Enzyme conversion of mulberry red pigments in a microfluidic aqueous two-phase system
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Abstract: The microfluidic aqueous two-phase system can significantly improve the enzyme reaction rate while
overcoming the shortcomings of the aqueous phase. It has become one of the important means of biocatalysis and
conversion. In the present study, a double Y-branched microfluidic two-phase reactor was successfully prepared.
Abandoned mulberry juice was used as substrate. After optimization, 27% ethanol and 18% ammonium sulfate were
used as two phases, which were injected into the microchannel at 10 xL/min and 14.5 xL/min, respectively. Based
on the immobilized a-L-rhamnosidase catalytic hydrolysis C3R to C3G, the reaction was carried out at 45 °C, pH 5
for 1 h. The conversion of C3G was 53.78%, which was 34% higher than in conventional reactors. At present, the
highest purity of C3G in the total mulberry red pigments was 64.48%. By HPLC-PDA-ESI-MS, it was successfully
obtained high-quality mulberry red pigment. It was proved that the enzyme-catalyzed reaction rate can be greatly
improved in this microfluidic aqueous two-phase system. It provides new ideas for microfluidic enzyme catalytic
system in waste recovery field.

Keywords: Microfluidic; aqueous two-phase system; immobilized enzyme catalysis; mulberry red pigments.

Introduction

As a natural pigment, mulberry red pigment has been proved to be effective in preventing cancer [1],
antioxidation [2] and protecting heart and cerebral vessels [3]. But, due to improper temperature and storage
conditions, millions of tons of mulberries are discarded every year. Therefore, it is necessary to recycle the
abandoned mulberry. Cyanidin-3-O-glucoside (C3G) is the main component of mulberry red pigments, accounting
for about 60% of the total, and cyanidin-3-O-rutinoside (C3R) accounts for about 30% [4]. The difference between
C3G and C;R is only one rhamnosidic bond. If a-L-rhamnosidase is used to hydrolyze C;R, the content of C3G can
be close to or even exceed 90%. Finally, a new kind of high-quality mulberry red pigment could be obtained. This
will become a hotspot in the field of waste reuse.

In order to increase the content of C3G in mulberry red pigments, the aqueous two-phase enzyme catalytic
technology was used. The aqueous two-phase systems (ATPS) was an incompatible liquid-liquid system consists of
inorganic salts and short chain alcohol [5]. The aqueous two-phase enzymatic catalysis system can be
simultaneously extracted and catalyzed, which has been widely concerned and applied in the past decades. ATPS has
many advantages, such as high extraction rate, mild conditions, low cost, and the potential to achieve the desired
product purification and concentration in a single step [6]. In this paper, the use of ATPS enzyme directed catalytic
mulberry red pigments can acquire better effect. Furthermore, this can expand the application of ATPS and would
have broad market prospects.

However, the aqueous two-phase enzyme catalytic technology has some shortcomings, such as easy
emulsification and low separation efficiency [7]. In order to overcome these shortcomings, the microfluidic
technology and the aqueous two-phase enzyme catalytic system were combined to obtain the microfluidic aqueous
two-phase enzyme catalytic system. Parallel flow is a two-phase flow pattern developed based on the characteristics
of fluids that are easily laminar at microscale. Thus, the fluids of each phase are able to maintain their own flow
patterns while only reacting with other fluids at the phase-to-phase contact interface [8]. By using parallel flow, the
reaction time can be controlled by controlling the length of the microchannel, so that the reaction can be stably
carried out and the reaction yield can be improved as much as possible. The degree of diffusion of the interphase
particles can be effectively controlled by controlling the flow rate of the fluid, thereby achieving sample mixing,
sample reaction and reaction rate control [9]. Meng et al. used urease to catalyze the hydrolysis of urea to produce
ammonium carbonate in a double Y-branched microfluidic device. The reaction rate was 500 times higher than that
in conventional reactors, and it only took 0.72 seconds [10]. Our previous studies have also demonstrated that
enzymatic reactions in microfluidic devices can yield more than 90% of the products [11]. In this paper, a parallel
flow microfluidic reactor was used to carry out enzymatic catalysis of mulberry red pigments. Comparing the
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catalytic effects of the conventional reactor with the microreactor, in order to obtain the new high quality mulberry
red pigment by the best way.

In this study, a double Y-branched aqueous two-phase microfluidic device was designed and manufactured.
Ethanol/ammonium sulfate and immobilized enzyme were introduced into the system. The two-phase flow rate, pH,
temperature, substrate concentration and other factors were optimized and the reuse times of the immobilized
enzyme were studied. Also, the effects of reaction fluids on mass transfer and yield were explored. The kinetics and
thermodynamic mechanism were studied. Moreover, the regulation mechanism of microenvironment mass transfer
characteristics on enzymatic reaction was revealed, which provided a new method for preparing new high quality
mulberry red pigments.

Materials and methods
Design and fabrication of the microfluidic chips

The glass chip of this paper was prepared by standard photolithography, wet chemical etching and room
temperature bonding technology [12]. The chip pattern was designed by IllustratorPortable (The width of the
Y-channel and the middle straight channel is 300 gm and 600 um, respectively) and printed into film (Fig. 1a).
Firstly, the film was cut into the same as the chrome plate (SG2506, Um, 65 mm*65 mm*1.5 mm, chrome type LRC,
chrome thickness 145 nm, glue type S-1805, glue thickness 570 nm, Changsha Shaoguang chrome plate Co., Ltd.,
Changsha, China) in order to make a photomask. Then the film was covered on the surface of the chrome plate and
exposed in a box UV lamp (UVA, 12 W, 365 nm) for 1.5 min. The chrome plate was developed with 0.5% NaOH
solution for 2 min. (Ce(NH4)2(NO3)s): CH;COOH: H,0=20 g: 3.5 mL: 100 mL) was used to remove the chromium
of the chrome plate for 2 min. Afterwards, the plate was solidified at 105 °C for 15 min and placed in etching
solution (1M HF: NH4F: HNO3; = 1:1: 0.5) etched for 150 min at 40 °C. Moreover, it was scrubbed with acetone to
remove residual glue. The holes in chrome plate were drilled with a diamond drill bit (0.9*10 mm), after rinsed and
dried, the plate was immersed in a Piranha solution (Vu202: Vizsos = 1:3) for 30 minutes. Finally, the microfluidic
chip was prepared.

The glass chip cover sheet was cut with a glass knife to obtain the same size as the microfluidic chip (SG2506
polished sheet, Um, 65 mm*65 mm*1.5 mm, Changsha Shaoguang Chrome Edition Co., Ltd., Changsha, China).
Then, the chips were washed with acetone and pure water. Afterwards, two pieces of chips were bonded in the pure
water (ensure no bubbles between two chips). Finally, a stable glass chips were obtained after placed on the heating
plate drying for three days at 30 °C (Fig. 1b). If there are severe diffraction stripes in chips, they must be re-bonded.
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Fig. 1. Design and fabrication of the double Y-branched microfluidic éhips. (a) self-designed and printed double Y-branched
microchannel film; (b) self-made double Y-branched microchannel chips.

Immobilization of enzyme

The a-L-rhamnosidase was prepared by previous research [13]. During the enzyme immobilization process,
Multi-walled carbon nanotube (MWCNTSs) was chosen to immobilize a-L-rhamnosidase. 10 mg of MWCNTs was
mixed with 2 g of a-L-rhamnosidase crude enzyme solution, and reacted in a water bath at 35 ° C for 8 h. After
reaction, the mixture was centrifuged by PBS buffer of pH 7.4 three times at 8000 rpm for 10 min. Discarding the
supernatant and the remaining phase was immobilized enzyme. The immobilized enzyme was added into the
ammonium sulfate phase to carry out the enzymatic reaction between C3G and CsR.



Preparation of aqueous two-phase system

The construction of the aqueous two-phase system was based on the previously reported method [14]. The
aqueous two-phase system was composed of 27% (w/w) ethanol, 18% (w/w) ammonium sulfate, 15% (w/w)
mulberry juice and the remaining pure water. The entire aqueous two-phase system was placed in a test tube and
ultrasonically extracted for 30 min. After equilibrium, the top phase was rich in ethanol and the bottom phase was
rich in ammonium sulfate. The ethanol-rich phase with substrate and the ammonium sulfate-rich phase with
immobilize a-L-rhamnosidase were passed into the reactor from inlet 1 and inlet 2, respectively. The immobilized
enzyme and product were collected at outlet 1 and outlet 2, respectively.

Construction of microfluidic aqueous two-phase operating system

The microfluidic chip was fixed on the clamps and the liquid was injected in chip through syringes connected
with teflon tubes. The syringes were mainly regulated by constant flow pump (Longer Precision Pump Company,
Limited). The ethanol phase with substrate and ammonium sulfate phase with immobilized enzyme were contacted
in the middle channel and separated at the end of the Y-branch channel. The teflon tubes at the outlet were used to
collect the liquid and detected by HPLC (Fig. 2a).

The phenomenon of aqueous two-phase system in microfluidic chip was showed in Fig. 2b. The top phase was
ethanol with substrate, and the bottom phase was ammonium sulfate with immobilized enzyme. By adjusting the
two-phase flow rate, the parallel flow two-phase was successfully formed in the microfluidic channel. The flow rate
of the top and bottom phase was 11.5 x4L/min and 15.5 uL/min, respectively. The Reynolds coefficient of two phases
of was 6.75x10* and 8.79x104.
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Fig. 2. Construction of microfluidic aqueous two-phase operating system. (a) diagram of microfluidic aqueous two-phase device.
(b) photograph of double Y-branched microfluidic channel under the microscope. Reaction conditions: (a) inlet 1 pumped with
18% ammonium sulphate with substrate, inlet 2 pumped with 27% ethanol with immobilized enzyme, correspondingly collected
at outlet 1, 2; (b) the top phase was 18% ammonium sulphate with immobilized enzyme., the bottom phase was 27% ethanol with
substrate

Enzymatic synthesis of C3G in microchannel reactor

CsR hydrolysis of C3G by immobilized a-L-rhamnosidase was carried out in the prepared microchannel reactor.
The effects of ammonium sulfate flow rate (13.5-18 ul/min), ethanol flow rate (8-12.5 uL/min), pH (3.5-5),
temperature (30-50 °C) and conclentration of mulberry juice (0.02-0.24 mg/mL) in the microchannel on the
conversion rate were investigated. After reaction, the content of C3G and the CsR was detected by HPLC. The
samples before and after the reaction were lyophilized and weighed to be tested. All the experiments were carried
out in triplicate.

V was the volume of the microchannel. It was calculated using the following equations:

V=LxWxd (1)

L is the length of the microchannel, ¥ is the width of the microchannel, d is the deep of the microchannel. 7

was the residence time of the fluid in the microchannel. It was calculated using the following equations:
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V is the volume of the microchannel, Q is the flow rate of fluid in the microchannel. The conversion (Y) was the
ratio of C3G in the microchannel reactor. It was calculated using the following equations:
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Ccsgand Cesr is the concentration of the substrate and product respectively. C was the content of C3G in the
total mulberry red pigments. It was calculated using the following equations:

m
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Characterization analysis

FT-IR spectra studied the prepared samples of immobilized enzyme, which were recorded on a BRUKER
TENSOR [15]. Scanning Electron Microscope SEM (HITACHI S-4700) observed microstructures and surface
morphologies of enzyme, immobilized materials and polymers with immobilized enzyme, respectively.

Analysis of C3G and C3R by HPLC—PDA-ESI-MS

The steps of mulberry red pigment sample preparation were as follows [16]: fresh mulberries were collected on
the farm of Sericultural Research Institute (Jiangsu University of Science and Technology, Zhenjiang, Jiangsu,
China). Juice was extracted on the day after picking, filtered, centrifuged at 8000 rpm/min and stored at 4 °C. 100
mg of lyophilized mulberry powder was added to 1 mL of extractant (methanol: water: 0.1% formic acid = 70:30:1,
v/v/v), The mixture was vortexed for 1 hour and sonicated for 20 min.

The HPLC-ESI-MS/MS analytical method of mulberry red pigment was based on previous research [17]. The
HPLC-ESI-MS/MS system used in this study were performed by Waters 2695 with Waters 2998PDA and TSQ series
mass spectrometer system. Thermo Cig (50x 2.1 mm, 5 um) was used to separate and determinate C;G and C3R. The
column was maintained at 35 °C and the injection volume was 2 uL. All solutions were filtered through a 0.45 ym
filter before injection. The mobile phase consisted of 0.1% formic acid (solvent A) and 100% methanol (solvent B)
at a flow rate of 0.4 mL/min. The gradient elution scheme was as follows: 0-5Smin, 10%B; 5-30min, 30%B;
30-35min, 88%B; 35-45min, 10%B. C3G and CsR were detected at 513 nm. The conditions of ESI-MS were as
follows: positive mode, spray voltage 3500V, vaporizer temperature 350 © C, sheath gas pressure 70 psi, aux gas
pressure 20 psi, capillary temperature 350 ° C, tube lens offset 62 and scan range 100-1000 m/z.

Reusability tests of immobilized enzyme

Reusability tests for immobilized enzymes were performed under optimal experimental conditions as follows
[18]: in microchannel reactor, the flow rate of ethanol was 10 x#L/min, the flow rate of ammonium sulfate was 14.5
#L/min. Two kinds of fluids inlet into microchannel at pH 5, 45 °C for 30min. After each reaction, the immobilized
enzyme was centrifuged for 10 min at 8000 rpm and carefully washed with PBS for three times in order to remove
residual mixture. Finally, a fresh immobilized enzyme was added into a new microfluidic aqueous two-phase
system.

Statistical analysis

All experiments were performed in triplicate. The final values were expressed as mean + standard deviation.
One-way analysis of variance (ANOVA) was performed to analyze the variance of these results, and the use of
Origin Pro 8.0 was significant at P < 0.05.

Results and discussion
Analysis of immobilized enzyme

In this study, MWCNTs was used as immobilized material to immobilize a-L-rhamnosidase. Fig. 3a shows the
image of the crude enzyme solution before immobilization. Fig. 3b and Fig. 3c shows the difference on the surface
micromorphology of MWCNTs before and after immobilization. It was observed that a small amount of enzyme was
adhered to MWCNTs. It can be preliminarily determined that the enzyme had been fixed on MWCNTs. SEM is an
important tool for studying surface morphology and internal microstructure, which revealed the excellent
performance of MWCNTs used as supporter for a-L-rhamnosidase immobilization.

Fig. 4 depicts the FT-IR spectra of a-L-rhamosidase, MWCNTs and MWCNTs immobilized enzyme. The
emission spectrum of a-L-rhamosidase showed peaks at 3289 cm’!, 1653 cm’!, 1541 cm’!, 1455 cm’!, 1399 cm™,



1237 cm’!, 1079 cm’!, which corresponds to v(O-H)/v(N-H), C=0 bond, amide II, v(COO-)/v(C=C), amide III,
amide III, §(N-H) vibration modes, respectively [19]. The infrared absorption peaks of MWCNTs immobilized
enzyme were basically consistent with the peaks of a-L-rhamosidase. It is owing to the spectra of MWCNTs was
very weak and almost absent [20], which due to the high purity of the MWCNTs and its physical properties. Overall,
these characteristic peaks further confirmed that a-L-rhamnosidase was successfully immobilized on MWCNTs.
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Fig. 4. The FT-IR spectra of a-L-rhamosidase, MWCNTs and MWCNTs immobilized enzyme. Reaction conditions:
The crude enzyme solution (2 mL) was added to the immobilized material (10 mg), and reacted in water bath shaker
for 8 hours at the temperature of 45 °C.

Effect of ammonium sulfate flow rate on C3G conversion rate

Through experiments, when the ammonium sulfate flow rate was in the range of 13.5-18 xL/min, a stable
parallel flow two-phase system could be formed in the microchannel. Fig. 5a shows the influence of ammonium
sulfate flow rate on the conversion of C3G. The conversion of C3G was increased first and then decreased. When the
rate of ammonium sulfate increased to 14.5 uL/min, the conversion of C3G reached the maximum value of 39.98%.
Correspondingly, C3G the highest purity of in the total mulberry red pigments, which was 60.29%. When
ammonium sulfate flow rate continued to increase, the conversion rate of C3G began to decrease. The fundamental
reason was that since the length of the microfluidic channel was constant, with the increase of ammonium sulfate
flow rate, the contact time (1) of the two phases decreased. That is, the reaction time was decreased. As observed in
Table 1, when the flow rate of ethanol phase was fixed at 11 xL/min, as the flow rate of ammonium sulfate phase
increased from 13.5 ul/min to 18 uL/min, T was decreased from 10.5 s to 7.88 s. Undoubtedly, within a certain
range, the longer the residence time of the fluid, the longer the contact time between enzyme and substrate, and the
higher the conversion rate of C3G was. However, when the flow rate of ammonium sulfate was increased, on the one
hand, the contact time between the enzyme and the substrate was reduced, leading to incomplete reaction [21]. On
the other hand, it may lead to increased friction between the fluid and the inner wall of the microchannel, resulting
in increased shear force and local temperature, which may lead to reduction of enzyme activity, and ultimately
reduce the conversion rate of C3G [22]. when the ammonium sulfate flow rate was 14.5, Therefore, 14.5 uL/min was
selected as a suitable flow rate of ammonium sulfate for subsequent research.
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Fig. 5. Effect of flow rate on C3G conversion rate. (a) effect of ammonium sulfate flow rate on C3G conversion rate;
(b) effect of ethanol flow rate on C3G conversion rate. Reaction conditions: (a) concentration of mulberry juice was
0.08 mg/mL, temperature was 30 °C, pH was 4.5, the ethanol flow rate was 11xL/min, the ammonium sulfate flow
rate was ranged from 13.5-18 uL/min; (b) concentration of mulberry juice was 0.08 mg/mL, temperature was 30 °C,
pH was 4.5, the ammonium sulfate flow rate was 14.5 uL/min, the ethanol flow rate was 8 - 12.5 u4L/min.

Table 1 Residence time of fluid in microchannels at different flow rates. The ethanol flow rate was 11uL/min, the residence time
of the fluid in the channel when changing the ammonium sulfate flow rate.

Ethanol flow rate («L/min) Ammonium sulfate flow rate («L/min) Residence time 7 (s)
11.00 13.50 10.50
11.00 14.00 10.12
11.00 14.50 9.77
11.00 16.00 8.86
11.00 16.50 8.59
11.00 17.00 8.33
11.00 17.50 8.10
11.00 18.00 7.88

Effect of ethanol flow rate on C3G conversion rate

The ammonium sulfate flow rate was set to 14.54L/min. When the ethanol flow rate was in the range of 8-12.5
#L/min, a stable aqueous two-phase system could be formed in the microchannel. Fig. 5b shows the influence of
ethanol flow rate on the conversion of C3G. The conversion of C3G was also increased first and then decreased.
When the rate of ethanol increased to 10 uL/min, the conversion of C3G reached the maximum value of 53.78%.
Correspondingly, C3G the highest purity of in the total mulberry red pigments, which was 64.48%. The same as the
effect of ammonium sulfate flow rate, the residence time had a great influence on the conversion of C3G with the
change of ethanol flow rate. As is shown in Table 2, as the flow rate of ethanol increased from 8 xL/min to 12.5
#L/min, T was decreased from 17.72 s to 11.34 s. The short residence time limited the conversion rate of enzymatic
reaction. More importantly, ethanol has a certain inhibitory effect on enzyme activity. Ethanol could absorb the
water molecules bound to the non-polar groups of proteins, so that these groups would be exposed and attract or
repel each other, resulting in the change of protein spatial conformation and the deactivation of enzymes [23].

Table 2 Residence time of fluid in microchannels at different flow rates. The ammonium sulfate flow rate was 14.5xL/min, the
residence time of the fluid in the channel when changing the ethanol flow rate.

Ethanol flow rate (uL/min) Ammonium sulfate flow rate («L/min) Residence time 7 (s)
8.00 14.50 10.50
8.50 14.50 10.12
9.00 14.50 9.77
9.50 14.50 8.86
10.00 14.50 8.59
11.00 14.50 8.33
11.50 14.50 8.10
12.00 14.50 7.88

12.50 14.50 14.5




Therefore, the use of MWCNTs to immobilize a-L-rhamnosidase could protect the enzyme from ethanol
inhibition to some extent [24]. But when the flow rate of ethanol was too high, this protection did not work very well.
Overall, 10 4L/min was selected as the optimum flow rate of ethanol for further studies.

Identification of mulberry red pigments by HPLC-PDA-ESI-MS

After pretreatment, the reaction samples were analyzed by HPLC-PDA-ESI-MS. Fig. 6a shows the HPLC
chromatogram of mulberry red pigments. After gradient elution, two peaks were separated. The retention times (Rt)
of these two peaks were 8.40 min and 10.21 min respectively. Fig. 6b shows the total ion chromatogram and mass
spectrum of peak 1. Peak 1 (Rt =8.64 min), showed [M]" at m/z 449, which was considered to be C3G. Fig. 6¢ shows
the total ion chromatogram and mass spectrum of peak 2. Peak 2 (Rt =10.41 min), showed [M]" at m/z 595 which
was considered to be C3R [25]. Finally, it was successfully determined that there were two kinds of anthocyanins in
mulberry red pigments, C3G and C;3R.
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Fig. 6. HPLC-PDA-MS/MS chromatograms of the product in microfluidic aqueous two-phase enzyme catalytic system. (a) the
HPLC chromatograms of the mulberry red pigments; (b) the ESI full mass chromatogram of C3G; (c) the ESI full mass
chromatogram of C3R.

Conclusions

A microfluidic aqueous two-phase enzyme catalytic system was successfully constructed. Firstly, a dual
Y-branched glass chip was prepared as a microchannel reactor using standard photolithography, wet chemical
etching and room temperature bonding techniques. After optimization, 27% ethanol and 18% ammonium sulfate
were used as two phases, which were injected into the microchannel at 10 yL/min and 14.5 uL/min, respectively.
Based on the immobilized a-L-rhamnosidase catalytic hydrolysis CsR to C3G, the reaction was carried out at 45 °C,
pH 5 for 1 h. The conversion of C3G was 53.78%, which was 34% higher than in conventional reactors. At present,
the highest purity of C3G in the total mulberry red pigments was 64.48%. By HPLC-PDA-ESI-MS, it was
successfully obtained high-quality mulberry red pigments, which provides a new method for microfluidic
biosynthesis of waste reuse.
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