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Polydopamine-mediated preparation of an
enzyme-immobilized microreactor for the rapid
production of wax ester

Yicheng Bi, Hua Zhou,* Honghua Jia and Ping Wei

In our study, a polytetrafluoroethylene (PTFE) open-tubular enzyme-immobilized microreactor has been

successfully prepared using dopamine polymerization and multi-layer deposition. The polydopamine

layer was utilized as a primer layer in the microchannel to provide PTFE surface reactable groups, and
polyethylenimine and Candida antarctica lipase B were alternatively adsorbed on the PTFE surface by the

layer-by-layer method. The lipase loading kept increasing as the number of layers increased and reached

a plateau at the 8th layer. The formation of multilayers and increase of enzyme loading were described

and explained by the water contact angle measurement, Fourier transform infrared spectroscopy (FI-IR),

and X-ray photoelectron spectroscopy, while the morphological characteristics were observed using
Atomic Force Microscopy (AFM) and field emission scanning electron microscopy (FE-SEM). Preparation
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of a wax ester using the microreactor had much better production efficiency (35 minutes to reach 95%

yield) than that using traditional reactors (over 4 hours to complete the reaction). Very excellent stability

DOI: 10.1039/c7ra00499k
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1. Introduction

Due to its many advantages over conventional chemical cata-
lysts, including less waste, mild conditions, high selectivity, less
by-products, enzymes have been widely used in various fields,
such as industrial biosynthesis, healthcare industry, food
industry, and waste treatment." On the other hand, enzymes
cannot be used efficiently on a large scale due to two major
problems: low catalytic efficiency caused by the slow mass
transfer between enzymes and substrates, and the instability of
their structures under unfavorable conditions.?
Enzyme-immobilized microreactors (EI-MRs) have been
a very important tool to develop the enzyme process,* and it has
been widely studied. Large surface areas give the microreactors
rapid mass transfer and heat exchange, which lead to much
better yield and higher production efficiency in biocatalysis.** A
higher conversion rate was found by Kawakami in his study® by
performing the transesterification between glycidol and vinyl n-
butyrate in a monolithic microreactor, rather than a batch
reactor. It was confirmed in He's test” that much lower apparent
Michaelis (3.1 mM of versus 38 mM of free lipase) constant and
higher conversion can be achieved with the monolithic EI-MR
used for the hydrolysis of 4-nitrophenyl butyrate in two-phase
media. Packed-bed microreactors were also developed and
used in polymerization of end-functionalized polymers.®
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can be achieved by the microreactor, which could be used for 144 hours with the residual activity
remaining at 83% of the initial activity.

However, it is well known that intricate techniques and specific
instrument are required to fabricate the micro-device and
modify the micro-channel surface.’**> Fabrication of monolithic
microreactors and packed-bed microreactors requires compli-
cated steps, having scale-up concerns and plugging problems
caused by increasing pressure. Methods to prepare open-
tubular micro-reactors by immobilizing enzyme directly on
the micro-channel surface have also been developed by many
researches''* using physical adsorption, affinity adsorption
and covalent crosslinking. However, without network micro-
structure or packed supports, open-tube microreactors face the
problem of low enzyme loading because of lower specific inner
surface, which is closely related to the reaction efficiency.*'>*
Hence it is crucial to develop a method of facile fabrication of
microreactors and simplifying the enzyme immobilization step
in microstructure.

PTFE microchannel has already been a commercialized
product, but its surface functionalization is expensive and time
consuming. The hydrophobicity and poor biocompatibility of
PTFE also pose the problem for immobilization of biomole-
cules. Various methods used currently including transferred
atmospheric pressure plasma,'® ion irradiation'”*® require
expensive equipment and complex processed. Inspired by
adhesive proteins excreted by marine mussels, 3,4-dihydrox-
yphenylalanine (DOPA) and dopamine have attracted attention
for forming adhesive interaction with wide spectrum of mate-
rials. Dopamine aqueous solution will self-polymerize under
the mild alkaline condition and form polydopamine (PDA)
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layer, which will not only strongly adhere to various substrates,
but also provide a versatile platform for secondary reactions.
The PDA layer carries negative charges under alkaline condi-
tions, which could adsorb positive materials.* The technique is
convenient and wuseful in bridging the gap between
hydrophobic/hydrophilic materials.>® The PDA layer has been
utilized to modified silica capillary to prepare electro-
chromatographic column,* validating the possibility of dopa-
mine oxidizing in microchannel only using the oxygen dissolved
in solution.

In our study, PTFE microchannel, a more inert material, was
chosen and tested on whether dopamine will experience poly-
merization in the inner surface. Once the PDA layer was formed,
the layer-by-layer (LBL) technique was used to immobilize
lipase. Cationic polyethylenimine (PEI) and anionic lipase were
alternatively adsorbed on the PDA-modified surface for eight
times. Compared with single layer adsorption, polyelectrolyte
multilayer adsorption not only stabilized the enzyme, but also
provided the network with a higher enzyme-loading capacity.
The modification of PTFE microchannel and multilayer
assembly were demonstrate by water contact angle measure-
ment, Fourier transform infrared spectroscopy (FI-IR) and X-ray
photoelectron spectroscopy (XPS). The morphological charac-
teristics and biocompatible network were observed using
Atomic Force Microscopy (AFM) and field emission scanning
electron microscope (FE-SEM). The novelty of the work relies on
the three points: (1) facile and easy modification of PTFE using
moderate dopamine self-polymerization; (2) layer-by-layer
method to form PEI/CAL-b network to increase enzyme
loading and to stabilize enzyme; and (3) the efficiency of lipase-
immobilized microreactor was further tested in the bio-
production, more specifically, in the wax ester production,
using oleic acid and long-chain alcohols (C10-C18) in the
solvent-free system, which showed faster reaction speed and
excellent stability.

2. Materials and methods
2.1 Materials

Candida antarctica lipase B was provided by Auwitkey Tech-
nology Ltd. co. (>10 U mg ). Polytetrafluoroethylene (PTFE)
microtube (with inner diameter 0.38 mm and outer diameter
0.78 mm) was purchased from Yue Yang Electronic Science and
Technology Co. Ltd. Suzhou China. Dopamine hydrochloride
was purchased from Sigma Aldrich. Polyethyleneimine (PEI)
(M,, = 10k, branched) was purchased from MICXY REAGENT.
Oleic acid (85%), citronellol (C10, 99%), lauryl alcohol (C12,
99%), tetradecyl alcohol (C14, 99%), cetyl alcohol (C16, 99%),
and oleyl alcohol (85%) were purchased from Aladdin Industrial
Inc. All other reagents and solvents were of analytical grade. All
the solutions were prepared with double-distilled water.

2.2 Polydopamine coating of PTFE microchannel and
enzyme immobilization

The PTFE microchannel with desired length was first cut and
cleaned by alcohol and ultrasound for 15 min, and then
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successively washed with distilled water for 10 min to
completely remove the residual alcohol. In order to form the
polydopamine coating on the inner surface, the microchannel
was filled with 2 mg mL ™" dopamine in 0.1 M Tris-HCI buffer
solution (pH 8.5) and the dopamine solution was kept injecting
to the channel at a rate of 5 uL. min ™" by an injection pump for
12 hours. The purpose of continuous injection was to replace
the oxidized dopamine with fresh solution. Once the polydop-
amine layer was formed, the microchannel was flushed with the
Tris-HCl solution (0.1 M, pH 8.5) for further functionalization.
Enzyme immobilization procedure was then carried out
using the layer by layer assembly. Both PEI and lipase were
dissolved in the Tris-HCI buffer with pH 8.5 (50 mM). The PDA-
modified microchannel was first filled with 10 mg mL™" PEI
solution and stayed for 1 hour to reach the adsorption equi-
librium. The microchannel was washed with the Tris-HCI
buffer to remove the weakly adsorbed PEL 8 mg mL ™" lipase
solution was then injected to fill the microchannel and stayed
for another 1 hour. After the microchannel was washed with
Tris-HCI buffer again, the first layer (PEI/lipase) was completed.
An 8-layer assembly was formed by repeating the two steps
using different concentration of PEI and lipase. The concen-
tration of PEI and lipase solution used for different layers was
listed in Table 1. After alternative deposition for 8 layers, the
microchannel immobilized with lipase was ready to use.

2.3 Characterization of modified-PTFE surface

As the inner diameter of PTFE microchannel was too small to
cut open, we chose the PTFE membrane for characterization.
The PDA-modified PTFE membrane was generated by dipping
the membrane into dopamine solution for 12 hours, and the
modified membrane was alternatively immersed in PEI and
lipase solutions for an hour to prepare the multilayer assembly
membrane for further characterization.

2.3.1 Attenuated total reflectance Fourier transform
infrared (ATR-FTIR) measurement. The IR spectra of pristine
PTFE, PDA-modified PTFE (PTFE-PDA), and the first layer of
polyelectrolytes adsorption, including PEI adsorbed PTFE
(PTFE-PDA-PEI) and lipase adsorbed PTFE (PTFE-PDA-PEI-
lipase), were acquired using a Nicolet iS50 instrument.

Table 1 Concentration of PEl and lipase involved in multilayer
assembly

Concentration Concentration

Layers of PEIY, mg mL of lipase solution®, mg mL
1 10 8

2 10 8

3 10 8

4 10 8

5 15 10

6 15 10

7 20 20

8 20 20

¢ Solutions of PEI and lipase were prepared by Tris-HCI buffer with pH
of 8.5.

This journal is © The Royal Society of Chemistry 2017
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2.3.2 X-ray photoelectron spectroscopy (XPS) measure-
ment. In order to verify the results of IR spectra, XPS
measurements of PTFE, PTFE-PDA and multilayer-modified
PTFE membranes are conducted using PHI 5000 VersaProbe
(UIVAC-PHI company, Japan). The quantitative analysis of
chemical composition of the coating layer was performed as
well.

2.3.3 Measurement of the contact angles. The static-state
water contact angles of native PTFEs and modified PTFE
membranes were measured by POWEREACH contact angle
measurement instrument. A droplet of water was dropped on
the flat membrane, and the contact angle measurement is ob-
tained in 20 seconds. The mean of the measurement was
calculated from three measurements.

2.3.4 Characterization of morphology of modified PTFE.
The morphology of PTFE before and after modification was
determined by an Atomic Force Microscopy (AFM) and a field
emission scanning electron microscope (FE-SEM). Specifically,
the roughness and topography of the surface was determined by
an atomic force microscope (Dimension ICON, Bruker AXS
company) with resolution of 1 pm. Multilayer formed over the
PTFE membrane was observed by an FE-SEM (Agilent 8500).

2.4 Activity assay of immobilized lipase

P-Nitrophenyl acetate (p-NPA), was used as substrate to test the
hydrolysis activity of the lipase and the assay was carried out at
room temperature (25 °C). The substrate solution was
composed of 0.5 mL of acetonitrile containing p-nitrophenyl
acetate (p-NPA) (0.05 M) and 3.5 mL of sodium phosphate buffer
(pH 7.0, 0.02 M). The freshly mixed solution was then injected
into the 15 cm length microchannel at a flow rate of 8 uL. min ™.

After 3 minute's reaction, the effluent (hydrolysis products) was
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examined for the production of 4-NP using an UV-vis spectro-
photometer by reading absorbance at 400 nm. A calibration
curve was obtained by measuring the absorbance of p-nitro-
phenol (pNP) standard solutions prepared in the same solvent
mixture (acetonitrile : sodium phosphate buffer (1:7)). The
concentration of pNP in effluent was then calculated and lipase
enzyme activity was determined. The enzyme activity was
expressed as amount of pNP formed on the microreactor under
the condition used per minute. One enzyme unit (U) was the
amount of protein liberating 1 pg of pNP per minute.

2.5 Determination of lipase loading on different layers in
microreactor

The amount of lipase immobilized on the inner surface of
microchannel was determined by calculating the difference
between the amount of lipase in the initial loading solution and
that in the residual solution collected after the adsorption
process. Bradford assay was used here to confirm the protein in
solution.

2.6 Production of wax ester using PTFE microreactor

In order to verify the feasibility of our approach, esterification
between oleic acid and long-chain alcohols is performed in the
micro-reactor. The long-chain alcohols used in this experiment
including citronellol (C10), lauryl alcohol (C12), tetradecyl
alcohol (C14), cetyl alcohol (C16) and oleyl alcohol (C18:1). A5
meter microreactor was used, and an appropriate amount of
acid and alcohol were thoroughly mixed and injected into the
microreactor at a rate of 16 pL min~'. Under such condition,
a 25 minute residence time (reaction time) was set. Samples
were collected periodically from the microchannel outlet and

¢

s

oleyl alcohol

cetanol
tetradecanol

dodecanol

citronellol

alternatively
adsorbed

Fig.1 Process of immobilization of CAL-b based on self-oxidation of dopamine and LBL method. Long chains with positive charges represented

PEIl, and the circles represented the lipase.
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PTFE
PTFE-PDA

Fig. 2 PTFE microchannel before and after PDA modification.
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Fig. 3 (a) Effect of the number of layer on lipase loading. A 5 m
microchannel was used to immobilize the enzyme. Line A represents
the lipase loading on different layers under the condition of improved
concentration of PEl and lipase after 4 layers; line B represents the
lipase loading on different layers with the same concentration of PEI
and lipase keep the same during the 8-layer assembly. (b) Catalytic
activity of lipase adsorption and PEl coating during multilayer-
assembly. Black square represents the catalytic activity of micro-
reactors after the lipase adsorption, while the scattered white triangles
on the right side of the black square represents the catalytic activity
after the PEI coating in corresponding layers.
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passed through 0.22 pum filters for gas chromatography
(GC) test.

2.7 Identification of the reaction product

Reactants were quantitated by injecting 1 pL diluted samples
into a gas chromatographer (SP-7890, ShanDong, China)
equipped with a flame-ionization detector (FID) and DB-225
column (30 m x mm X 0.10 pm; Agilent). FID and injection
temperature were set to 300 °C and 320 °C, respectively. The
oven temperature was maintained at 160 °C for 1 min, followed
by elevation to 220 °C at a rate of 15 °C min™~". After that, it was
further increased to 300 °C at a rate of 20 °C min~ ", and stayed
for 3.8 min. Nitrogen was used as the carrier gas. Octodecane
was used as an internal standard. The yield of the reaction was
quantified based on the ratio of consumed oleic acid to the total
amount of oleic acid before the reaction.

3. Results and discussion

3.1 Preparation of PTFE microreactor by polydopamine-
mediated multilayer assembly

The design of enzyme-immobilizing method in microchannel is
the key step in preparing enzymatic-immobilized micro-
reactors. In our study, the PTFE open-tubular EI-MR was
developed in a facile and convenient way. The modification
process of PTFE was shown in Fig. 1. Firstly, a PDA layer was
formed on the inner surface of the PTFE microchannel from the
self-polymerization of dopamine. As shown in Fig. 2, the semi-
transparent PTFE microchannel underwent color change and
turned into grey caused by the dark PDA layer formed in the
inner surface of the channel after 12 hour oxidative modifica-
tion. Increasing the time to more than 12 hours had no influ-
ence on the following steps (data not shown). Under pH 8.5,
PDA-modified PTFE surface would carry negative charges.*
The second step was to form a multilayer assembly using PEI
and lipase. Under the alkaline condition, PEI with a large
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Fig. 4 FTIR spectra of PTFE, PDA-modified PTFE, PEI-deposited PTFE
and lipase-deposited PTFE.
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Fig. 5 (a—h) XPS spectra for PTFE, PDA-modified PTFE, PEI and lipase deposited PTFE membranes.

number of amino groups can still protonize and provide posi-
tive charges, which can adsorb on the PDA-modified PTFE
microchannel. Meanwhile, under the same condition, lipase

with negative charges (pI < pH) will be immobilized on the
surface under the electrostatic interaction. One PEI-lipase layer
assembly on a 5 meter PDA-modified PTFE microchannel

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 12283-12291 | 12287
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Table 2 Chemical composition of unmodified and modified PTFE surface

PEI adsorption  Lipase adsorption

PEI adsorption

Lipase adsorption  PEI adsorption  Lipase adsorption

PTFE PTFE-PDA in the 1st layer in the 1st layer in the 4th layer  in the 4th layer in the 8th layer  in the 8th layer
C 34.82  68.35 67.89 70.18 66.31 71.81 67.98 71.23
N — 7.78 29.49 10.88 32.06 9.96 29.94 11.21
(6] — 20.22 2.62 18.94 1.53 18.23 2.08 17.56
F 65.18 3.65 — — — — — —
N/C — 0.113 0.43 0.155 0.483 0.138 0.44 0.157

Table 3 Contact angles of unmodified and modified PTFE surface

PTFE DA PEI CAL-b

Contact angle 105° £+ 3.1° 46.5° +5.2° 20.5° £2.3° 11° 4+ 3.4°

resulted in approximately 25 pg lipase immobilization, which
was not enough for biosynthesis. So it is crucial to establish
a multilayer by alternatively depositing PEI and lipase onto the
microchannel. It was indicated in Fig. 3(a) that amount of lipase
immobilization was in direct proportion to the number of layer
till it reached to the plateau in layer 8 (approximately 350 pg to
400 pg/5 m microchannel). Multilayer assembly has been
applied in researches to immobilize different kinds of
enzymes.”>® Liu prepared multilayer-assemble microchip using
chitosan (CS, polycation) and hyaluronic acid (HA, polyanion).>**
Trypsin was then imbedding the multilayer and stabilized by
hydrogen bonding force. Poly(diallyldimethylammonium chlo-
ride) (PDDA) and graphene oxide (GO) were also used as multi-
layer “cushion” for enzyme immobilization.** Comparing with
existing study, our approach benefited by the lipase used in our
study, which was functionalized as polyanion. It brought two
advantages: (1) enzyme loading got increased in our approach
since the enzyme was immobilized on the surface by not only
hydrogen bonds, but also electrostatic interactions. An enzyme
loading of 107 mg m ™ has been reported in Liu's work using four
times of CS-HA-CS-HA-CS deposition, while only eight-layers of
PEI-lipase correspond to an enzyme loading of 252 mg m™2 in our
study, and it was more than doubled Liu's results; (2) the
improvement of the enzyme activity was observed as lipase was
embedded in PEI sandwich structures. Multilayers with abundant
functional groups provided biocompatible microenvironment to
immobilized enzymes. Moreover, it was reported that the PEI

0.0kV 8 9mm x10.0k

coating can be used to stabilize and stimulate enzyme activity.*”**
As shown in Fig. 3(b), the improvement of activity after PEI
coating was confirmed in our study as well. We conjectured that
the PEI coating may have some positive effects on the “lid”
structure of lipase and prevent the oxidation of proteins. However,
more in-depth researches should be done in further study.

3.2 Characterization of modified PTFE microchannel

In order to verify the formation of polydopamine layer and PEI/
lipase assembly, several characterization methods were used to
characterize the modified PTFE microchannel. ATR-FTIR spectral
analysis and XPS were used to characterize the chemical compo-
sition of PTFE surface before and after deposition. As shown in
Fig. 4, unmodified PTFE surface showed an intense absorption in
around 1200 cm™ !, which was attributed to C-F bond.*®
Compared with the pristine PTFE, a new broad absorption
between 3500 cm ™" and 3100 cm ™" was observed for the PTFE-
PDA sample, which was assigned to N-H/O-H stretching vibra-
tions. Another two new peaks at 1600 cm™ ' and 1509 cm ™" indi-
cated the overlapping of C=C resonance vibration in the aromatic
ring in the PDA layer and the N-H bending vibration.*® After the
deposition of PEI and lipase, absorption intensity of 3500 cm ™ to
3100 cm ™', and 1509 cm™ ' kept increasing, which was due to the
absorption of the amino groups on PEI and lipase. Meanwhile, the
absorption in 1200 cm ™" continued to decrease, indicating the PEI
coatings and protein layers successfully deposited.

The quantification of atomic composition by XPS further
confirmed the speculation in FTIR. After the PDA coating, new
peaks for nitrogen (N 1s) and oxygen (O 1s) appeared, while
fluorine (F 1s) got dramatically weakened (Fig. 5(b)). As shown
in Table 2, the N/C ratio for the layer was 0.113 (Table 2), which
was closed to the theoretical value (0.125) of dopamine.** In
order to confirm the successful deposition of PEI and lipase in

Fig.6 FESEM photographs of unmodified and modified PTFE surface: (a) unmodified PTFE surface; (b) PTFE surface after PDA modification and
PEl/lipase assembly; (c) cross-section photograph of PTFE surface after PDA modification and PEl/lipase assembly.
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different layers, chemical compositions on the 1, 4™ and 8™
layer were also tested. It turned out that N/C ratios were around
0.44 for PEI depositions, and decreased to around 0.155 after
lipase adsorptions in the tested layers, which confirmed the
alternatively deposition of PEI and lipase. The oxygen (O 1s)
adsorption in PEI adsorbed layer was considered as the signal of
underlying layers (Fig. 5(c, e and g)). Contact angles during the
multilayer assembly process were monitored as well. As shown
in Table 3, the hydrophobic PTFE surface with contact angle of
105° was covered by the hydrophilic PDA layer with contact
angle of 46.5°, which was in accordance with other researches.*
After the PEI adsorption, the contact angle kept decreasing to
around 20°, and settled to 11° when lipase was deposited. The
results indicated that enzyme was immobilized in hydrophilic
microchannel, which benefited the enzyme activity. Combined
the results from FTIR spectra, XPS spectra, and contact angle
changes, the progressive assembly of PDA and PEI/lipase
assembly was monitored and confirmed.

Morphology changes can also be observed in SEM photos. It
can be seen in Fig. 6(a) and (b) that unmodified PTFE

Table 4 Change of roughness during the modification process
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membrane was smooth with a few wrinkles. On the other hand,
the surface of the membrane became rough and fluctuated up
and down after the PDA modification and multilayers piled up.
A clear evidence of polymer layer formation can be seen in the
profile view shown in Fig. 6(c).

Ra (arithmetical mean roughness) values and three-
dimensional images of PTFE surface were recorded by the
atomic force microscopy (AFM) as shown in Table 4 and
Fig. 7(a-d). The roughness of PTFE surface was 24.2 nm, and
increased as the PDA modification and PEI adsorption pro-
ceeded. The lipase adsorption reduced the surface roughness,
which may be the result of enzyme incorporation in the poly-
electrolyte network. 3D images of surfaces confirmed the spec-
ulation. Fig. 7(a-d) clearly showed the surface change as the
modification proceeded.

3.3 Production of wax ester using the microreactor

Liquid wax esters are valuable organics and have been widely
used in cosmetic, lubricant, or food industries due to their non-
toxic characteristics and excellent wetting behavior in

PTFE PTFE-PDA PEI CAL-b
Roughness 24.2 £ 1.3 nm 35.8 £ 2.1 nm 71.3 £ 3.5 nm 43.8 £ 2.6 nm
b.PTFE-PDA
d.PTFE-PDA-PEI-CAL-b y
I ».?,‘ s ; ” ¥ ’ ‘
Fig. 7 (a—d) AFM photographs of modified and unmodified PTFE surface.
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Fig. 8 (a) Conversion rate of different oleates under the same reaction
conditions. Setup: molar ratio: 1:1, length of microreactor: 5 m,
temperature: 40 °C, reaction time: 25 min. (b) Reusability of micro-
reactor on esterification of oleate. Setup: molar ratio: 1: 1, length of
microreactor: 5 m, temperature: 40 °C, reaction time: 25 min.

interfaces.®® Wax ester can be produced by esterification reac-
tion between long chain alcohols and long chain acids. Esteri-
fication of oleic acid and long chain alcohols were performed
using the open-tubular EI-MR in our study.

The conversion rate of oleic acid and different long chain
alcohols (C10-C18) was shown in Fig. 8. Except for citronellol
(C10), other alcohols successfully reacted with oleic acid and
reached over 80% conversion rate in 25 minutes. The lower
conversion rate between citronellol (C10) and oleic acid was
probably due to the selectivity of CAL-b on the long-chain
alcohol. Compared with traditional reactors, the reaction effi-
ciency of the wax ester production was at least two times
improved using microreactor,* and almost 8 times faster than
commercial Novozyme 435 in our previous test (4 hours to reach
85% conversion rate). The microreactor also exhibited excellent
stability. It was shown in Fig. 8(b) that over 80% conversion rate
can be maintained in 7 days for the esterification between oleic
acid and tetradecyl alcohol (C14), cetyl alcohol (C16) and oleyl
alcohol (C18:1).

12290 | RSC Adv., 2017, 7, 1228312291
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4. Conclusion

An easy and facile way was proposed to form an open-tubular EI-
MR using PTFE microchannel. The lipase was immobilized on
the polydopamine-modified PTFE microchannel using the LBL
method. The formation of PDA layer and the multilayer depo-
sition process was monitored by various methods, and photo-
graphs of FE-SEM and AFM kept track of the changes of
morphology. Our approach has two major advantages over
existing methods: the doubled enzyme loading (252 mg m™?)
and the improvement of the enzyme stability. The open-tubular
EI-MR has been applied in the production of the wax ester and
the production efficiency was considerably improved. The
method has the potential for a broader application.
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