific β-glucosidase for siamenoside I conversion from mogroside V was constructed, and the enzymes
were coelectrospun with poly(vinyl alcohol) followed by phenylboronic acid cross-linking to provide potential usage in the batch
production process of Siamenoside I. A central composite design (CCD)-response surface methodology (RSM) was used to find the
optimum coelectrospinning parameters. The pH stability and sodium dodecyl sulfate tolerance increased for the entrapped enzymes,
and positive correlations between the fiber diameter and enzymatic activity were confirmed. The batch process showed an average
siamenoside I production rate of 118 ± 0.08 mg L−1 h−1 per gram of fiber. This is the first research article showing specific
siamenoside I production on enzyme-loaded electrospun fibers.

KEYWORDS: siamenoside I, β-glucosidase, poly(vinyl alcohol), coelectrospinning, CCD-RSM

■ INTRODUCTION
Monk fruit or Luo Han Guo in Chinese (Siraitia grosvenorii
Swingle) is one type of Curcubitaceae fruit found in the
southern part of China. It has been used for thousands of years
as a traditional Chinese medicine in treating sore throat, high
blood pressure, and constipation.1 The monk fruit extract
contains saponin mixtures called mogrosides (MGs) with high
sweet intensities2 and is considered to be a generally
recognized as safe (GRAS) ingredient according to the U.S.
FDA.3 Each mogroside molecule comprises one aglycone
called mogrol and is attached to several different glucose
moieties at its C-3 and C-24 sites. For example, the most
abundant mogroside in the fruit extract, mogroside V (MG V),
has two and three glucose moieties bound to the C-3 and C-24
sites, respectively (Figure 1A). Meanwhile, both mogroside IV
(MG IV) and siamenoside I (S I) have four glucose moieties
attached to the mogrol in different patterns.4−6

Although there are several kinds of MGs in monk fruit,
namely, MG VI, MG V, 11-oxo-MG V, MG IV, S I, MG III E,
MG II, and MG I, few kinds are sweet.2,5 For example, some
studies showed that the sweetest mogroside, S I, is 563 times
sweeter than 5% sucrose solution, although this compound
accounts for less than 5% of total MGs.2,7,8 Moreover, unlike
other types of sweet MGs with sweet profiles varying from that
of sucrose,9 the sweetness characteristics of S I were more
similar to those of sucrose, without any aftertaste.10

Several attempts have been made to develop procedures for
obtaining S I, and most of them have focused on the
transformation of MG V into S I. The reason is because MG V
accounts for 60% of the total MGs in the fruit without
enrichment,8 and if a 100% conversion rate could be reached,
large amounts of S I could be obtained. However, methods

including acid hydrolysis, enzymatic treatment, and in vivo
digestion all have shown little effect on generating S I from
MG V due to low specificity, as the chemical structures of
these two compounds only differ by one glucose moiety, where
MG V has one additional glucose on the C-3 position of S I,
with a β (1 → 6) linkage (Figure 1A).2,11,12 Recently, the
transformation of MG V using microbes has shed light on the
specific production of S I from MG V. Saccharomyces cerevisiae
BY4741 wild-type cells were able to produce β-glucosidase
(ScExg1), which acts on peripheral glucose with (1 → 6)-β-D-
glucosyl linkages at the C-3 and C-24 positions of MG V,
generating S I and MG IV as intermediates and MG III E as
the end product.13 Additionally, the β-glucosidase produced by
Dekkera bruxellensis (DbExg1) alternatively acts only on the
peripheral glucose of MG V with (1→ 6)-β-D-glucosyl linkages
at the C-3 position, generating only S I from MG V.14 To the
best of our knowledge, to date, no studies have focused on
using DbExg1 in the redistribution of mogrosides for S I
enrichment.
The high degree of substrate selectivity, energy efficiency,

and cost-effectiveness of the enzyme as a biocatalyst have made
it widely applied in various applications. Nevertheless, its
vulnerability to structural changes caused by unconducive
reaction conditions, including extreme pH, temperature, and

Received: April 21, 2020
Revised: August 6, 2020
Accepted: September 29, 2020
Published: September 29, 2020

Articlepubs.acs.org/JAFC

© 2020 American Chemical Society
11790

https://dx.doi.org/10.1021/acs.jafc.0c02513
J. Agric. Food Chem. 2020, 68, 11790−11801

D
ow

nl
oa

de
d 

vi
a 

N
A

T
L

 T
A

IW
A

N
 U

N
IV

 o
n 

O
ct

ob
er

 2
3,

 2
02

0 
at

 0
3:

19
:4

9 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Virly"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chun-Hui+Chiu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tsan-Yu+Tsai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi-Cheun+Yeh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Reuben+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jafc.0c02513&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.0c02513?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.0c02513?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.0c02513?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.0c02513?goto=supporting-info&ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.jafc.0c02513?ref=pdf
https://pubs.acs.org/JAFC?ref=pdf
https://pubs.acs.org/JAFC?ref=pdf


the presence of disturbing chemical agents, limits its reusability
and application on a larger scale and in a continuous
production system.15,16 To solve the aforementioned con-
straints of free-form enzymes, an enzyme immobilization
technique can be performed.17,18 Among all the enzyme
immobilization techniques, entrapping enzymes in scaffolds
has currently gained much attention.
Electrospinning is a method that uses an applied electric

force to draw charged polymer solutions in the form of fibers
toward a collector, resulting in fibers with high porosity and a
high surface-to-volume ratio.19,20 The coelectrospinning
method is a process of combining two different materials
and fabricating them into fibers in a single step, which allows
minimum usage of chemicals and heat treatment.21 Addition-
ally, the high voltage applied during the coelectrospinning
process has been suggested to have little effect on the tertiary
structure of the enzymes.22 Previously, several studies have
demonstrated the suitability of this method in controlling
enzyme release,23 increasing the tolerance to extreme pH and
temperature,24 prolonging the storage stability,25 increasing the
reusability,26,27 and enhancing the activities of the immobilized
enzymes.28

In the present study, we endeavored to test the feasibility of
S I production in a batch process in which fibers with specific
enzymes were submerged in a flask containing MG V as the
starting material. Poly(vinyl alcohol) (PVA) was chosen as
supporting material of enzymes due to its high biocompatibility
and nontoxigenic characteristics.23 To achieve this aim, the
produced enzyme/PVA fibers were first cross-linked to alter
the hydrophilic nature of PVA. By using central composite
design-response surface methodology (CCD-RSM), optimiza-
tion of the electrospinning parameters (i.e., flow rate, applied
voltage, and distance between spinneret and collector) was
performed to generate a combination of parameters that
produced fibers with the highest enzymatic activity as well as to
study the relation of the activity to the fiber diameter.
Additionally, the potential of the coelectrospinning method in
addressing the problem of sustainable S I production was
evidenced by demonstrating the reusability and robustness of
the enzyme/PVA fibers. Finally, the S I production rate in this
batch production process was calculated.

■ MATERIALS AND METHODS
Construction of Yeast Cells with DbExg1 Secretion Activity.

To create a yeast strain with stable DbExg1 secretion activity, the gene
responsible for the enzyme could be obtained from the DbEXG1
expression vector using the PCR amplification method.14 S. cerevisiae
(BY4741 exg1Δ::KanMX4) lacking URA3 was chosen as the host cell,
allowing us to select successfully gene-transformed colonies harboring

DbEXG1 linked with URA3 (DbEXG1-URA3), which would then
appear on Ura− plates. However, the source of DbEXG1, which
originates from the DbEXG1 expression vector, was not directly linked
to URA3; instead, there was an antibiotic resistance gene (ampR)
between DbEXG1 and URA3. Because there were concerns about the
presence of antibiotic-resistant genes in the food system, we deleted
ampR in the DbEXG1 expression vector before using it as a template
for DbEXG1-URA3 amplification. The deletion of ampR was
performed by first applying the inverse PCR method with back-to-
back primers to amplify part of the DbEXG1 expression vector,
followed by ligation of the linear product to form circular DNA. The
circular DNA was then used as the template for amplification of the
DbEXG1-URA3 target gene for DNA transformation. During the
strain construction process, we were able to replace the
exg1Δ::KanMX4 gene cassette in BY4741 exg1Δ cells with
DbEXG1-URA3 at the chromosomal level through indigenous
homologous recombination pathways in yeast. These processes result
in cells having exogenous DbEXG1 and were indicated as S. cerevisiae
BY 4741 exg1Δ::DbEXG1 in this study. Figure S1 of the Supporting
Information (SI) shows a conceptual schematic of the inverse PCR
process for this study, whereas Table S1 and Figure S2A show the
primers with the sequence used for obtaining DbEXG1-URA3 genetic
materials and transformation results, respectively.

Confirmation of Siamenoside I Conversion from Mogroside
V in the Gene-Transformed Cells. The test of MG conversion to S
I in newly constructed cells (S. cerevisiae exg1Δ::DbEXG1) begins
with the inoculation of cells in yeast extract-peptone-dextrose (YPD)-
MGs medium. The YPD-MGs medium was prepared by adding 0.5%
(w/v) of a commercially available powder of monk fruit extracts
containing 80% MG V (Huilin Biotech Co., Ltd., Xi’an city, China)
into the YPD medium. The MG conversion was carried out
aerobically at 30 °C for 0, 12, 24, 48, and 72 h on an orbital shaker
(200 rpm). Samples of cell-free supernatant were obtained after
centrifugation (6000g, 10 min, 4 °C). The MGs in the supernatants
were then extracted using solid-phase extraction (SPE) cartridges
manufactured by Cayman Chemical (C-18, 500 mg/6 mL, FineTech,
Taichung, Taiwan). Pure methanol was first infused to activate the
cartridge, followed by water to equilibrate the system before sample
loading. The unbound impurities and the MGs were eluted using 45%
methanol and pure methanol, respectively.

The eluted MGs were first concentrated via a rotary evaporator,
and the concentrates were applied onto thin layer chromatography
(TLC) silica gel 60 plates (Merck, Germany). The TLC plates were
developed in a chamber loaded with the developing solvent
containing butanol−acetic acid−water with a 5:4:1 (v/v/v) ratio at
the lower phase. After the plate was fully permeated with the
developing solvent, the remaining solvent on the plate was allowed to
evaporate, and the plate was sprayed with 10% (v/v) H2SO4 to
oxidize the mogrosides compound. The visualization of the results
was performed after heating the plate on top of a dry incubator at 100
°C for 5 min.14,29 The MG conversion profile of S. cerevisiae BY4741
WT served as a control, following the identical cell cultivation and
analysis procedures mentioned above.

Figure 1. Mogrosides redistribution profiles analyzed by TLC. (A) The chemical structure of mogrosides. Mogrosides redistribution in (B) S.
cerevisiae BY4741 exg1Δ::DbEXG1 and (C) S. cerevisiae BY4741 WT.
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Preparation of the Crude Extract of DbExg1. To collect the
extracellular protein DbExg1, the supernatant from the culture of S.
cerevisiae exg1Δ::DbEXG1 cells, which were cultivated in YPD broth
at 30 °C for 72 h with orbital shaking (200 rpm), was first collected
by centrifugation (6000g for 10 min at 4 °C). These supernatants
were frozen at −80 °C and lyophilized using a laboratory-scale freeze-
dryer (Kingmech, Model FD4.5-8P-L, Taiwan). To increase the
purity of the target protein, the dried supernatant in powder form was
resuspended in distilled deionized water (DDW) (10% w/v) and
loaded into a 12−14 kDa molecular weight cutoff (MWCO)
ultrafiltration membrane, which was then dialyzed three times in
DDW with a 1:100 ratio (v/v) at 4 °C for 6 h. The dialyzed
suspension was then freeze-dried and kept at −80 °C before further
usage.
DbExg1/PVA (Enzyme/PVA) Fiber Fabrication and Cross-

Linking. The 8% (w/v) PVA (poly(vinyl alcohol); 99% hydrolyzed,
MW 85 000−124 000, Sigma-Aldrich Chemical Co., U.S.A.) solution
in acetate buffer (20 mM at pH 5.0) was prepared in a water bath set
at 80 °C with magnetic agitation for 3 h. After cooling to room
temperature, the freeze-dried enzyme-enriched powder was mixed
with the PVA solution with agitation to obtain a homogeneous
mixture. The prepared mixtures were filled in a 5 mL Terumo syringe
(23 G, 13 mm inside diameter) and delivered to the spinneret with
the typical flow rate maintained at 0.006 mL/mins controlled by an
infusion pump (New Era Pump Systems, Model NE-300, U.S.A.).
The spinneret was connected to a high-voltage power supply (Falco,
Model FES-HV30, Taiwan) with the applied voltage set at 13.0 kV.
The horizontal distance between the tip of the spinneret and the
baking paper-covered collector plate was fixed at 15.0 cm. The
generated fibers were then stored inside a dry cabinet with 65%
relative humidity at 22 °C for 24 h to allow the remaining solvent to
evaporate before cross-linking.
The cross-linking of fibers was performed according to Nunes et al.

with few modifications.18 First, the fibers were dipped into a 1% (w/
v) phenylboronic acid solution for 2 to 10 min according to different
settings. Afterward, the fibers were immersed in citrate-phosphate

buffer adjusted to pH 5.0 for 5 s to eliminate the remaining cross-
linking solution and were then air-dried before further analysis.

Optimization of Electrospinning Parameters Using CCD-
RSM. The main parameters in electrospinning include the flow rate,
applied voltage, and distance between the spinneret and collector.
These were optimized into a combination of parameters that
produced fibers with the highest enzymatic activity. Additionally,
the diameter of the produced fibers along with their relationship with
enzymatic activity was studied.

First, we wanted to ensure that each of the testing parameters was
within a reasonable range for electrospinning. Then, the five-level
numbers for each parameter, including the center point, were set
within this particular range. The five-level numbers, as well as their
combinations of optimization experiments with other parameters,
were set by central composite design (CCD) software (Design-Expert
12.0.0). According to this CCD tool, we only needed to include 14
sets of control factor (the three electrospinning parameters)
experiments and 6 replicates of the center point to estimate the
pure error sum of squares (Table 1). From this experimental design,
the diameter of the fibers was set to be the response variable. Then,
the data in the diameter of fibers were fitted into the quadratic model
shown in eq 1:

β β β β β β β β

β β

= + + + + + + +

+ +

Y X X X X X X X X X X

X X
0 1 1 2 2 3 3 12 1 2 13 1 3 23 2 3 11 1

2

22 2
2

33 3
2

(1)

In addition, the enzymatic activity of fibers obtained from each
parameter combination was fitted to the cubic model shown in eq 2:

β β β β β β β β

β β β β β

= + + + + + + +

+ + + + +

Y X X X X X X X X X X

X X X X X X X X X X X
0 1 1 2 2 3 3 12 1 2 13 1 3 23 2 3 11 1

2

22 2
2

33 3
2

123 1 2 3 112 1 1 2 122 1 2 2 (2)

In eqs 1 and 2, Y is the response variable, β0 is the interception
coefficient, β1, β2, β3, β12, β13, β23, β11, β22, β33, β123, β112, and β122 are
the estimated coefficients of the equation, and X1, X2, and X3 are the
manipulated control factors representing the flow rate (A), applied

Table 1. CCD of Electrospinning Parameters with Enzymatic Activity and Diameter Responses

levels

factors −α −1 0 1 α

A: flow rate (mL/min) 0.003 0.004 0.006 0.008 0.009
B: voltage (kV) 12.2 12.5 13.0 13.5 13.8
C: distance (cm) 10.8 12.5 15.0 17.5 19.2

run A: flow rate (mL/min) B: voltage (kV) C: distance (cm) enzymatic activity (μU/mg) diameter (nm)

1 0 0 0 213.57 ± 25.84 254
2 0 0 0 208.21 ± 26.67 267
3 0 0 0 209.04 ± 11.94 245
4 0 0 0 209.83 ± 33.64 240
5 1 1 −1 234.02 ± 22.04 310
6 0 0 −α 226.30 ± 10.01 276
7 −1 1 −1 136.77 ± 15.7 273
8 α 0 0 243.65 ± 10.83 343
9 −α 0 0 139.64 ± 3.18 262
10 0 −α 0 160.52 ± 8.82 294
11 −1 1 1 136.77 ± 4.6 246
12 0 0 0 223.49 ± 9.54 227
13 −1 −1 1 47.07 ± 12.76 245
14 1 −1 −1 265.06 ± 24.49 351
15 1 −1 1 68.19 ± 6.41 258
16 0 0 0 201.47 ± 19.42 231
17 0 α 0 119.51 ± 4.23 276
18 1 1 1 91.71 ± 9.42 225
19 0 0 α 32.27 ± 1.68 179
20 −1 −1 −1 239.11 ± 42.24 294
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voltage (B), and distance between spinneret and collector (C),
respectively.
The relations between the response variables (Y: enzymatic activity

and diameter of fiber) and the input control factors (X: the
electrospinning parameters) are shown in the response surfaces. In
addition, statistical analysis of the response surface results obtained
from response surface methodology (RSM) was performed using the
central composite design (CCD) software mentioned above.
Fiber Characterization. The morphology and diameter of the

produced fibers were analyzed by a scanning electron microscope
(JEOL JSM-7800F, Thermal Field Emission Scanning Electron
Microscope). The average diameter of the fiber was determined by
manually measuring the diameter of 30 independent randomly
selected fibers in different parts of the SEM image using ImageJ
software (NIH). The types of functional groups in the fibers were
analyzed by Fourier transform infrared (FTIR) spectrometry (Bruker
Optik, Ettlingen, Germany) over 8 scans in a range 650−4000 cm−1.
The changes in thermal properties of PVA fiber mats as a result of

enzyme loading and cross-linking were analyzed using differential
scanning calorimetry (DSC, Mettler-Toledo, Switzerland). DSC
analysis was performed in a N2 gas-filled chamber with a constant
flow rate of 50 cm3 min−1 and a heating/cooling rate of 20 °C min−1

in the range of 25 to 250 °C.
β-Glucosidase Activity Assay. The β-glucosidase activity of

fibers shown in Table 1 was determined by measuring the amount of
p-nitrophenol (pNP; Sigma-Aldrich) generated from the hydrolysis of
2.5 mg/mL of p-nitrophenyl-β-D-glucopyranoside (pNPG; Sigma-
Aldrich) in citrate-phosphate buffer with pH and temperature settings
according to the specified assay conditions. Specifically, each of the
free forms of DbExg1 and DbExg1/PVA fibers was immersed in 500
μL of pNPG and placed in a dry bath incubator for 1 h. The reaction
was stopped by removing the fibers followed by the addition of 500
μL of 0.5 M Na2CO3. The absorbance of the samples was analyzed
using a UV−vis spectrophotometer at a wavelength of 405 nm and
calibrated using pNP standard curves. One unit (U) of enzyme
activity was defined as the formation of 1 μmole of pNP or S I per
minute (if the amount of S I was quantitated).
Bradford Protein Assay. The amount of protein released from

the enzyme/PVA fibers in the cross-linking solution was estimated.
After immersing fibers in the solutions for 10 min, 100 μL aliquots
were transferred and mixed with 100 μL of Coomassie blue dye (CB
Protein Assay reagent, G-Biosciences, U.S.A.). The mixture was
incubated for 5 min. The optical density of the final mixture was read

at a wavelength of 595 nm. The absorbance of average test samples
was subtracted from the absorbance of average blank samples before
calibration using bovine serum albumin (BSA) standards. The final
protein concentration results of the solution were expressed in μg/
mL.

Quantitation of mogrosides using UPLC MS/MS. Mogroside
standards (mogroside V, isomogroside V, siamenoside I, mogroside
IV, and mogroside III E) were obtained from Chengdu Biopurify
Phytochemicals Ltd. (Chengdu, China), and the calibration range was
50−1000 ng/mL. The system included a Waters Acquity UPLC
equipped with a pump, column compartment, and autosampler, as
well as a Waters TQS mass spectrometer (Waters, Milford, MA, USA)
operated in positive electrospray ion (ESI+) mode. An Acquity UPLC
BEH C18 column (130 Å, 1.7 μm, 2.1 mm × 100 mm) was employed
and maintained at 35 °C with a flow rate of 0.3 mL/min and injected
with 2 μL of sample. The mobile phase consisted of 5% (A) and 100%
methanol (B), both containing 0.01% formic acid. The linear gradient
conditions were 45% B (0−1 min), 45−60% B (1−6 min), 60−99% B
(6−6.2 min), 99% B (6.2−7 min), 99−45% B (7−8 min), and 45% B
(8−10 min). The ESI parameters were set as follows: the capillary
voltage was 3.1 kV, cone voltage was 38 V, desolvation temperature
was 250 °C, source temperature was 150 °C, desolvation gas flow was
800 L/h, cone gas flow was 150 L/h, and nebulizer gas flow was 7.0
bar. The ESI scan range was set from m/z 50 to 1500 Da. All MS/MS
data for the analytes were collected by multiple reaction monitoring
(MRM) mode and MassLynx4.1 software. The optimized MRM
conditions are shown in Table S2.

Statistical Analysis. All experiments were performed at least in
triplicate. For the enzymatic activity and total protein analyses, all data
were expressed as the means ± SD. Statistical analysis was performed
using one-way ANOVA followed by Duncan’s new multiple range test
(SPSS for Windows, version 25.0.0.0). A value of p < 0.05 was
considered to be statistically significant.

■ RESULTS AND DISCUSSION

Confirmation of MG V Conversion to S I by S.
cerevisiae exg1Δ::DbEXG1. The DbExg1 enzyme from D.
bruxellensis has been found to have S I production specificity
from MG V.14 Nevertheless, the slow growth rate of this
organism and its role in wine spoilage have hampered the
production of S I through bioconversion.14 Another kind of
yeast, S. cerevisiae, with a rather short doubling time, effectively

Figure 2. SEM micrographs of PVA electrospun fibers loaded with (A) 4%, (B) 5%, (C) 6%, and (D) 7% enzyme and their respective fiber
diameters. Average values in diameters that do not share the same letter denote statistical significance (p < 0.05). The data were analyzed by one-
way ANOVA followed by Duncan’s multiple test. Additional numbers in parentheses indicate the median numbers of 30 randomly measured
diameter.
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secretes ScExg1, which converts MG V into S I and MG IV as
intermediates and MG III E as the end product.13 Therefore,
to produce DbExg1 more effectively for S I production, the
gene of DbExg1 (DbEXG1) was incorporated into the
chromosome of S. cerevisiae which to replace the original
ScExg1 controlled under the ScExg1 enzyme promoter (Figures
S1 and S2). The self-constructed DbExg1-producing cells (S.
cerevisiae exg1Δ::DbEXG1) were introduced to the S I
conversion test. On the basis of the TLC results, it is quite
obvious that S I was produced during the bioconversion
process (Figure 1B), while the control group, S. cerevisiae
BY4741 WT cells, first converted MG V to S I and MG IV as
intermediates before proceeding to the final production of MG
III E (Figure 1C). These results were similar to those of a
previous study.14

Determination of DbExg1 Loading Capacity in Fibers.
When using fibers as a carrier for enzyme immobilization, the
best outcome is to load the fibers with high amounts of
enzymes while maintaining the fiber morphology.22 Here, we
first tried to determine how many enzymes could be mixed
into the material while maintaining the fiber morphology.
Through the preparation of PVA solutions with different
enzyme loading percentages (4, 5, 6, and 7% w/v) for
electrospinning, we found that the Taylor cone was not able to
form once the enzyme content increased to 8% (w/v).
Therefore, we decreased the amount of enzymes to 4∼7% (w/
v). The SEM results in Figure 2 show that all fibers had a
smooth and bead-free morphology, indicating synergy between
the carrier PVA fibers and the DbExg1 enzyme during the fiber
fabrication process. Indeed, the diameter of the fiber also
increased with increasing enzyme loading, suggesting the
homogeneous dispersion of enzymes in PVA and the strong
intermolecular interactions between the proteins and PVA.17,22

Meanwhile, a significantly lower enzymatic activity was
observed in fibers with 4% enzyme loading compared to those
with 5% and 7% enzyme loading. However, fibers with 4% and
6% of enzyme loading had a similar enzymatic activity (Figure
3A). These results demonstrate that the increase in enzyme

loading tends to increase fiber catalytic activity. However, we
did notice that the fibers had a maximum overall catalytic
activity in high enzyme-loaded fibers. Further increasing of the
enzyme loading results in an increased fiber diameter (Figure
2), which we believe will offset the enzymatic activity of fibers
because of the decreased mass transfer efficiency in large
fibers.22,23,27,28 Therefore, we proposed that 5% enzyme

loading was enough to produce fibers with acceptable
enzymatic activity.
After determining the enzyme amount to be incorporated in

the fibers, the cross-linking conditions of the fibers were
established. From our results shown in Figure 3B, we suggest
that an adequate cross-linking procedure involves the extension
of the cross-linking time to prevent the disintegration of PVA
fibers and to retain the enzymatic activity of the fibers. These
results agree with the literature.22 As such, 10 min was chosen
as the appropriate cross-linking time for the enzyme/PVA
fibers. However, 20 min of cross-linking results in lower fiber
enzymatic activity.

Characterization of Enzyme/PVA Fibers. FTIR analysis
was performed to confirm the presence of enzymes (DbExg1)
in PVA fibers as well as to investigate the interactions among
PVA, DbExg1, and phenylboronic acid (the cross-linker). All
fibers shown in Figure 4 have a specific peak at 2939 cm−1,

which was characterized as the C−H group of PVA.30 In the
spectra of the noncrosslinked PVA and DbExg1/PVA fibers
depicted in Figure 4A and C, the observed peaks at 1090 and
1330 cm−1 represent stretching vibrations of C−O and −CH2,
respectively.27,31 The specific peak at 1440 cm−1 indicates C−
C stretching vibrations, and a broad stretching band at
approximately 3315 cm−1 are associated with the −OH groups
of PVA.22 Meanwhile, a slight shift of peaks from 3315 to 3450
cm−1 in the cross-linked PVA and DbExg1/PVA fibers (Figure
4B and D) might be caused by a diol complexation reaction
through covalent boronate ester bonds occurred between two
−OH groups of PVA and one phenylboronic acid ion during
the cross-linking process. The diol complexation reaction also
affect the overall structure of PVA which was indicated by the
disappearance of peaks at 1090, 1330, and 1440 cm−1 that
resemble the C−O, −CH2, and C−C groups of PVA for all
cross-linked fibers.23,32

The vibrations caused by out-of-plane C−H deformations in
the monosubstituted aromatic ring of phenylboronic acid were
manifested by the presence of peaks within the range of 900−
720 cm−1.33 Furthermore, the stretching vibrations of B−O at
1260 cm−1 resulted from the diol complexation reaction
between B−OH groups of phenylboronic acid and −OH

Figure 3. (A) Enzymatic activity tests of PVA fibers loaded with
different percentages of enzymes. (B) The effect of cross-linking time
on the catalytic activities of PVA fibers with 5% enzyme. Bars that do
not share similar letters denote statistical significance (p < 0.05). The
data were analyzed by one-way ANOVA followed by Duncan’s
multiple test.

Figure 4. FT−IR spectra of (A) PVA fibers, (B) cross-linked PVA
fibers, (C)DbExg1/PVA fibers, and (D) cross-linked DbExg1/PVA
fibers.
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groups of PVA, verifying the cross-linking of PVA and
DbExg1/PVA fibers using phenylboronic acid (Figure 4B and
D).34,35

The presence of DbExg1 was proven by an absorbance peak
appearing at 1650 cm−1 in both cross-linked and non-
crosslinked DbExg1/PVA fibers (Figure 4C and D), which
corresponded to the CO stretching vibrations around the
amide I region.27,36,37 Although a slight shift of 1650 cm−1

signal was found in the IR curve of cross-linked DbExg1/PVA
fibers, which indicated structural changes of enzymes
compared to the noncrosslinked fibers,38 it is still an inevitable
and a compromised procedure to prevent the PVA based fiber
mat from disintegration when immersed into solutions. Also,
the wider stretching bands at 3315 and 3450 cm−1 for fibers
loaded with enzymes were due to the superposition of the
stretching vibrations of O−H and N−H bonds, respec-
tively.28,37

Further evidence indicating the presence of PVA in fibers
was that the melting temperature appeared at 225.5 °C (Figure
S3E). This result agrees with the literature value.39 The cross-
linking agent used in this study contains boron, which readily
accepts a pair of electrons from the hydroxyl oxygen groups of
PVA. This interaction leads to disruption of the crystallinity of
PVA fibers due to the decreased electron density of hydroxyl
oxygen groups and resulted in the disappearance of the melting
temperature (Figure S3D). The change in the melting
temperature of each fiber with different treatments is shown
in Figure S3.
Relationship between the Enzymatic Activity and the

Diameter of Produced Fibers. Here, we found that thicker
fibers resulted in higher fiber enzymatic activity (Figures 2 and
3B). These results contradict the general idea that fibers with
smaller diameters provide a large surface-to-volume ratio,
giving higher enzymatic activity than that of large fibers. In this
discovery, we refer our results to the existing experiential
evidence from Wang and Hsieh,17 where small fibers offer little
accommodation space and dispersion areas for enzyme
molecules, which lead to weaker polar intermolecular
interactions. As a result, the enzymes could more easily detach
from the fibers during cross-linking.
To further extend our aforementioned discoveries and

results, we performed a protein leakage test on fibers of
different diameters in solutions containing the cross-linking
agent phenylboronic acid. As expected, the results shown in
Table 2 revealed the inability of small-diameter fibers to retain
enzymes within the fiber matrix, as more proteins were
detected in the phenylboronic acid solution than when thicker
fibers were used. Therefore, we suggest that large-diameter
fibers are required to provide stronger intermolecular polar

interactions between PVA and the enzyme to prevent enzyme
leakage during the cross-linking process. For this reason, we
aimed to optimize the combination of parameters used in the
electrospinning process and to produce fibers with relatively
large diameters. Additionally, the relationships between the
diameter and the enzymatic activity of individual fibers were
investigated again to determine their correlations.

Optimization of Electrospinning Parameters Using
CCD-RSM. In this part of the experiment, we optimized three
essential parameters in electrospinning, namely, (A) flow rate,
(B) applied voltage, and (C) distance between spinneret and
collector, to generate fibers with different diameters. In
addition, we were interested in how those parameters affect
the enzyme activity since the fiber diameter played a major role
in determining the enzyme activity of the fibers. The fiber
diameter and enzyme activity data, which were acquired from
experiments based on the central composite design (CCD), are
shown in Table 1. According to the data fitting summary, the
cubic model and the full quadratic polynomial model were
selected as model equations to predict the enzymatic activity
(3) and fiber diameter (4) of the produced fibers, respectively.
These coded equations are as follows:

= + − − + −
+ − − − − +
− −

Y A B C AB AC
BC A B C ABC A B

A C AB

210.37 34.67 12.82 57.75 0.64 18.39
30.82 6.55 26.12 27.60 17.18 10.30
8.66 22.26

2 2 2 2

2 2 (3)

= + − − − −
+ + + −

Y A B C AB AC
BC A B C

244.42 16.60 9.36 30.56 6.75 12.75
3.75 24.50 14.83 6.832 2 2 (4)

The results of the analysis of variance (ANOVA) shown in
Table 3 revealed that variables A, B, C, AC, BC, A2, B2, C2,
ABC, and AB2 significantly influenced the enzymatic activity of
fibers (p < 0.05). Meanwhile, the lack-of-fit test, which is an
evaluation to determine the impact of discrepancies between
the actual and predicted values on the pure error among
replicates, had a value of 0.1962, which was higher than 0.05,
i.e., not significant (p-value <0.05). In addition, the lack-of-fit
F-value of 2.22 implies that the lack of fit is not significant.
There is a 19.62% chance that a lack-of-fit F-value this large
could occur due to noise. Therefore, the cubic model
adequately explains the interactions of parameters in the
region of experimentation. The goodness of fit of the proposed
model for enzyme activity predictions was also determined.
Figure 5A−D show enzyme activity values located in a narrow
range of normal probability lines, diagonal lines, and two zero-
axes, suggesting the adequacy of the model used to predict the
experimental results.
The ANOVA (Table 4) shows the diameter of the produced

fibers, which were sensitive to all the variations of independent
variables (A, B, and C), one interactive cross-product
coefficient (AC), and two quadratic term coefficients (A2 and
B2), with p < 0.05. In addition, a lack-of-fit p-value larger than
0.05 indicates the success of the RSM model in predicting the
variance in the test and the experimental data. The scattering
of diameter values in Figure 5E−H also describes the fitness of
the model.
From the response surface plot depicted in Figure 6A and B,

we can see that a higher flow resulted in a higher enzymatic
activity of fibers. In addition, the sharp curvature of the curve
in Figure 6C shows the reciprocal relationships between the
distance and enzymatic activity of the fibers. Meanwhile, the
optimum value of applied voltage as the driving force to stretch
the feed solution worked synergistically with the flow rate and

Table 2. Protein Concentrations in the Crosslinking
Solution of Fibers with Different Diameters

runa
enzymatic activity

(μU/mg)
diameter
(nm)

protein concentration
(μg/mL)

19 32.27 ± 1.68b 201 16.22 ± 2.50b

13 47.07 ± 12.76b 245 10.89 ± 2.00b

20 239.11 ± 42.24b 294 9.33 ± 1.20b

8 243.65 ± 10.83b 343 5.11 ± 2.14b

aElectrospinning parameters for each run displayed in Table 1.
bindicate that values within the same column are significantly different
(P < 0.05). The data were analyzed by one-way ANOVA followed by
Duncan’s multiple tests.
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distance to promote the production of fibers with the highest
enzymatic activity (Figure 6A and C).
The delineated response surface plots depicted in Figure 6D

and E showed little change in the diameter when the flow rate
was set between 0.004 and 0.006 mL/min, and the diameter
started to increase to the highest level when the flow rate
increased to 0.007−0.008 mL/min. The increased flow rate
resulted in an increased feeding rate at the tip of the spinneret,
creating conditions favoring the movement of materials and
forming thicker fibers. Additionally, it can be observed from
Figure 6D and F that changes in the applied voltage had little
effect on the fiber diameter, while Figure 6E and F shows that a
decrease in the distance between the spinneret and collector
resulted in a linear increase in the fiber diameter.

From the overall CCD-RSM results shown in Table 1, we
again proved that fibers with large diameters resulted in higher
enzymatic activity and that all the tested parameters had
similar trends regarding the fiber diameter and enzymatic
activity (Figure 6). However, we found that fibers produced
from both the 8th and 14th runs with a relatively high flow rate
and short distance had significantly high values of enzymatic
activity as well as diameter. The instability of the electro-
spinning process caused by the unsuitable parameter
combinations in the 14th run resulted in fibers with a
nonhomogeneous morphology (Figure S4A). Meanwhile, the
spinning condition for the 8th run generated fibers with a
smooth and bead-free morphology (Figure S4B). Considering
the information regarding the fiber homogeneity and
enzymatic activity, we ultimately chose the parameters of the

Table 3. Analysis of Variance (ANOVA) for Enzymatic Activity as the Responsea,b

source sum of squares df mean square F-value p-value

model 92784.44 13 7137.26 111.29 <0.0001 significant
A, flow rate 5409.04 1 5409.04 84.34 <0.0001
B, voltage 840.91 1 840.91 13.11 0.0111
C, distance 18823.82 1 18823.82 293.52 <0.0001
AB 3.28 1 3.28 0.0512 0.8285
AC 2706.11 1 2706.11 42.20 0.0006
BC 7601.18 1 7601.18 118.53 <0.0001
A2 441.76 1 441.76 6.89 0.0393
B2 8479.62 1 8479.62 132.22 <0.0001
C2 11065.68 1 11065.68 172.55 <0.0001
ABC 2362.44 1 2362.44 36.84 0.0009
A2B 330.89 1 330.89 5.16 0.0635
A2C 247.98 1 247.98 3.87 0.0968
AB2 1427.31 1 1427.31 22.26 0.0033
residual 384.78 6 64.13
lack of fit 118.39 1 118.39 2.22 0.1962 not significant
pure error 266.40 5 53.28
cor total 93169.22 19

aR2: 0.9959, Adj. R2: 9869, Pred. R2: 0.6825, Std. Dev. = 8.01, CV = 4.70%, PRESS = 29 578.50. bp < 0.05 indicates that the model terms are
significant.

Figure 5. Diagnostic plots for the enzymatic activity (upper panel) and diameter (lower panel) of fibers: (A, E) normal probability plot on a probit
scale, (B, F) predicted versus actual values plot, (C, G) studentized residuals versus predicted values plot, and (D, H) studentized residuals versus
run number plot.
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8th run as the optimum electrospinning parameters (0.009 mL/
min, 13.0 kV, and 15.0 cm) for fiber fabrication.
Characterization of Enzyme Fiber Working Condi-

tions. The optimum pH working conditions for the enzyme
fibers were assessed within the pH range from 3.0 to 9.0 at 50
°C. From Figure 7A, we observed that immobilization did not
change the optimum pH of the enzyme but allowed a greater
enzymatic activity to be maintained than that of the free
enzyme at pH 4 and 6.
Figure 7B shows the enzyme reactivity of fibers at different

temperatures from 30 to 80 °C at pH 5.0. Note that there was
no significant difference in the relative activity between
immobilized and free enzymes at a reaction temperature
above 50 °C; this is because DbExg1 was very sensitive to high
temperatures and easily became denatured once incubated at
temperatures that exceeded its optimum limit.18 In addition,
we realized that immobilization would cause a decrease in the
free enzyme activity when the reaction temperature was set

under an optimum working temperature of 50 °C. This result
was most likely due to the increased intermolecular
interactions of enzymes and the PVA matrix, acting as a
physical barrier that inhibited the substrate-enzyme inter-
actions under this less triggering condition.35 This is also the
case because intermolecular interactions decrease the flexibility
of the enzyme within PVA molecules that further protect the
enzyme under more extreme pH conditions.22,23

The thermal stability test of the free enzyme and
immobilized enzyme fibers at 60 °C provided additional
evidence showing that PVA molecules maintain the stability of
the enzyme. The results given in Figure 7C indeed confirm the
temperature sensitivity of the enzyme, where extreme losses of
enzyme activity occurred during the first 10 min of incubation.
However, compared to the free enzyme, the immobilized
enzyme was able to maintain a significantly higher catalytic
performance during extended 50 min heat exposure. These
results were also observed in a previous study.24

Table 4. Analysis of Variance (ANOVA) for Diameter as the Responsea,b

source sum of squares df mean square F-value p-value

model 28 957.99 9 3217.55 15.33 <0.0001 significant
A, flow rate 3444.50 1 3444.50 16.41 0.0023
B, voltage 1149.38 1 1149.38 5.48 0.0413
C, distance 12 741.53 1 12 741.53 60.70 <0.0001
AB 364.50 1 364.50 1.74 0.2170
AC 1300.50 1 1300.50 6.20 0.0320
BC 112.50 1 112.50 0.5359 0.4809
A2 6173.68 1 6173.68 29.41 0.0003
B2 2735.72 1 2735.72 13.03 0.0048
C2 677.93 1 677.93 3.23 0.1025
residual 2099.21 10 209.92
lack of fit 995.21 5 199.04 0.9015 0.5439 not significant
pure error 1104.00 5 220.80
cor total 31057.20 19

aR2: 0.9324, Adj. R2: 0.8716, Pred. R2: 0.7235, Std. Dev. = 14.49, CV = 5.47%, PRESS = 8586.84. bp < 0.05 indicates that the model terms are
significant.

Figure 6. Response surface and contour plots for the mutual effects of parameters: (A, D) voltage and flow rate, (B, E) flow rate and distance, and
(C, F) voltage and distance on enzymatic activity (upper panel) and diameter (lower panel) of fibers.
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Enzymes used in food industries may have the chance to
come into contact with chemicals that influence their activity.
For example, chemicals including metal ions present in water
or from equipment corrosion can work as either activators or
inhibitors of enzymes. Meanwhile, chemicals used in the
cleaning of equipment, such as detergents, can also damage the
tertiary structure of enzymes and lead to decreased enzyme
activity. Therefore, several metal ions that have been reported

to be inhibitors of β-glucosidase (MnCl2, FeCl3, and CuCl2),
as well as other chemicals (EDTA, SDS, and 2-mercaptoetha-
nol) within a concentration of 10 mM, were subjected to a
buffer enzymatic activity test to evaluate their influence on the
enzymatic activity.40 The results in Figure 7D show all the
metal ions tested in this study had the same level of inhibition
toward the enzymatic activity of both free and immobilized
enzymes. Similar results were also observed for EDTA and 2-

Figure 7. Relative activity of free and immobilized enzymes under different (A) pH values and (B) temperatures when incubated at 50 °C for 1 h
and pH 5.0 for 1 h, respectively. (C) The thermostability of free and immobilized enzymes tested at 60 °C and pH 5.0 for 1 h. (D) Effects of
chemical agents and metal ions (10 mM) on the relative activity of free and immobilized enzymes. * Indicates significantly different results from the
indicated groups by Student’s t test with p-value <0.05.

Figure 8. Substrate conversion activity of cross-linked enzyme/PVA fibers. (A) pNPG conversion activities during 10 cycles of reuse. (B) A
representative mogroside distribution analyzed by UPLC−MS/MS. (C) Time course of the mogroside conversion rate and mogroside content
under conditions of 50 °C at pH 5.
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mercaptoethanol. However, enzymes in fibers were less
sensitive than free enzymes toward SDS treatment. These
results suggested that the fiber matrices can protect the enzyme
hydrophobic segments from being denatured by detergents
such as SDS and thus preserve the activity.
Mogroside Conversion Rate Test in Fibers. First, the

enzymatic activity of the fibers was evaluated for several cycles
of reuse via the pNPG conversion mentioned previously, but
the fibers were rinsed with water before transferring to the next
cycle. By measuring the remaining pNPG conversion activity in
the fibers after each of the 1-h reaction cycles, we showed that
the fibers displayed high enzymatic activity in the first cycle,
which was 213.25 ± 8.25 μU per mg of fiber, and that this
activity decreased along with the reuse cycles (Figure 8A). The
average enzymatic activity toward pNPG during those 10
cycles of usage was 38.25 ± 3.14 μU per mg of fiber. We think
that the decrease in enzyme activity in fibers might be caused
by the leakage of enzymes or the increase of inaccessibility of
the enzyme’s active sites toward the substrates due to fiber
swelling. Nevertheless, the immobilized enzyme retained
approximately 10% of its initial activity after four cycles of
reuse, which offers potential for continuous use of the
immobilized enzyme in industrial applications.27

The ability of fibers to convert MG V into S I was confirmed
by incubating 90 mg of a produced fiber mat in 5 mL of monk
fruit extract containing 80% MG V for 0, 3, 6, and 10 h at the
optimum reaction conditions (citrate-phosphate buffer pH 5.0,
50 °C). UPLC−MS analysis was conducted to quantify the
amount of each mogroside (Figure 8B). The overall results
show that the amount of MG V gradually decreased from 80%
to 60% of the total MGs after 10 h of incubation, while a
significant increase in the amount of S I from 5% to 22% of the
total MGs was observed (Figure 8C left). In addition, there
were no significant changes in the other types of MGs
including iso-MG V, MG IV, and MG III E, suggesting a highly
specific S I conversion activity of the cross-linked enzyme/PVA
fiber (Figure 8C left). An S I production rate of approximately
118 ± 0.08 mg L−1 h−1 per gram of fiber was calculated based
on a 5 mL-chamber setting which contains 90 mg of fiber and a
net S I production amount of 106.11 g/mL within 10 h (Figure
8C right). Besides, the average enzymatic activity toward S I
production was 11.48 ± 0.48 μU per mg of fiber.
Since batch studies were performed in the MG conversion

tests for 10 h, it is likely that the enzymes previously thought to
detach from the fiber matrix should still contribute to the MG
V conversion in this enclosed 5 mL-chamber system. However,
the conversion rate of S I gradually decreased and reached a
plateau after 10 h of reaction. We suggest that there was
minimal enzyme leakage in the fiber scaffold; otherwise, the
amount of S I would continue to go upward as the activity of
the free enzyme remains. Hence, the saturated S I conversion
result shown in this study was more related to the
inaccessibility of the enzyme’s active sites toward the
substrates, which was caused by the excessive swelling of the
hydrophilic PVA fibers in aqueous solutions and a growing
diffusion resistance of the fiber.41 In other words, a decrease in
the fiber enzymatic activity toward pNPG in each cycle was
caused mainly by the aforementioned swelling of fibrous
morphology after several reuses and not by the cause of
enzyme leakage of fibers although data on enzyme leakage
kinetics. Nevertheless, the ability of the cross-linked enzyme/
PVA fibers to be used repeatedly proved their potential for

utilization in continuous and larger-scale S I production as long
as the swelling can be properly controlled.
In summary, since we calculated the production rate of S I,

we can increase the amount of S I production by increasing the
operating time, scale, and fiber density in future studies.
Accordingly, in this study, the overall illustration of DbExg1
immobilization using electrospinning certainly presents new
insights to overcome the stability and reusability issues
encountered in the application of these enzymes to sustainably
redistribute mogrosides for use as natural sweeteners.
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