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Abstract: 1-caffeoylglycerol (1-CG) is a hydrophilic ester with a high solubility, and has a 

strong activity to prevent skin cancer caused by ultraviolet. However, the current preparation 

process to synthesize 1-CG via transesterification from methyl caffeate (MC) and glycerin was 

not economic due to long reaction time or adding extra field. Therefore, an enzymatic synthesis 

with deep eutectic solvent chloride-urea (ChCl-urea) in a microreactor was firstly applied under 

continuous microflow condition to improve the productivity. A maximum 1-CG yield of 

96.49% was obtained under the optimized conditions: temperature of 65 °C, flow rate of 2 

μL/min, MC concentration of 50 g/L. Compared to the batch reactor, the reaction time reduced 

by 75%, the Km value decreased by 5/6, the reuse times of lipase increased by 2.29-fold, the 

external mass and transfer coefficients increased 10 times, which process was verified by 

numerical simulation. In addition, the produced 1-CG of 2 mg/mL has a high UV damage 

remediation ability of 75.16% using HaCaT cell model, which reveals 1-CG can repair the 

damage of cells radiated by the UV. Thus, this approach represents a convenient and 

cost-saving method to produce 1-CG using microfluidic biocatalysis. 

Keywords: biocatalysis; 1-caffeoylglycerol; deep eutectic solvent; kinetics; microreactor; mass 

transfer coefficient.
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1 Introduction 

Caffeic acid (3, 4-dihydroxycinnamic, CA) is naturally found in fruits, vegetables, olive oil, 

and plants. A number of effects of CA have been reported such as antioxidative, preventing 

cardiovascular disease and carcinogenic inhibition especially skin cancer caused by ultraviolet 

(UV) [1]. However, the very poor solubility in non-polar media limits its application in food, 

medicine and cosmetic industry. In view of this feruloylated monoacyl- can be participated in 

human lipid metabolism and synthesis, which may improve the absorption and maximize the 

effect of ferulic acid [2]. Therefore, CA esterification and glycerin modification of alkyl 

caffeates were chosen to enhance lipophilicity and solubility of CA. 1-caffeoylglycerol (1-CG) 

is a hydrophilic ester with solubility 3 times higher than CA in water at 20 °C [3]. Some studies 

reported that 1-CG was prepared by the transesterification of ethyl caffeic (EC) with glycerol 

using Novozym 435 or ionic liquids as catalysts [4]. In our work, lipase-catalyzed 

transesterification of 1-CG was performed using MC and glycerin in a batch reactor and the 

maximum yield reached 90.6% under the optimal condition [1]. The results revealed the 

feasibility of the transesterification process of 1-CG and provided an efficient pathway for the 

enzymatic synthesis of 1-CG. However, batch reactor has some inherent drawbacks such as long 

reaction times which will limit efficient product of 1-CG and industrial production. Hence, 

more efficient method to synthesize 1-CG from alkyl caffeate and glycerin need to be explored. 

Microreactors are usually defined as miniaturized reaction systems fabricated by using, at 

least partially, methods of microtechnology and precision engineering [5]. Nowadays, 

microreactor technology applications in the biocatalysis field are gaining popularity for these 

benefits: faster mass transfer, high surface area-to-volume ratio, exquisite control and easier 

scale-up of production capacity which make the microreactor more effective for 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



enzyme-catalyzed reactions than batch reactor [5, 6]. Cech J reported when 

1-heptyl-methylimidazolium bis (trifluoromethylsulfonyl) imide ([C7mmim] [Tf2N]), Novozym

435 and microreactor was used as the solvent, catalyst and reactor respectively to synthesize 

isoamyl acetate, the yield of product can reach 92%, the lipase selectivity much higher than that 

in batch reactor. For further increase the reaction efficiency, co-solvent was applied to improve 

the solubility of MC due to the advantages of it, especially easy and cheap preparation, 

biodegradability, and the precursors used are renewable, non-toxic, and natural compounds [7]. 

Zhao investigated that, Novozym 435 obtained the highest enzyme activity (>1 μmol·min-1·g-1) 

and selectivity (>99%) in the choline chloride/urea system when used to catalyze the 

transesterification of ethyl sorbate and 1-propano [8]. In addition, the introduction of co-solvents 

into the reaction mixture decreases the severity of the reaction parameters and can make this 

process practical, and can also decrease the amount of glycerin and allow the reactions to be 

carried out at milder temperatures [9]. Therefore, the co-solvents can also improve the enzyme 

activity and selectivity. Hence, we screened a series of co-solvent with microfluidics to 

synthesize 1-CG. 

Enzyme kinetics is an important means to evaluate different reactor performance and 

estimate the extent of substrate transesterification under known condition [10, 11]. The 

development of tailormade, low cost products is important for the innovation in reactor, 

therefore, kinetics modeling play a role as an engineering practice in accelerating enzymatic 

reactions which indicates the behavior of substrate and enzyme [12]. In addition, enzyme 

kinetics modeling can use many parameters to explore pathways and reaction mechanisms of 

complex macromolecular substrates prior to developing innovative process control strategies to 

ensure stability and desired efficacy [13, 14]. Hence, enzyme kinetics modeling was used to 
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evaluate catalytic efficiency of enzyme and mass transfer of different reactors. 

The present work provided a simple and efficient approach to the enzymatic 

transesterification synthesis of 1-CG from MC and glycerin in co-solvent with independent 

design grooved type reactor. In addition, kinetic models were applied to optimize the reaction 

and study the reaction mechanism. For this purpose, a series of solvents were screened to 

increase the solubility of substrate. Besides, the reaction conditions were studied to determine 

the optimal conditions. Additionally, secondary structure and reusability of enzyme were 

detected to verify the performance of microreactor. Finally, 1-CG was used to cultivate HaCaT 

cell to explore the anti-UV effect of 1-CG. 

2 Materials and Methods 

2.1 Lipase and chemicals. 

CA, ferulic acid and cinnamic acid were purchased from Nanjing Zelang Pharmaceutical 

Co., Ltd. (Nanjing, China). Novozym 435 was purchased from Novo Nordisk A/S (Bagsvaerd, 

Denmark). Choline chloride and urea were purchased from Sigma Chemical Co. (St. Louis, 

MO), PDMS microchannel reactor was purchased from Suzhou Wen Hao Chip Technology Co., 

Ltd (Suzhou, China). Methanol was chromatographically pure for HPLC (purchased from Tedia 

Co.; Fairfield, OH, USA). Other chemicals were all purchase from Shanghai Sinopharm 

Chemical Reagent Co., Ltd. (Shanghai, China). All other reagents were analytical grade. 

2.2 Preparation and characterization of chloride-urea. 

Choline chloride (14 g) and urea (12 g) were mixed in a three-necked flask and was stirred 

with a magnetic stirrer [15]. The reaction temperature was held at 80 °C in an oil bath heater. 
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The reaction was completed when the solution altered to one phase with clear homogeneous 

appearance phase. The solution was evaporated with a rotary evaporator at 60 °C and dried for 

24 h to obtain the eutectic solvents.  

The characterization of eutectic solvents was checked by 1H NMR analysis to verify the 

structure and purity of the product. 1H NMR (400 MHz) spectra were recorded on a Bruker 

AVANCE Spectrometer 400 (Bruker Biospin Co., Billerica, MA, USA). The structure of it was 

δH (D2O, 400 MHz): 4.01 (m, 2H, >N+-C-CH2-O-), 3.46 (t, 2H, >N+- CH2-), 3.15 (s, 

2H, >C-CH2-C<), 3.12 (s, 9H, -N+-(CH3)3). 

2.3 Enzymatic synthesis of 1-CG with co-solvents. 

The enzymatic synthesis of CA monolyceride was performed in a 5 mL bottle sealed with 

screw cap. Co-solvent acetone, dimethyl sulfoxide (DMSO), choline chloride-urea (ChCl-urea), 

choline chloride-glycerin (ChCl-glycerin) and ionic liquid [Bmim][Tf2N] were used as reaction 

medium, respectively. MC, glycerin and Novozym 435 were added in a bottle and placed in 

shaker with 180 rpm. After the reaction, the reaction solution was dissolved in ethanol, and the 

lipase was filtered off. The suspension liquid obtained by rotary evaporation of filtrate was 

extracted with ethyl acetate three times. The obtained solution was rotary evaporated to remove 

the ethyl acetate. The product was washed with distilled water three times, and diluted to one 

tenth and the purity was detected with HPLC. The white powders were collected after 

washing/centrifugation and dehydrated at -40 °C for 2 h. 

2.4. HPLC analysis. 

The HPLC quantitative analyses were carried out using HPLC (Waters 2695) with a PDA 
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detector (Waters 2998). Reactants and products were analysed with a C18 reverse phase column 

(5 μm, 150 × 4.6 mm, i, d.; W. R. Grace & Co., Deerfield, IL, USA) using a binary gradient at a 

flow rate of 1 mL/min. Solvent A was methanol and solvent B was methanol/water (1:4 v/v, 

1 % ammonium acetate) The gradient profile commenced from 90% B to 10% B linearly in 30 

min, returning to 90% B at 40 min followed by 5 min isocratic to equilibrate. The eluate was 

monitored at 325 nm using a photodiode array detector (PDA). The external standard method

was adopted to calculate the total conversion of MC and the conversion (%) into 1-CG. The 

computational formulae are Eq. (1) and (2) [16]:  

Converted molar amount of MC (mol)MC conversion (%) = 100
Initial molar amount of MC (mol)

× (1) 

Molar amount of 1-CG (mol)1-CG yield (%) = 100
Initial molar amount of MC (mol)

× (2) 

2.5 Continuous synthesis of 1-CG in an microreactor packed with immobilized enzyme. 

The packed-bed reactor was designed with polydimethylsiloxane which has a good 

chemical inertness with dimension 10 mm × 0.9 mm × 75mm (W × H × L), respectively. One 

inlet and one outlet were set in both ends of the microreactor to ensure the substrate was fed 

from one inlet and flow out of the reactor from an outlet which was on the other side of the 

reactor. Novozym 435 of 100 mg was put in the reaction channel as a biocatalyst. The constant 

current pump (LSP02-1B, Longer Pump Co. Ltd., Beijing, China) was used as a powerplant 

which feed the substrate (the homogeneous solution of MC, glycerin and co-solvent) into the 

microreactor with flow rates ranging from 2 μL/min to 8 μL/min. Considering the viscosity ,the 

reaction temperatures were set at 50 °C, 60 °C, 65 °C, 70 °C and 75 °C respectively to reduce 

the viscosity of glycerin, the substrate concentration were 30 g/L, 40 g/L, 50 g/L, 60 g/L and 70 
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g/L. Effluent of 50 μL was collected and diluted for HPLC detection. 

2.6 Reusability and stability of enzyme in the microreactor. 

The stability test of enzyme was performed first under the optimal substrate concentration 

and temperature. The microreactor was thoroughly washed with fresh solvent after each 

reaction. All products were collected and detected with HPLC to compare the change of yield of 

product in order to identify catalytic activity of lipase. 

2.7 Kinetics analysis of the reaction in the microreactor. 

The synthesis kinetics of CA monoglyceride was studied to elucidate enzyme-catalyzed 

mechanism in this reaction. The concentration of MC ranged from 0.02-0.6 mol/L, the flow rate 

ranged from 2 μL/min to 8 μL/min and other reaction conditions were set as the optimal factors. 

The initial reaction rates were expressed as the yield of product per minute. The relationship of 

initial reaction rates and the initial substrate concentration were expressed with function and the 

kinetics constants were determined by the coefficients of the function [17]. 

2.8 Characteristics and secondary structure change of lipase measured by FTIR spectrometry. 

Dimethyl sulfoxide (DMSO) and Novozym 435 were mixed with agitation at 37 °C for 30 

min. The mixture was separated with suction filter, and the solid matter washed by DMSO. The 

measurement of the Novozym 435 secondary structure was achieved using FTIR spectrometry 

measured by a Varian 670 IR spectrometer. The secondary structure elements based on the 

information of the amide I region and the band assignment were manipulated using Omnic and 

Peakfit software [18].  

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



2.9 The model construction of UV damage to HaCaT cell. 

The UV light source of 313 nm was chosen to simulate UVB to irradiate HaCaT cell with 

distance of 10 cm at 200 μW/cm2. The ultraviolet radiation dose can be expressed by the 

formula Eq (3). 

2Ultraviolet radiation dose (mJ/cm ) radiation time UVB intensity= ×                (3) 

The ultraviolet radiation dose of specific wavelength determined by the model 

construction of UV damage to HaCaT cell. The cells were divided into two groups (blank 

control group, negative control group and sample group). Blank control group contained CK1 

(A1) which was cell without UV radiation added with 30 μL DMEM medium, negative control 

group contained CK2 (A0) with 30 μL DMSO solution (10% mass fraction) without UV 

radiation, sample group (Ai) contained two groups: (1) cells with 30 μL product solution of 

different concentration with UV radiation, (2) cells with 30 μL Vc or BHA solution with UV 

radiation. The cell viability and degree of sample UV damage can be calculated with the 

following Eqs (4) and (5). 

( ) 0

1

Irradiation group absorbance values
Blank way absorbance value

Cell activity % *100% *100
s

%A
A

= = (4)

( ) Sample group Irradiation group i 0

Sample group i

OD -OD
UV damage repair degree of sample 100% *100% *100%

OD
A A

A
−

= = (5) 

2.10 Statistical analysis. 

All detections of each parameter and antioxidant capacity were performed in triplicate. The 

analysis of variance (ANOVA) method was used, and the standard deviation was calculated to 

ensure the reliability of the results. Significance was determined at a 95% level of probability. 
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For antioxidant capacity data, p values < 0.01 were considered significant. 

3. Results and discussion

3.1 Enzymatic synthesis of 1-CG via transesterification with different solvents. 

It is the prerequisite that MC can be dissolved in the glycerin which ensured the progress of 

the reaction. Therefore, solvents were added into the reaction system in proportion. As shown in 

Table 1, all the selected solvents can activate the enzymatic synthesis of 1-CG. DMSO, 

[Bmim][Tf2N] and ChCl-urea used as reaction medium attained higher conversion of MC and 

higher yield of CA monoglyceride which were both more than 50%. Among these co-solvents, 

the highest conversion (91.80%) and highest yield (85.22%) were observed with adding 

ChCl-urea. Though organic solvents can increase the yield of 1-CG, it has higher toxicity and 

was difficult to be removed [19]; For ionic liquid [Bmim][Tf2N], it has garnered interests in 

green engineering chemistry recently [19]. However, the preparation progress of ionic liquid is 

complex and difficult for separation and purification leading to high price. The deficiency may 

influence large-scale production. ChCl-urea is a green, biodegradable, and cost-effective solvent 

which can be produced via a simple approach. It has attracted increasing attention in the 

biocatalysis industry. Therefore, the ChCl-urea was chosen for synthesis of 1-CG from MC alkyl 

and glycerin. 

3.2 Continuous flow synthesis of 1-CG in the microreactor. 

Further experiments using ChCl-urea as the media and Novozym 435 as the catalyst to 

synthesize 1-CG was performed in the microreactor. As shown in Figs 1A and 1B, when the 

temperature was 50 °C, the conversion of MC was only 20.13% at the flow rate of 8 μL/min. 
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With low temperature, the glycerin with high viscosity inhibited the substrate contracting with 

enzyme, which make much active site of enzyme in an idle state. Besides, the low temperature 

resulted in low molecular motion rate which determine the mixing and collision. When the 

temperature increased to 65 °C, 1-CG yield maximized to 96.44%. At elevated temperature the 

viscosity of substrate dramatically dropped, making the reaction process smoother and more 

collision of substrate molecular [20, 21]. Further increasing temperature will drop the yield 

slightly, indicating side reaction and recession of enzyme activity at high temperature [22]. This 

finding was consistent with our previous report [23].  

The effect of substrate concentration on MC conversion and 1-CG yield are shown in Figs 

1C and D. MC conversion increased at a higher substrate concentration (30~50 g/L) at 2 

μL/min while increasing at a faster flow rate. Fig 1C shows that with the flow rate of 2 μL/min, 

the rising trend of MC conversion and 1-CG yield was consistent. At a faster flow rate, 1-CG 

yield increased with the substrate concentration from 30~50 g/L and decreased with higher 

concentration. Thus, the highest 1-CG yield (96.49%) was obtained with the substrate 

concentration of 50 g/L at a flow rate of 2 μL/min. When the substrate concentration and flow 

rate was within a range of 40~50 g/L, a fast flow of many MC moved past the enzyme to 

perform the transesterification reaction while continuous flow contribute continuous generation 

of 1-CG causing an increase in yield [24]. Suitable concentration can shift the equilibrium 

toward 1-CG production while too much MC and glycerin will affect the substrate combining 

with the enzyme which led to the decreasing of 1-CG yield. 

Figs 1E and F show the effect of residence time on the enzymatic synthesis of 1-CG from 

MC and glycerin in the microreactor. The reactor employs a residence time at a range of 

37.5-150 min with a flowing rate of 2-8 μL/min. Higher 1-CG yield was obtained with a longer 
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interaction time between substrate and enzyme. Fig 1E shows the effect of residence time on 

the incorporation under the various temperature conditions. With a short residence time ranging 

from 37.5 min to 75 min, the 1-CG yield steadily increased and obtained the highest yield 

(96.49%). However, when the residence time is over 75 min the incorporation did not increase 

markedly. Fig 1F shows the effect of residence time on the 1-CG yield under different substrate 

concentration conditions. The maximum yield of 1-CG was obtained at a residence time of 150 

min (flow rate of 2 μL/min) with the substrate concentration of 50 g/L. The two substrate ratios 

increased linearly at a low flow rate (residence time ranged from 37.5 min to 70 min). Thus, as 

the residence time decreases, the laminar flow may transform into turbulent flow. The substrate 

passes through the surrounding of the enzyme instead of entering the active site of the enzyme 

under the turbulent flow [25, 26].  

In summary, the 1-CG can reach 96.46% under the optimal conditions: Temperature of 

65 °C, substrate concentration of 50 g/L and residence time of 150 min. However, for a batch 

reactor, the maximum yield of 1-CG 90.63% with temperature of 75 °C, substrate concentration 

of 70 g/L and reaction time of 10 h which resulted in a lot of economic and energy loss 

compared with microreactor. 

The reusability of enzymes is of great practical significance in industrial product. 

Therefore, the reusability of the Novozym 435 for the synthesis of 1-CG in the microreactor 

was evaluated at the optimal condition. Fig 2 shows the activity of the enzyme over 20 runs in 

the microreactor. Under the optimal conditions, the yield of 1-CG still had a remainder of more 

than 50% after 20 runs. And then, a noticable decrease of yield occurred with further cycles. 

Hence, the results showed that the microreactor can ensure catalytic activity and site-specific 

selectivity of enzyme.  
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3.3 Kinetic analysis of the microreactor. 

For the enzymic reaction of two substrates, the dynamic mechanism involved divides into 

two kinds: sequential reaction model and Ping Pong reaction model. For the reaction of MC and 

glycerine, MC combines with lipase and releases methanol and CA, and then CA will combine 

with lipase and glycerine to generate 1-CG. The reaction process belongs to Ping Pong reaction 

model, thus the Ping Pong Bi Bi model was used for kinetics analysis of transesterification 

reaction catalyzed by lipase [27]. In the present study, the kinetics model was based on the 

decrease of substrate concentration, and the reaction rate which is the following Eq. (6). 

A A Br kC Cα β=   (6) 

where: rA is the reaction rate of MC; k is reaction rate constant; CA is the concentration of 

MC (mol/L); α is the reaction order of MC; CB is the concentration of glycerin (mol/L); β is the 

reaction order of glycerin.  

In the kinetics model, the concentration of glycerin was much excessive in comparison with 

the MC. It was confirmed that the transesterification reaction rate was more sensitive to the 

changes in MC concentration [28]. Therefore, BkC β  was constant due to the excessive glycerine 

concentration. Then, Eq. (6) was simplified as Eq. (7): 

A 1 Ar k Cα= (7) 

x is assumed to be the conversion rate of MC and CA0 is the initial concentration of MC, the 

concentration MC at any time is shown in Eq. (8): 

A A0 (1 )C C x= − (8) 

Therefore, 
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A0A
A A0 1 A

( (1 ))d C xdC dxr C k C
dt dt dt

α−
= − = = = (9) 

Thus, Eq. (7) can be obtained: 

where 

1
2

A0

kk
C

= (10) 

Using integral method, Eq. (11) was derived from Eq. (7): 

A0 2ln ln[ (1 )] lndx C x k
dt

α= − +                                               (11)

In Eq. (11) kinetic parameters, α can be calculated by the linear regression, which was 

shown in Fig 3. As the flow rate ranged from 2 μL/min to 4 μL/min, the km values were 12.73 

mM to 16.41 mM (Table. 2). The results indicated that the km values increase with increasing 

flow rate. In addition, higher value of km may result in poor catalytic effect which can be 

confirmed from the performance of batch reactor and microreactor. This phenomenon indicated 

that mass transfer appeared to be playing an important role in the enzymatic transesterification 

reaction [29]. At a lower flow rate, substrate will be fully mixed and collided with the enzyme 

which make the substrate contact with the active site of the lipase to be sufficient. This action 

ensured the reaction efficiency and yield of 1-CG in the microreactor. Therefore, 2 μL/min was 

the suitable flow rate for a packed bed microreactor. 

As shown in Table 2, though the km values increased with increasing flow rate, all the three 

km values are still far less than the km value in the batch reactor. It is assumed that better mass 

transfer and heat transfer contribute to the improvement of kinetic parameter. Thus, we tried to 

explain this process by calculating the mass transfer in the microreactor. 

Internal mass transfer in the reaction are always calculated with the following Eqs (12) and 

(13) [29]:
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×

(12) 

e
L

2DK
d

= (13) 

Where η  is the internal mass transfer coefficient which is the ratio of tD and tR, De is the 

effective diffusivity. Keq is the equilibrium constant for MC conversion, which is calculated to 

be 0.1 at 65 °C. S0 is the initial concentration of MC (0.277 mol/L), r0 is the initial rate 

(5.73×10--5 mol/(m3∙s), KL is the molecular diffusion coefficient for liquid phase diffusion, and d 

is the diameter of Novozym 435 (0.3 mm), De can be defined as the following Eq. (14): 

e AMD Dε
τ
 =  
 

(14) 

where DAM is the molecular diffusion coefficient [30]. Rausis, ε is the particle porosity of 

Novozym 435, τ is the tortuosity factor. The value of ε/τ is taken 0.5 for resin catalysis [31].

The DAM can be evaluated as the following eq: 

8

AM 0.6
A

7.4 10
( )

M TD
V

ϕ
µ

−× ×
= (15) 

where ϕ  and M are the association factor and the molar mass of the solvent. VA is the 

molar volume at boiling point and µ is the viscosity of the solution. VA can be calculated with 

the group contribution method. Through detection, the viscosity of glycerin was 81.3 mPa·s and 

VA was 72.68 cm3/mol. De (1.13×10-7cm2/s) and η (2.055) >1 which shows the internal 

diffusion in the microreactor play an important role in the transesterification reaction and can be 

calculated with the formula.  

External mass transfer can be calculated with the following eq [32]: 
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obs p c
M

c A

( ) nr R
C

K C
ρ

= (16) 

where the CM is the external mass transfer coefficient, γobsρp is the initial rate (5.73×10--5 

mol/(m3∙s), the n is reaction order (2), Rc was the particle size of the lipase, the Kc is the mass 

transfer coefficient which can be obtained from Dwidevi-Upadhyay mass transfer correlation as 

2.2×10-5 m/s and the CA is bulk concentration [33]. The CM = 6.9×10-3<1 but still much more 

than batch reactor (7.3×10-4). Hence, compared to the external mass transfer, internal mass 

transfer coefficient can significantly affect the reaction. In addition, the mass transfer in 

microreactor is much more than that in batch reactor which verified that the microreactor had 

better mass transfer effect. 

The usual approach to the modelling of fluid flow in microchannels can be achieved by 

using a formulation in which a common flow field is shared by all of the phases. For an 

incompressible, Newtonian fluid, the hydrodynamics of such flows can be described by the 

Navier-Stokes (N-S) equation expressed as follows: 

0u∇ = (17) 

( ) ( ( ) )Tu u pI u u Fρ η ∇ = ∇ − + ∇ + ∇ +    (18) 

/ ( )ts p pC T t k T Q C u Tδ ρ ρ∂ ∂ +∇ − ∇ = − ∇  (19) 

where ρ is water density of, p is pressure, u is the velocity at the inlet of the microchannel, η 

is the dynamic viscosity, and Cp is the specific heat of the glycerin, F is the surface tension force 

approximated as a body force in the vicinity of the interface, and δts is the thermal boundary layer 

thickness. The bulk properties, such as density and viscosity, are determined from the 

volume-fraction weighted average of the properties of the fluids. 

Numerical simulation liquid flow was applied in the microreactor with the COMSOL 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



Reaction Engineering Lab 3.5a. The density ρ (1.263 kg/m3), viscosity η (1.412 Pa·s), volume 

force F (0 N/m3), relative permittivity εr (80) and mean free path of gas molecules λmfp (10-6) was 

input the software and it can solve the model with the built-in program. In addition, with the 

result of speed field, the temperature field can be solved by adding heat transfer coefficient k 

(0.268 W/m·K), density ρ (1.263 kg/m3), atmospheric pressure Cp (2.40 J/kg·K), specific heat rate 

γ (1). Fig 4A shows the vorticity of the fluid in the groove. The vorticity (range from 0 to 0.0318 

1/s) became great in the bottom of the groove where packed with the enzyme. This phenomenon 

indicated that the substrate can be fully mixed and contact with the enzyme which contribute to 

the high yield of the 1-CG [33]. At the upper layer of the groove, the vorticity of the fluid was 

lower which can steadily pump substrate and output the product. Thus, microreactor can ensure 

the substrate fully mixed and reaction with a stable flow process. Speed field of the fluid in the 

microreactor is shown in Fig 4B. When the fluid flow (ranging from 0 to 1.218×10-5) through the 

channel, the speed was faster than that of inflow or outflow. In addition, the speed changed a lot 

at the inlet and outlet of groove. It is reasonable to expect that the flow form of fluid has changed 

(from laminar flow to turbulence) when flow into the groove which packed with enzyme [34, 35]. 

Fig 4C shows the temperature field (range from 0 to 1.13×105 K/m) of the microreactor. The 

temperature decreased from bottom to upper layer of the microreactor which can ensure the 

contact section to be locally heated as well as prevent oxidation of the product [36]. Additionally, 

the local heat of effective area can maximize the use of energy which reduces the energy cost in 

order to achieve large-scale production. In summary, kinetics approach can analyze reaction 

parameters and explain the high efficiency of microreactor.

3.4 Secondary structure change of Novozym 435 in microreactor and batch reactor. 
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The secondary structure of Novozym 435 can be detected with FTIR since the peptide 

bond vibrations of the proteins packaged with resin can absorb infrared wavelengths. The C=O 

stretching vibration can form an absorption peak at approximately 1600–1700 cm-1 which is 

called the amide I region. Its good sensitivity in conformational changes always enables it to be 

used in determination of secondary structure of protein [37]. The IR spectrum of lipase 

Novozym 435 in different reactors is shown in Fig 5 and its secondary structure elements was 

calculated with the data shown in Table 3. The lipase was produced from modified Aspergillus 

oryzae, so the structure change of lipase before and after the reaction were detected. The α-helix 

and β-sheet contents of the original Novozym 435 were 19.6% and 48.7%, respectively. As 

Table 3 shows, the Novozym 435 in the batch reactor appeared to have a little change in the 

secondary structure change (α-helix decreased by 4.8% and β-sheet increased by 1.4%) while it 

is remarkably changed in the microreactor (α-helix decreased to 0 and β-sheet increased by 

18.5%). In total, the active site of lipase can be significantly affected with the decreasing of 

α-helix and increasing of β-sheet contents [30, 38]. Partially, the lower the α-helix, the easier 

the substrates access the active site [39]. Therefore, the change result shows that microreactor 

contributes to maintaining the enzymatic activity of lipase. The phenomenon may be related to 

that before full enzyme deactivation occurs, more than one type of interaction must be broken 

followed by different changes of the native structure [18]. Hence, microreactor attributes to 

change of lipase Novozym 435 which results in a higher yield of 1-CG. 

3.5 Repair ability of 1-CG on UV-damage of HaCaT cells. 

We initially investigated the effect of 1-CG, MC, CA, BHA (0.1–2.5 mg/mL) on the 

UVB-mediated decrease in cell viability [40]. HaCaT cells were treated with the above four 
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solutions for 24 h after being exposed to UVB. As Fig 6 shows, UVB irradiation of HaCaT cells 

led to the decrease of cell viability. Compared to other three solutions, The UVB-induced cell 

death was significantly attenuated by treatment of cells with 1-CG in every concentration 

gradient. With the low concentration, MC showed the poorest effect on the rehabilitation of the 

cells while it gradually increased stronger than CA and BHA with the increasing concentration. 

When the concentration was 2 mg/mL, the cell activity reached the highest (75.16%, p<0.05) 

much more than cell untreated which shows the strongest effect on the repairment of HaCaT 

cells. The cell activity maintains the degree with further increasing concentration. The result 

reveals 1-CG can repair the damage of cells radiated by the UV. 

4 Conclusions 

The 1-CG yield of 96.46% was obtained from MC and glycerin with ChCl-urea in a 

microreactor under the optimal conditions: MC concentration of 50 g/L, temperature of 65 °C, 

residence time of 2.5 h and flow rate of 2 μL/min. Compared to the batch reactor (90.63%, 10h), 

the reaction time shortened by a quarter, the yield increased 5.86%, the Km value decreased by 

five sixths, internal (2.055>1) and external (6.9×10-3) mass transfer coefficient both increased 10 

times. The lipase can be reused 20 times. In addition, the repair ability of 1-CG on the UV 

damaged HaCaT cell is first to be reported. 
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