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ARTICLE INFO ABSTRACT

Keywords: Enzyme immobilization in MOFs offers retained enzyme integrity and activity, enhanced stability, and reduced
ZIF-8 leaching. In this work, Pseudomonas cepacia lipase (PCL) was successfully immobilized into the Zeolitic imida-
Immobilization o zolate framework-8 (ZIF-8) by physical adsorption. The amounts of PCL in the immobilized enzyme (PCL@ZIF-8)

Pseudom(_mas cepacian lipase was determined to be 16.7 % (200.5 mg PCL/g ZIF-8). Furthermore, the immobilized enzyme was applied as

Enzymatic reaction _ . . . . P . .

Chiral resolution efficient bio-catalyst for enantioselective hydrolysis of 2-phenylpropionic acid (2-PPA) ester enantiomers and
enantioselective transesterification of 1-phenylethanol enantiomers. The enzymatic activity of the immobilized
enzyme was three times more than that of free PCL in enantioselective hydrolysis system, and the enantiomeric
excess was maintained above 99 %. There was no significant difference in enzyme activity between immobilized
PCL and free PCL in transesterification system. In addition, the immobilized enzyme showed good reusability in
both hydrolysis (30.57 % of initial activity, 4 cycle) and transesterification reaction systems (64.38 % of initial

activity, 6 cycle).

1. Introduction

Chiral drugs play an important role in the global pharmaceutical
industry. The pharmacological actions of chiral drug are achieved by a
strict chiral matching between the drug enantiomer and the macro-
molecule in the human body. Thus, there are significant differences in
the absorption, distribution, pharmacological activity, metabolic pro-
cesses and toxicity of different enantiomers of chiral drugs. In most
cases, these differences result in one enantiomer being efficacious, while
another enantiomer is ineffective or even has toxic side effects [1-3].
The resolution of enantiomers is a crucial work for improving the ac-
tivity of chiral drugs and reducing the toxicity and metabolic burden of
the human body [4].

2-Arylpropionic acid derivatives are a class of important non-
steroidal anti-inflammatory drugs (NSAIDs), which have favorable
analgesic, antipyretic and anti-inflammatory effects [5]. In general, the
activity of (S)-enantiomer is much higher than that of (R)-enantiomer.
For example, the anti-inflammatory and analgesic effect of (S)-ibuprofen
is more than 100 times in comparison with (R)-ibuprofen. Likewise,
(S)-flubuprofen is 30 times higher than (R)-flubuprofen [6]. Therefore,
the optically pure drugs are preferred in clinical treatment. 2-PPA en-
antiomers are common pharmaceutical intermediate for the synthesis of
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various 2-arylpropionic acid derivatives. Therefore, the acquisition of
optically pure 2-PPA enantiomer is significant in pharmaceutical field.
Chiral alcohols, which have wide application value in medicine, are an
important class of synthetic precursors with stable physicochemical
properties. Chiral alcohol can be used to synthesize a variety of drugs for
the treatment of diseases such as cardiovascular and hypertension [7].
1-Phenylethanol is an important optically active substance. (S)-1-phe-
nylethanol can be used to synthesize sertraline for the treatment of
depression, as well as drugs for asthma and immune enhancement.
(R)-1-phenylethanol can be used to synthesize drugs that inhibit
cholesterol absorption [8]. Therefore, the preparation of a single 1-phe-
nylethanol enantiomer is of great significance in the pharmaceutical
industry. In recent years, researchers have obtained single enantiomers
by a variety of separation methods [9]. The enzymatic kinetic resolution
has emerged as an attractive method [10].

Lipases (triacylglycerol acyl ester hydrolases, EC 3.1.1.3) have been
universally applied enzymes for the resolution of chiral drugs, which has
the characteristics of wide substrate specificity, high regioselectivity,
and enantioselectivity [11]. A structural feature that is common to most
lipases is the presence of a so-called “lid”, composed of one or even two
a-helix peptides, that covers the active site of the lipase. This poly-
peptide chain may fully isolate the lipase from the reaction medium

E-mail addresses: lyxtmj 613@163.com (Y. Liu), tangkewen@sina.com (K. Tang).

https://doi.org/10.1016/j.procbio.2020.12.017

Received 20 August 2020; Received in revised form 18 December 2020; Accepted 19 December 2020

Available online 25 December 2020
1359-5113/© 2020 Elsevier Ltd. All rights reserved.


mailto:lyxtmj_613@163.com
mailto:tangkewen@sina.com
www.sciencedirect.com/science/journal/13595113
https://www.elsevier.com/locate/procbio
https://doi.org/10.1016/j.procbio.2020.12.017
https://doi.org/10.1016/j.procbio.2020.12.017
https://doi.org/10.1016/j.procbio.2020.12.017
http://crossmark.crossref.org/dialog/?doi=10.1016/j.procbio.2020.12.017&domain=pdf

J. Ou et al.

[12-14]. Lipase from pseudomonas cepacia has molecular weight
ranging between 28 and 33 kDa and average molecular diameter of
4—5 nm. Lipases from different groups have distincts properties. PCL has
an optimal temperature at 50 °C and optimal pH of 7.0. Compared with
other lipase, PCL is stable in organic solvents, with some exception
stimulation or inhibition [15]. PCL is widely applied in enantioselctive
hydrolysis, esterification and transesterification reaction due to high
substrate specificity and enantioselectivity [16]. Nevertheless, PCL
mainly exists in the form of enzyme powder in the market, which limits
their repeated use in industrial processes. Generally, immobilization of
lipase is one of the effective strategies to solve these problems, such as
high cost, difficult recovery and low stability [17]. Immobilizing en-
zymes on a solid support can improve enzyme stability as well as make
them ease of separation and recovery while maintaining selectivity and
activity [18]. Up to now, immobilization techniques have been devel-
oped maturely, such as physical adsorption [19], covalent linkage [20],
pore entrapment [21] and crosslinking [22]. In addition to immobili-
zation techniques, the choice of solid supports is also extremely
important for the immobilization of enzymes.

Metal-organic frameworks (MOFs), a class of novel porous materials,
which are consist of organic ligands and inorganic metal nodes through
coordination bonds [23]. Because of the diversity of organic ligands and
metal ions as well as the ways of their combination, MOFs materials
have a variety of types, which have been counted to more than 20,000
kinds. MOFs have been given increasing attention due to their diverse
crystal structure, controllable pore size, high porosity and specific sur-
face area [24]. According to functional requirements, MOFs can be
practically applied in many aspects through post-modification and
structural adjustment of the pores and structures, including adsorption
separation [25], photoelectric induction [26], biotechnology [27] and
others. Immobilization of enzymes on less uniform solid support typi-
cally results in low protein loading efficiency [28], low stability at
elevated temperatures, and enzymatic leaching. MOFs have good
adjustability, crystallinity and uniformity. Therefore, MOFs may be su-
perior to other commonly used porous materials for immobilizing pro-
teins and enzymes, such as sol-gel, zeolite and mesoporous silicon-ica
supports. Zeolitic imidazolate frameworks (ZIF) are a class of promising
supports for enzyme immobilization in various MOFs [29], because of
their easy synthesis, excellent stability and negligible cytotoxicity [30].
In the past few years, MOFs have been used as a popular support for
immobilization of enzymes, and excellent results have been achieved in
catalytic applications [31]. However, there is rarely report on enantio-
selective catalyzed resolution of chiral enantiomers by using the
immobilized enzymes as bio-catalyst.

In this work, Pseudomonas cepacia lipase was immobilized into ZIF-8
(hereafter denoted PCL@ ZIF-8) by using physical adsorption. The
structure of ZIF-8 and PCL@ ZIF-8 was characterized by powder X-ray
diffraction spectrometry (PXRD). Besides, the ZIF-8 and PCL@ ZIF-8
were further characterized by Fourier Transform Infrared Spectros-
copy (FTIR), N, adsorption-desorption methods, and thermogravimetric
analysis (TGA) to confirm the immobilization of PCL into ZIF-8.
PCL@ZIF-8 was used as bio-catalyst for enantioselective hydrolysis of
2-PPA ester enantiomers and transesterification of 1-phenylethanol en-
antiomers to evaluate the catalytic activity and selectivity. In addition,
the stability of immobilized enzyme was evaluated by investigating
reusability.

2. Materials and methods
2.1. Materials

Lipase from Pseudomonas cepacia (PCL, 100,000 U/g) was acquired
from Amano Enzyme Inc. (Nagoya, Japan). (R, S)-2-PPA (purity > 99
%), 1-phenylethanol (purity > 98 %) and 2-Methylimidazole (purity >
98 %) were obtained from Adamas Reagent Co., Ltd. (Shanghai, China).
(R, S)-2-PPA esters were prepared in the laboratory. Hydroxypropyl-
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p-cyclodextrin (HP-4-CD) (purity > 99 %) was bought from Shandong
New Fine Chemical Co., Ltd. (Shandong, China). Phosphoric acid, acetic
acid, triethylamine and disodium hydrogen phosphate dodecahydrate
were purchased from Huihong Reagent Co., Ltd. (Shanghai, China). Zinc
nitrate hexahydrate (Zn(NOs),e6H;0) was bought from Shanghai
Aladdin Bio-Chem Technology Co. Ltd. (Shanghai, China). N, N-dime-
thylformamide (DMF) (purity > 99.5 %) was acquired from Shanghai
Titan Scientific Co., Ltd (Shanghai, China). Sodium dodecyl sulfate
(SDS) (purity > 99 %), p-nitrophenyl palmitate (p-NPP) (purity > 98 %),
p-nitrophenol (p-NP) (purity > 99 %) were purchased from Sigma-
Aldrich (USA). Solvent for chromatography was of HPLC grade. All
other chemicals were of analytical-reagent grade.

2.2. HPLC analysis

The analysis of (R)-2-PPA and (S)-2-PPA were performed by high
performance liquid chromatography (HPLC) composed of binary pump
system (Waters 1525). An Inertsil ODS-3 column (250 mm x 4.6 mm,
5 pm) was employed. The wavelength of UV/visible detector (Waters
2489, U. S. A) was 230 nm. The mobile phase was consisting of meth-
anol and aqueous solution (containing 25 mmol/L HP-5-CD and 0.5 %
acetic acid) at the volume ratio of 20:80 (adjusted to pH = 4.0 with
triethylamine) [32]. The flow rate of the mobile phase and the column
temperature were maintained at 1.0 mL/min and 298 K, respectively.
The injection volume of each sample was 10 pL. The retention time of
(R)-2-PPA and (S)-2-PPA were 24.10 and 27.17 min, respectively. The
(R, S)-2-PPA esters were monitored by HPLC, and the mobile phase was
composed of acetonitrile and water at the volume ratio of 70:30. Other
chromatographic conditions are the same as (R, S)-2-PPA.

In the enantioselective hydrolysis of (R, S)-2-PPA ester, the enan-
tiomeric excess of (S)-2-PPA (ee},) and conversion rate (cg) of (R)-2-PPA
were calculated as follows:

[PPAs] — [PPAg]

eep = m x 100% D
[PPAR]

= 100% 2

CrR [SR]() X 2)

where [PPAg] and [PPAR] are the concentrations of (S)-2-PPA and (R)-2-
PPA after the reaction, respectively; [Srl, represents initial concentra-
tion of (S)-2-PPA ester.

The remaining 1-phenylethanol enantiomers in reaction system were
analyzed by HPLC employing a Waters e2695 series apparatus. The
column was a Chiralcel® OJ-RH column (250 mm x 4.6 mm, 5 pm,
Japan). The wavelength of photodiode array detector (Waters 2998) was
210 nm, and the column temperature was 298 K. The mobile phase was
a 20:80 (v/v) mixture of acetonitrile and water. The flow rate was
0.5 mL/min, and the injection volume was set at 10 pL. The retention
time of (S)-1-phenylethanol was less than that of (R)-1-phenylethanol.

In the enantioselective transesterification of 1-phenylethanol enan-
tiomers, the enantiomeric excess of the product (ee,) was determined by
the enantiomeric excess of the substrate (ees) and total conversion rate

(o).

eep = <E - ees> x 100% 3
C
where
A)] - Ar)]
eeg = ————2 % 100% @
P As]+ A ’
c = <1,M) % 100% (5)
Ao + [Aw]o

where [A()] and [Ag)] represent the substrate concentration of (S)-1-
phenylethanol and (R)-1-phenylethanol after reaction, respectively;
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[As)lo and [Awylo represent the initial concentration of (S)-1-phenyl-
ethanol and (R)-1-phenylethanol, respectively.

2.3. Preparation and characterization of the immobilized lipase

Preparation of ZIF-8: The ZIF-8 was prepared according to the
literature [33]. In brief, 2-methylimidazole (7.5 mmol) and Zn
(NO3)206H50 (2.5 mmol) were mixed into the DMF (600 mL) solution in
the round-bottomed flask. When the mixture turns out a homogeneous
phase, the round-bottomed flask was placed in an oil bath at 413 K one
day. After cooled to ambient temperature, the mixture was rinsed three
times with methanol (3 x 100 mL), then brownish-black solid product
was obtained after drying 12 h in a vacuum oven at 353 K. The structure
of ZIF-8 was characterized by powder X-ray diffraction spectrometry
(PXRD) and scanning electron microscope (SEM).

Immobilization of lipase: 400 mg ZIF-8 and 160 mg lipase PS were
dispersed in 80 mL deionized water to form a mixture. The mixture was
put in the Thermostatic oscillator at 298 K for 24 h. Lipase PS immo-
bilized into ZIF-8 (PCL@ZIF-8) was rinsed with deionized water three
times. Finally, the PCL@ZIF-8 after washing was dried by freeze dryer
for 12 h. The chemical composition of PCL@ZIF-8 was analyzed by the
Fourier Transform Infrared Spectroscopy (FTIR).

2.4. Assay of enzyme activity and protein assay

The enzyme activities in the immobilization process were deter-
mined with the substrate of p-nitrophenyl palmitate (p-NPP). In 50 mM
sodium phosphate at pH 7.5 and 25 °C, the concentration of p-nitro-
phenol (p-NP) produced by lipase catalyzed hydrolysis of 0.2 mM p-NPP
was determined by UV spectrophotometer at 410 nm. One international
unit of activity (U) was defined as the amount of enzyme that produce
1 pmol NP per minute under the conditions described previously. In
order to facilitate the investigation of the influence of variables on the
activity of immobilized enzymes. Take the highest value of enzyme ac-
tivity in the same group of experiments as 100 %.

The immobilization efficiency was deuced by BCA (bicinchoninic
acid) method, using bovine serum albumin (BSA) as standard. Analyze
the protein concentration in the enzyme solution with microplate
reader. The immobilized yield of lipase was indirectly determined by
comparing the protein concentration difference between the enzyme
solution provided before immobilization and the filtrate separated after
immobilization. The immobilized yield (IY) was described by Eq. (6).

7C0—C|

0

1Y (%) x 100% (6)

Cp and C; are the protein concentration of lipase solution initially and
finally, respectively.

2.5. Catalytic performances study

Preparation of (R, S)-2-PPA ester: (R, S)-2-PPA and isobutanol with
equivalent molar were dissolved in toluene for esterification reactions,
with p-toluenesulfonic acid as catalyst. After stirring for one night at
383 K, (R, S)-2-PPA esters were synthesized. The saturated NaHCO3
solution (3 x 40 mL) was added to remove the excess acid in mixture
solution. Then, distilled water (3 x 40 mL) was used to clean above (R,
S)-2-PPA esters to neutral. The anhydrous MgSO4 was applied to dry
separated organic phase for 12 h, and then the solid was filtered. Finally,
the toluene was removed by evaporation with lower pressure, and the
yellow liquid product was obtained, that is (R, S)-2-PPA ester. In the end,
HPLC analysis was used to confirm the synthesized products.

Enzymatic hydrolysis: Enzymatic hydrolysis reaction was performed
in a 10 mL glass tube with a screw seal. The hybrid media was composed
as follows: 2 mL of phosphate buffer solution (PBS, 0.1 mol/L, pH = 6.0)
as reaction medium, 2.5 mg/mL free PCL or 12.5 mg/mL PCL@ZIF-8 as
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bio-catalyst and 10 mmol/L (R, S)-2-PPA ester as the reaction substrate.
Both free PCL and PCL@ZIF-8 are identical in enzyme content. The
temperature and stirring speed of thermostatic reactor (IKA®RCT CV
S025, Werke GmbH & Co. KG) were maintained at 328 K and 400 rpm,
respectively. After a certain period of reaction, the reaction mixture was
filtered to obtain a sample. HPLC detected the concentrations of prod-
ucts. Kinetic resolution of 2-PPA enantiomers by the enzymatic is dis-
played in Fig. 1.

Enzymatic transesterification: Enzymatic transesterification of 1-
phenylethanol was carried out in a 25 mL glass tube with a screw seal.
The hybrid media was composed as follows: 3 mL of hexane as reaction
medium, 5mg free PCL and 25mg PCL@ZIF-8 as bio-catalyst,
20 mmol/L 1-phenylethanol and 100 mmol/L acetoxyethylene as the
reaction substrate. The reaction temperature and agitation speed in
thermostatic reactor were kept at 310 K and 500 rpm, respectively. The
sample was obtained by filtering the enzyme out of the reaction solution.
HPLC detected the products concentrations. The reaction mechanism of
enzymatic transesterification was shown in Fig. 2.

2.6. Reusability of PCL@ZIF-8

The reusability of PCL@ZIF-8 was studied by reusing 4 times for
enantioselective hydrolysis of (R, S)-2-PPA ester and 6 times for enan-
tioselective transesterification of 1-phenylethanol. In the hydrolysis of
(R, S)-2-PPA ester, the PCL@ZIF-8 was recovered by filtration and
washed with 0.1 mol/L PBS (pH = 6.0) after every cycle. In the trans-
esterification of 1-phenylethanol, the PCL@ZIF-8 was washed with
hexane (3 x 30 mL) after every cycle.

3. Result and discussion
3.1. Characterization of immobilized lipase

For the preparation of the immobilized lipase, ZIF-8 was first syn-
thesized, and then Pseudomonas cepacia lipase was immobilized into ZIF-
8 by physical adsorption (Fig. 3).

The structures of synthesized ZIF-8 and PCL@ZIF-8 were character-
ized by PXRD. The PXRD patterns reveal that the three typical charac-
teristic peaks at 7.36°, 12.7°, and 18° were matched well with the
theoretical calculational values (Fig. 4a). There is no significant differ-
ence concerning the crystal structure and crystallinity between the ZIF-8
and PCL@ZIF-8 samples, confirming that the ZIF-8 material was suc-
cessfully synthesized and the PCL@ZIF-8 host could still maintain its
framework integrity. SEM were also used to explore morphology. The
SEM images show that the morphology of synthesized PCL@ZIF-8
composite is the same as pure ZIF-8 (Fig. 4c and d), indicating that
the immobilization process of lipase would not affect the surface
morphology of ZIF-8. In order to ascertain that PCL is indeed adsorbed
by ZIF-8, the ZIF-8 and PCL@ZIF-8 samples were examined by FTIR. The
FTIR results of ZIF-8 ranging from 4000—400 cm ™" are shown in Fig. 4b.
The absorption bands at 600—900 cm™ may be due to the stretch of
aromatic C—H, and 3000-3200 cm™! can be attributed to the stretching
of aliphatic C—H by methylimidazole linker [34]. The absorption bands
900—1250 cm ™! correspond to the C—N bond stretching. The bands at
1350—1500 cm™! are caused by the stretching of entire methyl-
imidazole ring. The peak at 1580 cm ™! corresponds to C=N stretching
vibration. Besides, the FTIR spectra of PCL@ZIF-8 demonstrated

©)\COOR

rac-ester
R=is0-C4Hg

Lipase

— @J\COOH + ©ACOOR + ROH

Buffer solution
S-acid R-ester

Fig. 1. Enantioselective hydrolysis of (R, S)-2-phenylpropionic acid ((R, S)-2-
PPA) ester catalyzed by the enzyme.
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Fig. 2. Enantioselective transesterification of 1-phenylethanol catalyzed
by lipase.

Free PCL

® e .
i o o
v o M
Ol ® -
o oo g
Odr @ ¢y > g8
12 12 3
e =4
< g
2 E
® :Zn” ]

P

J4 :2-Methylimidazole

1 ZIF-8

@ : PCL@ZIF-8

Fig. 3. Synthesis of the Zeolitic imidazolate framework-8 (ZIF-8) and tentative
mechanism for the translocation of free Pseudomonas cepacia lipase (PCL) into
the cavities of ZIF-8.

characteristics peaks of PCL at 1660 cm ', which belongs to C=0
stretching vibration. Therefore, it was confirmed that Pseudomonas
cepacia lipase was stabilized into ZIF-8 by adsorption. To further verify
the immobilization of lipase, Ny adsorption-desorption isotherms of
ZIF-8 and PCL@ZIF-8 were investigated using the surface area analyzer
ASAP-2020 at 77 K. The N, adsorption-desorption isotherms of ZIF-8
and PCL@ZIF-8 show a characteristic Type IV sorption behavior
(Fig. 4e and f) [35]. After adsorption of PCL into ZIF-8, the porosity of
ZIF-8 was dramatically decreased due to the residence of enzymes in
pores [36]. The BET surface area of ZIF-8 was reduced from 1431 mz/g
to 1253 m?/g (Table S1). In addition, the t-plot micropore area of ZIF-8
was reduced from 1262 m%/g to 1100 m?/g. It was inferred from these
observations that a large amount of PCL was adsorbed inside the pores of
ZIF-8 (Fig. 3), and an amount of PCL was adsorbed on the surface of
ZIF-8 [37]. The pore size distribution of ZIF-8 and PCL@ZIF-8 are shown
in Fig. 4e and f, respectively. Compared with ZIF-8, the mesoporous pore
number of PCL@ZIF-8 decreased obviously. From Table S1, the total
pore volume of ZIF-8 and PCL@ZIF-8 are 1.2991 cm®/g and
1.2145 cm®/g, respectively. PCL@ZIF-8 has a smaller total pore volume
compared to ZIF-8 due to the embedded PCL molecules, which is
consistent with the results reported in the literature [38].

The content of PCL adsorbed into ZIF-8 was determined by ther-
mogravimetric analysis (TGA) method [39]. The TGA curves of ZIF-8
and PCL@ZIF-8 are shown in Fig. 4g. The PCL@ZIF-8 sample shows a
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deeper drop above 303 °C compared to pure ZIF-8, which is attributed to
the decomposition of the PCL in PCL@ZIF-8. Compared with the
remaining amount of both ZIF-8 and PCL@ZIF-8, the content of PCL in
the PCL@ZIF-8 was estimated to be about 16.7 % (200.5 mg PCL/g
ZIF-8). From Table S2, compared with other types of supports, such as
silica, Silica gel, cellulose, hydroxyapatite and others [40-45], ZIF-8 as
immobilization carrier has a higher immobilized capacity due to the
high specific surface area and suitable voids.

3.2. Free PCL immobilized into ZIF-8

The effect of immobilization time on immobilized lipase activity and
lipase loading amount are shown in Fig. S1. In the initial stage of the
reaction, with the extension of the immobilization time, the immobilized
lipase activity and lipase loading amount increased rapidly. The relative
activity of immobilized lipase and lipase loading amount reached the
maximum at 24 h. However, the lipase activity decreased with the
enhancement of the immobilization time. It may be due to the weak
interaction between free PCL and ZIF-8. Sodium dodecyl sulfate (SDS) is
used as a desorbent for the enzyme-MOF complex. After the desorption
experiments of PCL@MOF, the catalytic performance of immobilized
lipase was rarely maintained only 10 % relative activity, indicating that
the lipase is mainly immobilized in the cavity of the MOFs in the form of
physical adsorption. Lipase relies on weak van der waals forces and
hydrogen bonds to attach to the cavity of the MOFs. A part of free PCL
was separated from ZIF-8 after long time soaking. As shown in Fig. S1, it
is proposed to control the immobilization time at 24 h.

Since the chemical nature of lipases are proteins, their performances
are easily affected by temperature. The effect of temperature on
immobilized lipase activity and lipase loading amount were investigated
in the range of 5 °C to 65 °C. As shown in Fig. S2, the optimal incubation
temperature is 25 °C. The immobilized amount of lipase did not obvi-
ously change with the change of temperature. The immobilized lipase
activity increases as the temperature increases within a certain range,
and then gradually decreased with further temperature increases. The
reason for this phenomenon is that temperature has a dual effect on li-
pases. Increasing temperature can increase the lipase loading amount,
but it will also deform the enzyme and lose its activity after a certain
temperature.

3.3. Catalytic performance of immobilized lipase

3.3.1. Hydrolytic activities of free PCL and PCL@ZIF-8

Catalytic experiments were carried out for free PCL and PCL@ZIF-8
to evaluate the activities and enantioselectivities. The schematic dia-
gram of enantioselective catalyzed hydrolysis of 2-PPA ester was dis-
played in Fig. 5 by using free PCL and PCL@ZIF-8 as catalyst. The
activities and enantioselectivities for free PCL and PCL@ZIF-8 were
estimated by the conversion rate of (S)-2-PPA ester and enantiomeric
excess of (S)-2-PPA for enantioselective hydrolysis reaction. The curves
of conversion rate and enantiomeric excess at different times were
shown in Fig. 6. It was observed from Fig. 6 and Table 1 that free PCL
and PCL@ZIF-8 indicated the same enantiomeric excess of product at
the tested times, showing that the immobilization PCL into ZIF-8
maintains the initial enantioselectivity of the free enzyme. We also
found that PCL@ZIF-8 demonstrated a faster initial rate of 3.96 x 10~*
mMy/s than that of 1.32 x 10~* mMy/s for free PCL as derived from the
slope in the first 2 h. In the enantioselective hydrolysis reaction, the
catalytic efficiency of the immobilized enzyme is three times that of the
free enzyme. After 28 h (Fig. 6 and Table 1), the conversion rate of (S)-2-
PPA ester is up to 92 % for PCL@ZIF-8, while it is only 54 % for free PCL.
In the same amount of PCL, the immobilization of lipase can signifi-
cantly enhance the activity of enzyme and improve the initial rate of
enantioselective hydrolysis reaction.

By immobilizing PCL into ZIF-8, high selectivity for PCL was not only
maintained, but also activity was greatly enhanced. After
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Fig. 6. Hydrolysis activity and selectivity of the free Pseudomonas cepacia lipase
(PCL) and free Pseudomonas cepacia lipase immobilized into ZIF-8 (PCL@ZIF-8).
Conditions: 10 mmol/L (R, S)-2-phenylpropionic acid ester, 2.5 mg/mL free
PCL or 12.5 mg/mL PCL@ZIF-8, pH = 6.0, T =328 K.

Table 1
Summary of hydrolytic activity and selectivity of free Pseudomonas cepacia lipase
(PCL) and free Pseudomonas cepacia lipase immobilized into ZIF-8 (PCL@ZIF-8).

PCL PCL@ ZIF-8
Rate (mM/s)” 1.32 x 1074 3.9x107*
ee, (%)° 99.46 99.62

¢ (%)° 54.225 92.327

@ Rate of (S)-2-phenylpropionic acid ((S)-2-PPA) ester calculated from the first
2h.

® Final eep after 24 h.

¢ Final ¢ after 24 h. Conditions: 10 mmol/L (R, S)-2-PPA ester, 2.5 mg/mL
free PCL or 12.5 mg/mL PCL@ZIF-8, pH = 6.0, T =328 K.

immobilization of PCL into ZIF-8, the BET surface area and the t-plot
micropore area of PCL@ZIF-8 were still up to 1253 m?/g and 1100 m?2/
g, respectively. 2-PPA ester is difficult to dissolve in water, while the
high BET surface area of PCL@ZIF-8 can easily adsorb 2-PPA ester into
the cavity of the enzyme-MOF composite material, making the substrate
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more easily contact with the enzyme to form a complex. Free PCL is a
hydrolytic enzyme that is easily soluble in water. Enantioselective hy-
drolysis of 2-PPA ester enantiomers by free PCL catalyzed was carried
out by liquid-liquid interfacial reaction. Therefore, PCL@ZIF-8 has
stronger activity than free PCL. Fig. S3 shows that the enantioselective
hydrolysis reaction catalyzed by PCL @ ZIF-8 with an optical purity of
99.62 %.

3.3.2. Transesterification activities of free PCL and PCL@ZIF-8

Fig. 7 shows the reaction process of enantioselective trans-
esterification of 1-phenylethanol enantiomers by free PCL and
PCL@ZIF-8 catalyzed. The activities for free PCL and PCL@ZIF-8 were
estimated by the conversion rate of (R, S)-1-phenylethanol for enan-
tioselective transesterification reaction (Fig. 8). It was observed from
Fig. 8 that there is no significant difference in the transesterification
activity of free PCL and PCL@ZIF-8. At the beginning, free PCL has
higher transesterification activity than PCL@ZIF-8, However, the
transesterification activity of free PCL decreased significantly after 4 h.
This phenomenon is consistent with literature reports [46]. Free PCL is
not soluble in the organic phase but is suspended in the organic phase,
which is prone to agglomeration in the reaction process. However,
PCL@ZIF-8 can effectively prevent the agglomeration of PCL due to the
protection of the ZIF-8 with excellent dispersion properties, and still
maintain a high transesterification activity. Fig. S4 indicates that the
optical purity of the reaction product is up to 99.47 % for enantiose-
lective transesterification reaction by PCL@ZIF-8 catalyzed.

3.3.3. Reusability of PCL@ZIF-8

As well known, free PCL is easily soluble in water and agglomerates
in organic solvents, making it difficult to reuse. Fortunately, one of the
most prominent advantages of the immobilization technology is to
improve the reusability of lipase. To investigate the recyclability of
PCL@ZIF-8, the enzyme activity and enantioselectivity were determined
at different cycles.

Fig. 9 exhibits the recyclability of PCL@ZIF-8 in enantioselective
hydrolysis reaction. As the cycle number of PCL@ZIF-8 increases, the
conversion rate of (S)-2-PPA ester decreases gradually, but enantiomeric
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Fig. 9. Hydrolysis activity and selectivity of free Pseudomonas cepacia lipase
immobilized into ZIF-8 (PCL@ZIF-8) during the recycling use. Conditions:
10 mmol/L substrate, 12.5 mg/mL PCL@ZIF-8, pH = 6.0, T =328 K, t =28 h.

excess of (S)-2-PPA remains almost constant. PCL@ZIF-8 still remained
30.57 % of the initial hydrolysis activity at the fourth cycle. The decay of
activity for PCL@ZIF-8 originated from leaching of the PCL immobilized
into ZIF-8 during multiple cycles. At the same time, we also investigated
the transesterification activity of PCL@ZIF-8 at different cycles. As
shown in Fig. 10, the conversion rate of (R)-1-phenylethanol first in-
creases and then decreases. The conversion rate of (R)-1-phenylethanol
increased at the second cycle, and we speculated that the reason for the
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Fig. 10. Transesterification activity and selectivity of free Pseudomonas cepacia
lipase immobilized into ZIF-8 (PCL@ZIF-8) during the recycling use. Condi-
tions: 20 mmol/L (R, S)-1-phenylethanol, 100 mmol/L vinyl acetate, 25 mg
PCL@ZIF-8, 3 mL hexane, T =310K, 10 h.

increase of conversion rate was the formation of imprinted enzymes
[47]. From the third cycle to the sixth cycle, it was observed that the
residual activity gradually declined from 96.48% to 56.01%. Decrease in
reusability occurred due to the following reasons: (1) Immersion time in
water for too long caused the structure to partially collapse and lipase
was separated from ZIF-8. (2) Electrostatic interaction between enzyme
and support was destroyed to result in desorption of the immobilized
enzyme, including hydrophobic interaction, intermolecular force,
hydrogen bonding force, and others. (3) The denaturation of lipase
during the reaction process and the diffusion limitation by substrate
caused the decay of immobilized enzyme activity [48,49].

In the past decade, some literatures have also reported on the reus-
ability of immobilized PCL in various catalytic reactions [50-55].
However, different characteristics of carrier materials and different
types of catalytic reactions have a great influence on the reusability of
the immobilized enzyme. It was observed from Table S3 that immobi-
lized PCL can be reused 4-8 times in the catalytic reaction. Compared
with other immobilized PCL, the PCL@ZIF-8 also exhibits excellent
reusability, maintaining the six cycles. In two reaction system, the re-
covery rate of the PCL@ZIF-8 was more than 90 % during the recycling
use. The advantage of ZIF-8 as a solid carrier for the preparation of
immobilized enzymes is that it exhibits high catalytic activity and
reusability while maintaining the initial enantioselectivity of the free
enzyme. On the other hand, the high specific surface area of ZIF-8 can
enhance the adsorption of insoluble substrates, resulting in an increase
of reaction rate.
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4. Conclusions

In this work, the free PCL was successfully immobilized into the
water-stable material ZIF-8 by physical adsorption. Characterization
results confirmed that the majority of PCL was adsorbed inside the pores
of ZIF-8, and an amount of PCL was adsorbed on the surface of ZIF-8. The
PCL@ZIF-8 as effective bio-catalyst was applied for enantioselective
enzymatic hydrolysis of (R, S)-2-PPA ester and transesterification of 1-
phenylethanol enantiomers. In the catalytic experiments, PCL@ZIF-8
exhibited more excellent enzymatic catalytic performance compared
with free PCL. The hydrolysis activity of the immobilized enzyme was
three times more than free PCL, and the hydrolysis selectivity was
maintained above 99 %. In addition, the PCL@ZIF-8 showed good
reusability in both hydrolysis (30.57 % of initial activity, 4 cycle) and
transesterification reaction systems (64.38 % of initial activity, 6 cycle).
MOFs, which possess simple synthesis, variety and stability, is a kind of
potential immobilized carrier for the immobilization of enzymes in the
industrial application.
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