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Abstract
Enzyme immobilization enhances the catalytic activity and stability of the enzyme, and also improves reusability. Metal organic frameworks (MOFs), which possess diversified structures and porosity, have been used as excellent carriers for enzyme immobilization. Pseudomonas fluorescens lipase (PFL) has been successfully immobilized onto MOFs by covalent cross-linking to obtain a series of immobilized lipase (PFL@MOFs). PFL@MOFs are used for catalytic enantioselective hydrolysis of 2-(4-hydroxyphenyl) propionic acid ethyl ester enantiomers (2-HPPAEE) in aqueous medium and transesterification of 4-methoxymandelic acid enantiomers (4-MMA) in organic medium. The experimental results indicated that PFL@Uio-66(Zr) exhibits excellent enzymatic catalysis performances and high enantioselectives. In addition, to increase catalytic activity and reusability, PFL is modified by the polyethylene glycol (PEG) to prepare PEG-modified lipase (PFL-PEG), then PFL-PEG is immobilized onto Uio-66(Zr) to prepare PFL-PEG@Uio-66(Zr), demonstrating better reusability and catalytic activity compared with PFL@Uio-66(Zr). 
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Introduction
Enzymes, a class of extremely important biocatalysts, display high specificity and catalytic efficiency for the substrates.1 Enzymatic process has the advantages of mild reaction conditions and environmental friendly, and is widely used in pharmaceutical, textile, food and cosmetic industries.2,3 Lipases, a sort of ubiquitous enzymes, are usually used for ester synthesis, enantiomer resolution and fatty-acid enrichment.4 However, the application of free lipase to industry has been often hindered by its low operational stability and the difficulties in recycling and separating enzymes from products.5 Enzyme immobilization technology, which can improve the stability and reusability of enzyme, provides an effective strategy to solve these problems.6,7 
At present, there are several methods for immobilizing enzyme on solid support, including adsorption, covalent cross-linking and co-precipitation.8,9 The enzyme immobilization method should meet the following basic requirements: (i) the enzyme immobilization should maintain the catalytic activity and specificity of the enzyme; (ii) the enzyme immobilization carrier should be tightly bound to the enzyme, so that the immobilized enzyme can be recovered and reused; (iii) the steric hindrance generated after enzyme immobilization should be small, without hindering the proximity of enzyme and substrate; (iv) the cost of enzyme immobilization should be low to facilitate industrial production. Therefore, the choice of carriers plays a vital role in all  enzyme immobilization techniques.

Metal-organic frameworks (MOFs), a class of novel and versatile materials, have recently emerged.10 The MOFs consist of metal ions and certain organic linkers, which have been mainly applied to drug delivery,11 adsorption,12 catalysis13 and gas storage/separation.14,15 As a type of potential carriers for enzyme immobilization, MOFs have been proved to meet the basic requirements of immobilization due to their high surface area and pore volume, ease tuning of pore size, small diffusion limit and facile modification on both metal nodes and ligands.16,17 Furthermore, MOFs contain a variety of functional groups, including carboxyl, amino or hydroxyl groups, which can be activated to combine with functional groups on the surface of enzyme to form stable chemical bonds. Therefore, several carboxyl group-containing MOFs were prepared to meet the above requirements for covalent immobilization of enzymes, such as MIL-101(Cr), MIL-100(Al), MIL-53(Al), Uio-66(Zr), NH2-Uio-66(Zr), NH2-MIL-53(Al) and NH2-MIL-101(Al). The amide bond is formed by binding the amino group of the enzyme with the activated carboxyl group of MOFs under the action of covalent cross-linking agent, so that the enzyme is firmly immobilized on the surface of MOFs.18,19 Compared with physical adsorption, the method of multi-point covalent binding can reduce conformational flexibility of enzymes, and prevents protein from folding and denaturing.20,21 

2-(4-Hydroxyphenyl)propionic acid (2-HPPA) belongs to the family of 2- arylpropionic acid, which is a chiral building block for the synthesis of non-steroidal anti-inflammatory drugs (NSAIDs). 4-Methoxymandelic acid (4-MMA) is an important intermediate for the synthesis of chiral p-methoxyphenylethanolamine and p-hydroxyphenylethanolamine. The chiral p-methoxyphenylethanolamine and p-hydroxyphenylethanolamine are important prodrugs for the preparation of (R)-aegeline and octopamine, which play important roles in regulating blood sugar and blood lipids. In general, drugs synthesized from enantiomerically pure 2-HPPA and 4-MMA possess higher efficacy and lower side effects than that of racemates. Therefore, the separation of 2-(4-hydroxyphenyl) propionic acid and 4-methoxymandelic acid enantiomers are of great significance to drug synthesis and clinical medicine.
In the present study, pseudomonas fluorescens lipase (PFL) was, for the first time, successfully immobilized onto various metal-organic frameworks (MOFs) materials through the covalent cross-linking method to prepare a series of immobilized lipase  (PFL@MOFs). And PFL@MOFs were applied to enantioselective hydrolysis of 2-(4-hydroxyphenyl) propionic acid ethyl ester enantiomers in aqueous medium and transesterification of 4-methoxymandelic acid enantiomers in organic medium. Additionally, PFL was modified with polyethylene glycol (PEG) prior to immobilization, which could further enhance the conversion rate and the ee value.
Exprimental section

Materials

Lipase AK from pseudomonas fluorescens (20000 U/g of solid, referred as PFL) was obtained as gift samples from Amano Enzyme Inc. (Nagoya, Japan). 4-Methoxymandelic acid enantiomers (98%) was purchased from Aladdin (Shanghai, China). 2-(4-Hydroxyphenyl) propionic acid ethyl ester enantiomers (≥ 97%) was synthesized in laboratory. Zirconium chloride (ZrCl4, 99%), aluminum nitrate nonahydrate (98%), aluminum chloride hexahydrate (98%), terephthalic acid (99%), 2-amino-terephthalic acid (99%), polyethylene glycol (PEG, WM = 2000), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were bought from Sigma-Aldrich (USA). Other chemicals reagents of analytical grade, including methanol, N,N-dimethylformamide (DMF) and methyl tert-butyl ether (MTBE) were obtained from Titanchem Co., Ltd. (Shanghai, China) and used without further purification, 
Synthesis of various MOFs

The Uio-66(Zr) was synthesized according to solvothermal method reported by Vermoortele F et al.22 Typically, ZrCl4 (1.75 g, 7.5 mmol) and terephthalic acid (1.25 g, 7.5 mmol) were ultrasonically dissolved in 77.5 mL N,N-dimethylformamide. Then, the mixed solution was transferred to a 100 mL Teflon liner autoclave, in which 1.5 mL of 36 wt% hydrochloric acid (8.5 mmol) was added. The autoclave was sealed and placed in pre-heated oven at 120 ℃ for 21 h. The resulting mixture naturally cooled to room temperature, was filtered and gave the white powder. Then the solid was washed repeatedly three times with DMF (3 × 30 mL) and methanol (3 × 30 mL) to remove the unreact compounds, and dried at 70 ℃ in drying oven.

MIL-100(Al), MIL-101(Cr) and MIL-53(Al) were synthesized under the same conditions reported by Liu et al.23 NH2-MIL-101(Al)24 NH2-Uio-66(Zr)25 and NH2-MIL-53(Al)26 were synthesized according to the previous reported methods.
Preparation of immobilized PFL (PFL@MOFs) 

The process for immobilization of PFL onto MOFs (PFL@MOFs) was as follows. First, 200 mg of MOFs were dispersed in 10 mL of PBS (phosphate buffer saline, 50 mM, pH = 7.5), and then 30 mg of EDC was added to activate the carboxylic groups (-COOH) of MOFs. The above solution was incubated under constant stirring at 25 ℃ for 1 h. Then, 30 mg of NHS was added to the solution and incubated for 1.5 h. Finally, the solution was transferred to reaction tube containing a as-prepared lipase solution (150 mg PFL, 10 mL PBS) under magnetic stirring at 25 ℃ for 24 h. The product was separated by centrifugation and washed twice with phosphate buffer saline. Then the obtained solid was dried by freeze drying. 

The PFL-PEG@Uio-66(Zr) was prepared as follows: 150 mg of lipase and 30 mg of PEG were dissolved in PBS (10 mL, 50 mM, pH = 7.5), and then the mixture was continuously shaken in dark at 5 °C for 3 h. 200 mg of Uio-66(Zr) and 30 mg of EDC were added into another 10 mL of PBS and incubated at 25 ℃ for 1 h. Subsequently, 30 mg of NHS was added to the mixture solution containing Uio-66(Zr) and continue to incubate for 1.5 h. Finally, the solution containing the activated Uio-66(Zr) was mixed with the lipase solution and stirred at 25℃ for 24 h. The PFL-PEG@Uio-66(Zr) was separated from the mixture solution by centrifugation and washed repeatedly two times with phosphate buffer saline. Then the obtained solid was dried by freeze drying. 
Determination of lipase loading

Protein concentrations of the immobilized PFL were determined by BCA (bicinchoninic acid) method, using bovine serum albumin (BSA) as standard. The immobilized amount of MOFs (M) were estimated by Eq. (1).
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where, C0 and C1 are the initial and the final concentration of PFL, respectively. mS is the weight of MOFs, V represents enzyme solution volume.
Catalytic performances study

The hydrolysis resolution of 2-HPPAEE enantiomers was carried out in 2 mL of PBS (pH = 5.5) containing 50 mg of immobilized PFL and 0.04 mmol of 2-HPPAEE at 45 ℃ under constant stirring (500 rpm) for 30 h. After the reactions, immobilized lipase was removed by centrifugation. The samples were analyzed by High Performance Liquid Chromatography (HPLC, Waters e2596, US).

The lipase-catalyzed transesterification of 4-MMA enantiomers was performed in a 25 mL schlenk tube, containing 0.06 mmol of racemic 4-MMA, 0.42 mmol of vinyl acetate, 60 mg of immobilized PFL and 3 mL methyl tert-butyl ether. The reaction solution was stirred (500 rpm) at 50 °C for 22 h. After the reaction, the reaction solution was separated from the immobilized PFL by a 0.22 um microporous membrane. 
HPLC analysis
The 2-HPPAEE enantiomers were analyzed using ODS-3 column (250 mm × 4.6mm i.d., 5 μm) by HPLC. The mobile phase was consisted of deionized water (containing 25 mM SBE-β-CD, adjusted with acetic acid, pH = 3.5) and methanol with their volume ratio 85:15. The flow rate was kept at 1.0 mL min-1. The conversion rate (CH) and enantiomeric excess of product (eep) were calculated by using Eqs. (2) and (3). 
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where, [R]product and [S]product represent (R)-2-HPPA and (S)-2-HPPA, respectively. V represents the reaction solution volume, n0 represents the initial amount of 2-HPPAEE (mmol).

HPLC with Daicel Chiralcel OJ-RH column (150 mm × 4.6 mm I.D., Tokyo, Japan) was applied to measure the conversion and enantiomeric excess (ees) of 4-MMA. The sample was detected at flow rate of 0.4 mL/min using anhydrous ethanol: aqueous solution (20:80, acetic acid adjust to pH = 3.0) as mobile phase. The conversion (CT) and enantiomeric excess (eeS) of substrate were calculated by the Eqs (4) and (5). 
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Reusability test 
The reusability of the immobilized PFL was evaluated by conducting several successive experiments for enantioselective hydrolysis of 2-HPPAEE enantiomers and transesterification of 4-MMA enantiomers. The reusability experiment of hydrolysis reaction was carried out in a 25 mL schlenk tube. 0.04 mmol of 2-HPPAEE and 50 mg of immobilized PFL were added to 2 mL PBS (pH = 5.5). The reaction solution was preheated to 45 ℃, and then the reaction was stirred at 500 rpm for 30 h. After each cycle, the immobilized PFL was collected and washed 3 times with deionized water and dried overnight using a freeze dryer. The same amount of substrate and recovered immobilized enzyme were used for the next cycle. The procedure was repeated for 6 times under the same conditions.

In transesterification reaction, 0.06 mmol 4-MMA and 0.42 mmol of vinyl acetate were used as the substrate. The immobilized PFL (60 mg) was used for enantioselective catalyzed transesterification of 4-MMA enantiomers in 3 mL MTBE. After each cycle, the immobilized PFL was collected and washed three times with methyl tert-butyl ether. After freeze-drying, the immobilized PFL was used for the next cycle experiment.

Characterizations

The crystalline structures of Uio-66(Zr) and PFL-PEG@Uio-66(Zr) were confirmed by X-ray diffraction (XRD) using Cu Kα radiation (Rigaku, Japan). N2 adsorption-desorption isotherms of Uio-66(Zr) and PFL-PEG@Uio-66(Zr) were obtained by using the surface area analyzer ASAP-2020 at 77K, which was used to calculate the Brunauer-Emmett-Teller (BET) specific surface area. The pore size distribution and pore volume were evaluated based on the desorption curve. Thermogravimetric analysis (TGA) curves were obtained from PTC-10A thermogravimetric analyser (Rigaku, Japan) with temperature ranging from 25 °C to 800 °C. The chemical bond and functional groups of materials were measured and analyzed by the Avatar 370 Fourier Transform Infrared (FTIR) Spectra (Thermo-Nicolet, US). The scanning electron microscopy (SEM, ZEISS Sigma 300, Germany) and Tecnai G2 20 transmission electron microscope (TEM, FEI, Japan) were used to observe the surface topography and detailed structure of the materials.
Result and discussion
Characterizations
A series of PFL@MOFs were successfully prepared through immobilization of Pseudomonas fluorescens lipase (PFL) onto MOFs by using covalent cross-linking method. The XRD was used to investigate the crystal structure of MOFs. The XRD pattern of the as-synthesized Uio-66(Zr) (Figure 1a) reveals that the two characteristic peaks (2θ = 7.5o and 8.5o), which fitted well with the simulated pattern reported by Vermoortele et al.22 Relative to the Uio-66(Zr), the Uio-66(Zr) after EDC activation also exhibit a similar XRD pattern (Figure 1b), indicating that the crystal structure of Uio-66(Zr) is preserved after ECD activation. Compared with both bare Uio-66(Zr) and Uio-66(Zr) after EDC activation, little change is displayed in the XRD patters of PFL@Uio-66(Zr) (Figure 1c) and PFL-PEG@Uio-66(Zr). It demonstrates that the immobilization of PFL onto Uio-66(Zr) did not cause any loss of structural integrity. Meanwhile, the two characteristic peaks of them were in line with that of Uio-66(Zr), while Bragg intensities changed slightly. The crystal phase was changed due to the immobilization process of lipase, proving that the PFL was successfully immobilized onto Uio-66(Zr).
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Figure 1. XRD patterns of (a) bare Uio-66(Zr) (black), (b) Uio-66(Zr) after EDC activation (bule), (c) PFL@Uio-66(Zr) and(green) (d) PFL-PEG@Uio-66(Zr) (red)
 The structure of MOFs was further characterized by the FTIR spectroscopy, as shown in Figure 2. The two strong peaks at 1600 cm-1 and 1400 cm-1 correspond to the C-O bond and C-OH of the carboxylic acid, respectively. The skeleton vibration of the aromatic ring in the organic ligand caused the absorption peak at 1500 cm-1. The peak at 1780-1800 cm-1 represent stretching vibration band of C=O in carboxyl group. The peaks at 750 cm-1 belong to the Zr-O bond in the metal-framework blocks, which is formed by cooperating the metal center with O-atom during the deprotonation process. The FTIR spectrum of free PFL shows the strong peak at 1660 cm-1, corresponding to the N-H bending and C=O stretching of amide Ⅰ type (Figure 2b). Other bands at 1030, 1090 and 1160 cm-1 can be attributed to carbohydrate moiety of free PFL.27 Compared with the bare Uio-66(Zr), the peaks at 1060 cm-1 generated by the merging of peaks centered on 1029, 1082, and 1152 cm-1 are exhibited at the FTIR spectroscopy of PFL-PEG@Uio-66(Zr), confirming that PFL was immobilized onto Uio-66(Zr). 
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Figure 2. FTIR spectra of (a) (i) Uio-66(Zr) (black), (ii) free PFL (red) and (iii) PFL-PEG@Uio-66(Zr)-PEG (blue) (b) magnifying spectra of free and immobilized lipase. 
The N2 adsorption-desorption isotherms and pore size distributions profiles of Uio-66(Zr) and PFL-PEG@Uio-66(Zr) are shown in Figure 3. After immobilization of PFL onto Uio-66(Zr), the BET surface area of the Uio-66(Zr) is reduced from 975 m2 g-1 to 486 m2 g-1, indicating that PFL molecules occupies most of the free space in the Uio-66(Zr). Pore size distribution analysis shows that the pore size of Uio-66(Zr) is mainly concentrated around 0.9 nm and 1.3 nm (Figure 3b). There is no change in the pore size of PFL-PEG@Uio-66(Zr) while the number of both pores on the MOF surface decreased. It can be inferred from these observations that the PFL molecules were completely unable to enter the cages of the MOFs due to the particle size of the PFL molecule is of 3 × 4 × 5 nm,28 much larger than the pore size of Uio-66(Zr) (0.9 nm and 1.3 nm). The PFL molecules should be covalently immobilized onto the surface of Uio-66(Zr) so that a portion of the pores are covered by PFL molecules. The immobilization process of PFL can be described by covalent cross-linking based on Figure 4.
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Figure 3. (a) N2 adsorption-desorption isotherms and (b) pore size distributions of Uio-66(Zr) and PFL-PEG@Uio-66(Zr).
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Figure 4. The immobilization process of pseudomonas fluorescens lipase.
The surface topography of pure Uio-66(Zr) and PFL-PEG@Uio-66(Zr) were characterized by SEM and TEM. The SEM image of Uio-66(Zr) and PFL-PEG@Uio-66(Zr) are shown in Figure 5. The SEM image reveals that Uio-66(Zr) had a uniform particle size of about 220 nm with smooth surface (Figure 5a). The PEG-PFL@Uio-66(Zr) has the same morphology as bare Uio-66 (Zr), indicating that the morphology of MOFs is not affected by the immobilization process of lipase. Compared with pure Uio-66(Zr), the size of immobilized PFL[PFL-PEG@Uio-66(Zr)] increases from about 220 nm to 400 nm in that lipase is largely immobilized onto the surface of Uio-66(Zr) by covalent cross-linking. The TEM image of pure Uio-66(Zr) shows relatively regular shape and uniform particle size (Figure 6a), which was consistent with previously reported particle size of Uio-66 (Zr) (i.e., 200 nm).29 There are many light spots (about 5-10 nm) in PFL-PEG@Uio-66(Zr) image (Figure 6d) compared with that of pure Uio-66(Zr) (Figure 6c). The light spots are mainly caused by the low electron-scattering density of excessive lipase molecules.
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Figure 5. SEM images of (a) Uio-66(Zr) and (b) PFL-PEG@Uio-66(Zr).

Figure 7 shows the thermogravimetric analysis curves of PFL, Uio-66(Zr) and PFL-PEG@Uio-66(Zr). For Uio-66(Zr), the weight loss (almost 8.4%) in the range of 30-90 ℃ can attribute to desorption of water and gas adsorbed in the pores. In the 90-315 ℃ region, 13% weight loss is the removal of tightly bound solvent (DMF). The carbonization of the organic ligand in Uio-66(Zr) results in the final weight loss in the range of 410-520 ℃. In the case of PFL-PEG@Uio-66(Zr), a large weight loss at 90-404 ℃ is the loss of solvent (DMF) and carbonization of lipase and PEG. The weight loss during 410-510 ℃ is the disintegration of PFL-PEG@Uio-66(Zr). The decomposition temperature of Uio-66(Zr) and PFL-PEG@Uio-66(Zr) did not change substantially, indicating that the thermal stability of Uio-66(Zr) was not affected by the enzyme immobilization process. 
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Figure 6. TEM images of (a, b) Uio-66(Zr) and (c, d) PFL-PEG@Uio-66(Zr).
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Figure 7. Thermogravimetric analysis (TGA) of PFL (black), Uio-66(Zr) (red), PFL@Uio-66(Zr) (pink) and PFL-PEG@Uio-66(Zr) (bule).

Catalytic performances of various PFL@MOFs
The pseudomonas fluorescens lipase was successfully immobilized onto a series of MOFs by covalent cross-linking. Catalytic experiments were performed for PFL-PEG@Uio-66(Zr), PFL@Uio-66(Zr), PFL@NH2-Uio-66(Zr), PFL@MIL-100(Al), PFL@MIL-53(Al), PFL@NH2-MIL-53(Al), PFL@NH2-MIL-101(Al) and PFL@MIL-101(Cr). The catalytic activity of these PFL@MOFs were evaluated by conversion rate and enantiomeric excess for enantioselective hydrolysis of 2-HPPAEE enantiomers in an aqueous medium under optimal reaction conditions (Table 1). Different immobilized lipases exhibited large differences in the conversion rate and enantiomeric excess. From Table 1, PFL@NH2-Uio-66(Zr), PFL@MIL-100(Al), PFL@NH2-MIL-53(Al) and PFL@NH2-MIL-101(Al) gives high conversion rates of 57%, 47%, 43% 57% and 39.4%, respectively, whereas the corresponding enantiomeric excess of product for these immobilized lipases are 58%, 86%, 90% and 52%, respectively, which are not enough for enantioselective hydrolysis of 2-HPPAEE enantiomers. Low conversion and enantiomeric excess are achieved by using PFL@MIL-101(Cr) as catalyst. PFL@MIL-53(Al) indicates high enantiomeric excess of 95%, but low conversion of 29% is obtained. The PFL@Uio-66(Zr) possesses higher catalytic activity with conversion of 41% and enantiomeric excess of 98% compared with other PFL@MOFs. To obtain better catalytic performance, PFL was modified by PEG to enhance catalytic activity.30,31 The PEG-modified lipase was immobilized onto Uio-66(Zr) by the same method. It was found that the conversion rate of hydrolysis was increased by nearly 6% while the high optical purity of product was maintained. When PFL-PEG@Uio-66(Zr) was used as catalyst, the highest conversion and enantiomeric excess were achieved for enantioselective hydrolysis of 2-HPPAEE enantiomers in an aqueous medium.

Additionally, enantioselective transesterification experiments were performed in organic solvent systems to investigate catalytic activities of various PFL@MOFs (Table 1). 4-Methoxymandelic acid (4-MMA) enantiomers and vinyl acetate were used as reaction sustrates for enantioselective transesterification reaction in methyl tert-butyl ether. Table1 displays the conversion rate and enantiomeric excess of transesterification reaction by using various PFL@MOFs. All the PFL@MOFs reveale high enantioselectivities, and all enantiomeric excess of them exceed 97%. The lipase was immobilized onto the MOFs by an amide bond, and the coupled group was a non-essential group of the enzyme activity, which maintained the structural integrity of the active center of enzyme. As a result, PFL@MOFs can exhibit the same high stereoselectivity as the free lipase. However, due to the different loading of PFL lipase in the process of immobilization onto MOFs, the PFL@MOFs showed large differences in the conversion rate. It was determined by the difference in the specific surface area, covalent binding ability and material stability of MOFs. Table 1 shows that the conversion rates for PFL@NH2-Uio-66(Zr), PFL@MIL-100(Al), PFL@MIL-53(Al) and PFL@NH2-MIL-53(Al) are 47%, 48%, 48% and 43%, respectively. When PFL@MIL-101(Cr) and PFL@NH2-MIL-101(Al) were used for enantioselective transesterification of 4-MMA enantiomers,  the conversion rates of PFL@MIL-101(Cr) and PFL@NH2-MIL-101(Al) are only 13% and 18%, respectively, which are obviously inefficient for enantioselective resolution of 4-MMA enantiomers. Among the tested PFL@MOFs, both PFL-PEG@Uio-66(Zr) and PFL@Uio-66(Zr) exhibit the highest conversion rates and enantioselectivities, which indicated that PFL-PEG@Uio-66(Zr) and PFL@Uio-66(Zr) also possessed excellent catalytic performance in the organic phase.
Table 1. Catalytic performances study of various PFL@MOFs in aqueous medium and organic medium.
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	entry
	Immobilized lipase
	Immobilized amount (mg/g)
	Hydrolysis of 2-HPPAEE
	Transesterification of 4-MMA

	
	
	
	CH (%)
	eeP (%)
	CT (%)
	eeP (%)

	1
	PFL-PEG@Uio-66(Zr)
	179.6
	47
	99
	49
	99

	2
	PFL@Uio-66(Zr)
	204.9
	41
	98
	49
	99

	3
	PFL@NH2-Uio-66(Zr)
	128.9
	57
	58
	47
	99

	4
	PFL@MIL-100(Al)
	247.2
	47
	86
	48
	99

	5
	PFL@NH2-MIL-53(Al)
	207.1
	43
	90
	43
	99

	6
	PFL@MIL-53(Al)
	40.1
	29
	95
	48
	99

	7
	PFL@NH2-MIL-101(Al)
	86.6
	39
	52
	18
	98

	8
	PFL@MIL-101(Cr)
	31.7
	26
	71
	13
	97

	Hydrolysis conditions: 50 mg of catalyst loading, 0.04 mmol of 2-HPPAEE, 2 mL of PBS, pH=5.5, T = 45 ℃, t = 30 h.
Transesterification conditions: 60 mg of catalyst loading, 0.06 mmol of 4-MMA, 0.42 mmol of vinyl acetate, 3 mL of MTBE, T = 50 ℃, t = 22 h.


Reaction progress 
The influence of reaction time on the conversion rate and the enantiomeric excess was investigated for the enantioselective hydrolysis of 2-HPPAEE enantiomers and the transesterification of 4-MMA enantiomers by free and immobilized PFL. 

The schematic diagram of the reaction for free PFL or immobilized PFL catalyzed resolution of 2-HPPAEE is displayed in Figure 8 based on the interface reaction mechanism. Figure 9a exhibits the time course during the kinetic resolution of 2-HPPAEE enantiomers catalyzed by free and immobilized PFL in PBS buffer at 45 ℃. Free PFL demonstrates a initial rate of 4.25×10-3 mmol L-1 min-1 (Figure 9a; Table 2) as derived from the slope in the initial 30 h. Under the same conditions, the immobilized PFL exhibits a fast initial rate of 1.26×10-2 mmol L-1 min-1 (Figure 9a; Table 2) as derived from the slope during the initial 12 h, which reacts more than 3 times faster than that of free PFL. The experimental data reveale that the immobilized PFL maintains high enantioselectivity for hydrolysis reaction, and the enzymatic activity of immobilized PFL is significantly enhanced in comparison with that of free PFL. In catalytic experiment for free PFL, PFL was highly soluble in water, while the solubility of 2-HPPAEE enantiomers was very low in aqueous solution. Enantioselective hydrolysis of 2-HPPAEE enantiomers by free PFL catalyzed was only carried out on liquid-liquid interface. So, the weak bond between enzyme and substrate resulted in low conversion rate. However, the BET surface area was still up to 486 m2 g-1, which facilitated the diffusion of 2-HPPAEE enantiomers to the surface of PFL-PEG@Uio-66(Zr) in catalytic experiments. Thus, the large specific surface area can promote better binding between substrate and enzyme. As a result, PFL-PEG@Uio-66(Zr) has higher hydrolysis activity than that of free PFL.
The reaction process of the transesterification of 4-MMA by free PFL and immobilized PFL catalyzed are shown in Figure 10. Figure 9b shows the reaction progress curve of enantioselective transesterification of 4-MMA enantiomers catalyzed by free and immobilized PFL in organic medium. At 45 ℃, free PFL in methyl tertiary butyl ether shows a initial rate of 1.45×10-2 mmol L-1 min-1 as derived from the slope during the initial time period of ∼6 h (Figure 9b, Table 2). The immobilized PFL presents a fast initial rate of 5.96×10-2 mmol L-1 min-1 (Figure 9b; Table 2) as derived from the slope in the initial 2 h. Relative to the free PFL, the initial rate of PFL@Uio-66(Zr) for the transesterification reaction was enhanced by 4 times. In general, free lipase tended to agglomerate in organic solvents, resulting in mass transfer limitations of substrates and products.32 Here, free PFL is easy to agglomerate in methyl tert-butyl ether, which leads to low catalytic activity. Uio-66(Zr) possesses a large BET surface area (975 m2 g-1), good dispersion and stability in organic solvents, as shown in Figure 10. After immobilization of the PEG-modified PFL onto Uio-66(Zr), the Uio-66(Zr) also maintains large BET surface area, which can avoid agglomeration of enzyme and facilitate the diffusion of reactants into the immobilized lipase. Meanwhile, by binding of the PEG-modified lipase to the MOF in the form of a covalent bond, PFL-PEG@Uio-66(Zr) maintained the same high enantioselectivity as the free lipase, indicating that the immobilization of PFL did not affect the binding site in the catalytic triad. The catalytic activity of immobilized PFL was far superior to that of free lipase, indicating that the catalytic activity of lipase by immobilization was improved, and the agglomeration phenomena of lipase was reduced.33
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Figure 8. The hydrolysis of 2-HPPAEE enantiomers by free PFL and immobilized PFL catalyzed.
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Figure 9. Reaction progress in kinetic resolution of (a) 2-HPPAEE enantiomers and (b) 4-MMA enantiomers by PFL and PFL-PEG@Uio-66(Zr). Reaction conditions: (a) 50 mg of PFL-PEG@Uio-66(Zr), 7.5 mg of PFL, 0.04 mmol of 2-HPPAEE, 2 mL of PBS, pH=5.5, 45 ℃. (b) 60 mg of PFL-PEG@Uio-66(Zr), 9 mg of PFL, 0.06 mmol of 4-MMA, 0.42 mmol of vinyl acetate, 3 mL of MTBE, 50 ℃.
Table 2. Comparsion of free PFL and PFL-PEG@Uio-66(Zr) for catalytic performances.

	
	Hydrolysis of 2-HPPAEE
	Transesterification of 4-MMA 

	
	Free PFL
	PFL-PEG@Uio-66
	Free PFL
	PFL-PEG@Uio-66

	Initial rate (mM/min)a
	4.25×10-3
	1.26×10-2
	1.45×10-2
	5.96×10-2

	Conversion (%)b
	27
	48
	45
	50

	eeP (%)c
	99
	99
	99
	98

	a Intial rate caculated in first 12 h for hydrosysis and in the first 4 h for transesterification 
b Final conversion after 30 h of hydrosysis and 22 h of transesterification 
c Final enantiomeric excess after 30 h of hydrosysis and 22 h of transesterification 
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Figure 10. The transesterification of 4-MMA enantiomers by free PFL and immobilized PFL catalyzed.

Reusability test
Pseudomonas fluorescens lipase was widely used for the resolution of the chiral esters and alcohols, but the use of free PFL resulted in high cost and difficulty for  product purification. This problem could be solved effectively by immobilization of free lipase onto Uio-66(Zr) with high specific surface area and excellent stability. Meanwhile, the reusability of immobilized lipase was one of the key properties for the industrial application of enzymes. The reusabilities of immobilized lipases [(PFL-PEG@Uio-66(Zr) and PFL@Uio-66(Zr)] were evaluated by measuring  conversion rate and enantiomeric excess for hydrolysis of 2-HPPAEE enantiomers and transesterification of 4-MMA enantiomers at different cycles (Figure 11).

 Figure 11a depicts the reusability results of the immobilized lipase-catalyzed hydrolysis of 2-HPPAEE enantiomers. From Figure 11a, the conversion rate for PFL-PEG@Uio-66(Zr) decreases from 95% to 37% in the ﬁrst six cycles, and the conversion rate for PFL@Uio-66(Zr) drop from 82% to 20%. PFL-PEG@Uio-66(Zr) and PFL@Uio-66(Zr) can maintain excellent catalytic performance in the first four cycles, and the conversion loss is small with the range of 5-10%. In the next two cycles, the conversion rate indicates a trend of rapid decline. PFL-PEG@Uio-66(Zr) exhibits higher catalytic activity than that of PFL@Uio-66(Zr). Additionally, the enantiomeric excess (eeP) for PFL@Uio-66(Zr) and PFL-PEG@Uio-66(Zr) are maintained at 98-99% without any significant changes. PFL@Uio-66(Zr) and PFL-PEG@Uio-66(Zr) maintained excellent catalytic activities for at least 4 cycles, which could be attributed to the strong covalent bond interactions between Uio-66(Zr) and Pseudomonas fluorescens lipase molecules, preventing their loss from the MOF host matrix. The reason of affecting lipase activity might be the denaturation of the PFL on the surface of Uio-66(Zr), the diffusion limitation as well as the mass transfer limitation of substrate.34 
Figure 11b demonstrates the reusabilities of PFL-PEG@Uio-66(Zr) and PFL@Uio-66(Zr)) for transesterification of 4-MMA enantiomers at different cycles. As shown in Figure 11b, the enantiomeric excess for PFL@Uio-66(Zr) and PFL-PEG@Uio-66(Zr) are quite constant in the five cycles. It was also observed that PFL-PEG@Uio-66(Zr) presents higher catalytic performance than that of PFL@Uio-66(Zr). The PFL-PEG@Uio-66(Zr) is used repetitively 3 times without appreciable loss of conversion, and exhibits more than 67% of the initial conversion after the fourth cycle. After the ﬁfth cycle, 30% of the initial conversion is retained in PFL-PEG@Uio-66(Zr). In comparison, the catalytical activity of PFL@Uio-66(Zr) decreases abruptly with more than 26% conversion lost after the second cycle, and only 15% conversion rate remains at the fifth cycle. The decrease of catalytic performances could be attributed to the peeling of the essential water layer of the enzyme molecule surface during the washing process and the denaturation of the protein. 
Some studies have also been reported on the reusability of immobilized Pseudomonas fluorescens lipase (Table 2). The PFL was immobilized on hydrophobic silica gel, magnetic nanoparticles and silk fibroin spheres, and the reusability of the immobilized enzyme was maintained at 3-5 times in the organic phase reaction. In this study, the PFL-PEG@Uio-66(Zr) was also able to maintain 5 times reuse in the hydrolysis system and 4 times reuse in the transesterification system. 
Table 3. Comparsion of the reusability of various immobilized Pseudomonas fluorescens lipase

	Entry
	Support
	Reaction types
	Substrate
	Recycle
	The activity after recycle
	Ref.

	1
	silica gel
	transesterification
	vegetable oils
	5
	87 % of initial activity                                                                                                                                                                                                                                                                                                                     
	[35]

	2
	magnetic nanoparticlesnan
	transesterification
	2-otanol
	5
	89 % of initial activity
	[36]

	3
	silk fibroin spheres
	transesterification
	halohydrins
	3
	55% of initial activity
	[37]

	4
	cotton fibres 
	transesterification
	cinnamyl acetate
	5
	69% of initial activity
	[38]

	5
	porous polyurea
	transesterification
	1-phenylethanol
	5
	73% of initial activity
	[39]
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Figure 11. Reusability test of PFL-PEG@Uio-66(Zr) and PFL@Uio-66(Zr)-PEG for (a) hydrolysis of 2-HPPAEE enantiomers and (b) transesterification of 4-MMA enantiomers.
Conclusion
In conclusion, Pseudomonas fluorescens lipase was successfully immobilized onto the surface of MOFs by covalent cross-linking for the first time. The immobilized lipase was applied as an effective biocatalyst for enantioselective hydrolysis of 2-HPPAEE enantiomers to (R)-(-)-2-HPPA in aqueous medium and transesterification of 4-MMA enantiomers to (R)-4MMA in organic medium. The results indicated that the PFL@Uio-66(Zr) could retain enantioselectivity of free lipase and enhance catalytical activity and stability in aqueous and organic medium. To further improve catalytic activity and reusability of PFL@Uio-66(Zr), the polyethylene glycol (PEG) was used to modify PFL to obtain PEG-modified lipase, which was immobilized onto Uio-66(Zr). Relative to PFL@Uio-66(Zr), better catalytic efficiency and stability of PFL-PEG@Uio-66(Zr) were obtained in the hydrolysis of 2-HPPAEE enantiomers (conversion, 47% and eeP, 99%) and the transesterification of 4-MMA enantiomers (conversion, 49% and eeP, 99%). In addition, good reusability and stability of the immobilized lipase proved that it has huge potential in the field of chemical processing and biotechnology. Considering the porosity, large specific surface area and cross-linked functional groups, MOFs are a class of very promising carriers for enzyme immobilization as heterogeneous biocatalysts.
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