Pseudomonas fluorescens lipase immobilized onto NH2-MIL-53 MOF for effective transesterification of (R,S)-4-fluoromandelic acid enantiomers
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Abstract

A new heterogeneous bio-catalyst was prepared by the immobilization of pseudomonas fluorescens lipase (PFL) onto metal-organic frameworks (MOF), NH2-MIL-53(Fe), using covalent cross-linking. The immobilized lipase [PEG-PFL@NH2-MIL-53(Fe)] was firstly applied for enantioselective transesterification of (R,S)-4-fluoromandelic acid (4-FMA) with acyl acetate. The effects of temperature, substrate ratio, and reaction time on conversion rates and enantiomer excess were investigated. Experimental results show that the catalytic activity, enantioselectivity, and the thermal stability of PFL are significantly improved by polyethylene glycol (PEG) modification and immobilization. By optimizing the reaction conditions, the excellent results were obtained with conversion of 49.6% and enantiomer excess of 98.0% for the immobilized PFL catalyzed transesterification reaction. Furthermore, the immobilized lipase possesses excellent reusability with 83% of its initial activity after four cycles.`
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1. Introduction
4-Fluoromandelic acid (4-Fluoro-α-hydroxyphenylacetic acid) is an important intermediate for the synthesis of mirtazapine, which is commonly used in the treatment of depression. Meanwhile, (R)-4-fluoromandelic acid can be used as a original material to synthesize ezetimibe with hypolipidemic effect. Additionally, 4-fluoromandelic acid and its derivatives are easily converted into aromatic ethanolamine compounds, phenylglycine derivatives and other important fine chemical intermediates (Zhang et al., 2011; Mendiola et al., 2012). Although some mandelic acid derivatives are commercially available, optically pure enantiomer are generally very expensive (Lin et al., 2013). Thus, the resolution of 4-fluoromandelic acid has extremely important potential significance for the pharmaceutical industry.
    Lipases are a green, highly efficient and stereoselective biocatalysts, which have been widely applied in organic synthesis, pharmaceutical and food fields in recent years (Choi et al., 2015; Jemli et al., 2014). Moreover, lipases have strong ability to catalyze esterification and transesterification reaction in organic medium (Sontakke and Yadav, 2015). Despite many beneficial features, the industrial application of lipase is still hindered because of many disadvantages, such as poor stability, difficult separation of lipases and products, and lack of reusability (Hartmann and Jung, 2010). Enzyme immobilization technology can not only enhance the stability of the enzyme, but also maintain the catalytic activity and stereoselectivity of the enzyme, which effectively overcome the disadvantages of the enzyme (Zhou and Hartmann, 2013; Zhai et al., 2010). Additionally, the choice of carrier material is also very important for the immobilization process of lipase. The carrier material must provide a high specific surface area, adequate pore size and a variety of functional organic groups (Tranand Balkus, 2011; Cui et al., 2018).
Metal-organic frameworks (MOFs), a new type of ordered porous materials, has attracted extensive attention in recent years (James and Stuart, 2003; Zhou et al., 2012). MOFs can be prepared by combining metal ions/clusters with multifunctional organic linkers. MOFs have unique physicochemical characteristics such as diverse structures, diverse chemical compositions, and controllable pore diameters, which are widely used in sensing (Lu and Hupp, 2010), drug release (An et al., 2009), gas separation and storage (Li et al., 2018; Rosi et al., 2003), and catalysis (Shen et al., 2016). Since MOFs meet the requirments of high surface area, pore volume and tunable pore size, they have been widely used as carriers for enzyme immobilization in the field of biotechnology (Mehta et al., 2016; Lian et al., 2017). Lykourinou et al. reported the immobilization of microperoxidase-11 (MP-11) into Tb-TATB mesoporous metal-organic frameworks for oxidation of 3,5-Di-t-butyl-catechol to o-quinone, and MP-11@Tb-mesoMOF exhibited a higher enzymatic catalysis performances in comparison to MP-11@MCM-41 (Lykourinou et al., 2011). Cao et al. proposed that the nano/micro-scale UiO-66-NH2 can be efficiently used to immobilize soybean epoxide hydrolase (SEH) (Cao et al., 2012). Furthermore, Chen et al. utilized amino acid-boosted biomimetic strategy to rapidly encapsulate myoglobin (MP) into microporous ZIF-8 with ultrahigh loading efficiency (Ouyang et al., 2018). NH2-MIL-53(Fe) has high stability, various functional groups and ample coordinatively unsaturated centers (Zheng et al., 2018), so it can be applied as a promising carrier for enzyme immobilization. Despite many beneficial features, the immobilization of pseudomonas fluorescens lipase (PFL) onto NH2-MIL-53(Fe) as biocatalyst has never been reported.

Here, a strategy of PEG modification and covalent immobilization was developed to improve the catalytic performance and reusability of pseudomonas fluorescens lipase. PFL lipase was modified with polyethylene glycol to prepare PEG-modified lipase (PEG-PFL), then PEG-PFL was immobilized onto NH2-MIL-53 (Fe) to prepare the immobilized lipase (PEG-PFL@NH2-MIL-53(Fe) by covalent cross-linking (Figure 1). PEG-PFL@NH2-MIL-53(Fe) was firstly used for the resolution of 4-fluoromandelic acid enantiomers via enantioselective transesterification in organic medium. Meanwhile, a comparative study on catalytic efficiencies of free PFL and PEG-PFL@NH2-MIL-53(Fe) were performed in enantioselective transesterification reaction. The reusability of PFL@NH2-MIL-53(Fe) was also studied to verify the potential application. 

Experimental section
Materials

  4-Fluoromandelic acid enantiomers (97.0 %) was purchased from shanghai shaoyuan Co., Ltd. Pseudomonas fluorescens lipase (Lipase AK “Amano”) was donated from Amano Enzyme Inc. (Nagoya, Japan). Ferric chloride hexahydrate (FeCl3▪6H2O, 99.0%), N,N-dimethylformamide (DMF), methyl tert-butyl ether (MTBE, 98.0%) and polyethylene glycol 2000 (PEG 2000, 99%) were obtained from Shanghai Titan Technology Co., Ltd. (China). 2-Amino-terephthalic acid (NH2-BDC, 99%), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), succinic anhydride (SA, 99%), N-hydroxysuccinimide (NHS) and vinyl acetate (99%) were purchased from Sigma-Aldrich (USA).

2.2. Synthesis of NH2-MIL-53(Fe) MOF

  NH2-MIL-53 (Fe) was synthesized with reference to the method reported by Zheng et al., but with some modifications (Zheng et al., 2018). Generally, FeCl3·6H2O (1 mmol, 270.3 mg) and NH2-BDC (1 mmol, 181.1 mg) were dispersed in 10 mL of DMF. The mixture was vigorously stirred to become transparent at room temperature, then transferred to a Teflon-lined stainless steel autoclave (50 mL) and heated for 6 h at 150 ℃. When the autoclave and its contents were cooled to 30 ℃, DMF and methanol were used to wash the resulting particles with three times by centrifuging respectively. Finally, samples were collected after vacuum treatment at 80 ℃. Herein, the obtained powder was referred as NH2-MIL-53 (Fe).
2.3. Synthesis of PEG- PFL@NH2-MIL-53(Fe)

  3.6 g of PEG 2000 (0.6 mmol) and 0.18 g SA (1.8 mmol) were added to a round bottom flask. Then, the 10 mL DMF was added to round-bottomed flask, and heated in an oil bath at 95 ℃ after sonication to complete dissolution. Stirring was maintained during the reaction. After 3 h, pre-cooled diethyl ether was added dropwise to the reaction solution until complete precipitation at an ice bath of 4 ℃. The resulting solid was filtered and washed with pre-cooled diethyl ether. Finally, the PEG-SA soild was dried for 6 h by lyophilizer.

The above reaction product (PEG-SA), NHS and EDC (PEG-SA:NHS:EDC=1:2.25:2.25) were dissolved in 610 mL of DMF and stirred at 30 °C overnight. The reaction solution was precipitated with pre-cooled diethyl ether at 4 °C, washed and filtered to obtain PEG-activated ester (PEG-SS). The PEG-SS after freeze - drying was stored at low temperature.
The PFL immobilized onto NH2-MIL-53(Fe) was prepared as follows. 200 μL of  20.0 mg/mL EDC solution and 10 mg PEG-SS were added to 3.6 mL of phosphate buffer (50.0 mM, pH = 7.5) containing 40.0 mg PFL. The solution was incubated for 1.5 h at 30 ℃ and 200 rpm in a thermostatically heated stirrer. Then, 200 μL of a 22.0 mg/mL NHS solution was added to the mixture solution, and further incubated for 1.5 h. The solution was then transferred to a reaction tube containing 60 mg of NH2-MIL-53(Fe). The mixture was then incubated for 20 hours in a thermostatically heated stirrer at 30 ℃ and 200 rpm. After immobilization, the solid was separated by a high-speed centrifuge and washed three times with deionized water. The resulting solid was was called PEG-PFL@NH2-MIL-53 (Fe) after freeze-drying at at -20℃, and then stored at 4 ℃ for later use. 
2.4. Protein assay

  The immobilization efficiency was deuced by BCA (bicinchoninic acid) method, using bovine serum albumin (BSA) as standard. The microplate reader was used to analyze the protein concentration of enzyme solution. The immobilized yield of lipase was determined indirectly by comparing the protein concentration difference between the enzyme solution provided before immobilization and the filtrate isolated after immobilization. The immobilized yield (IY) was described by Equation (1).
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C0 and C1 are the protein concentration of lipase solution initially and finally, respectively.

2.5. HPLC analysis

  The unreacted (R,S)-4-FMA and product ((R)-4-FMA acetate and (S)-4-FMA acetate) in the reaction mixture were measured by Waters 2596 high performance liquid chromatography (HPLC, Waters, USA) with a OJ-RH chiral column (Daicel, 150 mm×4.6 mm, Japan) at 225 nm. The mobile phase was composed of deionized water and absolute ethanol with a ratio of 80:20. The temperature was adjusted to 25 ℃ and the flow rate was maintained at 0.4 mL/min. The conversion (C) and enantiomeric excess of substrate were calculated as follows:
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where, [R] and [S] represent the concentration of (R)-4-FMA and (S)-4-FMA, respectively.
The enantioselectivity (E) was calculated using Eq. (4).
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2.6. Lipase-catalyzed transesterification reaction

  The lipase-catalyzed enantioselective transesterification reaction was performed in a glass reaction tube equipped with a sealed lid. 60 mg of immobilized lipase or 11 mg of free lipase was introduced into a mixture (3 mL), consisting of (R,S)-4-fluoromandelic acid (0.09 mmol) and vinyl acetate (0.54 mmol) in methyl tert-butyl ether. The reaction was represented by Figure 2. The transesterification reaction was carried out at 50 ℃ for 12 h with continuous stirring at 500 rpm. After the reaction terminated, the samples were obtained by separating the enzyme with a 0.45 μm nylon filter. Then, the samples were diluted with ethanol and analyzed by high performance liquid chromatography.

The influence of various reaction conditions on immobilized lipase and free lipase were studied, involving temperature (30 - 55 ℃), substrate ratio of vinyl acetate to 4-FMA (1:1 - 10:1), immobilized lipase loading (0 - 90 mg) and reaction time (0 - 16 h).

2.7. Reusability test of immobilized lipase

The reusability of PEG-PFL@NH2-MIL-53 (Fe) was evaluated by performing several consecutive operating cycles. The reusability experiment was carried out in a 25 mL reaction tube, containing 60 mg of immobilized PFL, 0.09 mole of 4-FMA, 0.54 mole of vinyl acetate and 3 mLof MTBE. After each reaction, the immobilized PFL was separated from the mixture and washed three times with fresh MTBE. Then, the collected immobilized PFL was dried by a freeze dryer and reused for next cycle reaction under the same conditions.
2.8. Characterizations 

  Powder X-ray Diffraction (PXRD) patterns was obtained via a D/max-2500 diffractometer from Rigaku. Materials were analyzed by using Cu Kα radiation (λ = 1.5418 Å) in the 5o-50o 2θ range. Fourier Transform Infrared (FT-IR) spectra of NH2-MIL-53(Fe) and PFL/NH2-MIL-53(Fe) composite were collected on a Avatar 370 FTIR spectrometer (USA). Nitrogen (N2) adsorption and desorption isotherms were measured by using ASAP2020 volumetric adsorption analyzer from Micromeritics (USA). The isotherms were used to determine the Brunauer-Emmett-Teller (BET) surface and pore size distribution. Scanning Electron Microscopy (SEM) was applied to observe the surface topography of NH2-MIL-53(Fe) and PFL/NH2-MIL-53(Fe) composite. The SEM was operated at an acceleration voltage of 15 kV. 
Results and discussion
Characterization of carriers and immobilized lipase 
   The physicochemical characters of NH2-MIL-53(Fe) and PEG-PFL@NH2-MIL-53(Fe) were characterized by PXRD, FT-IR spectrometer, and SEM. According to the determination result of protein content of lipase solution, the amount of crude PFL loaded onto MOF was about 224.5 mg PFL/g NH2-MIL-53(Fe).
   Figure 3a clearly shows the PXRD patterns of NH2-MIL-53(Fe), PEG-PFL@NH2-MIL-53(Fe) and recovered PEG-PFL@NH2-MIL-53(Fe). The diffraction peaks of the as-prepared NH2-MIL-53(Fe) are mainly concentrated at 2θ of 9.2, 10.4, 13.0, 18.3, 20.6, and 24.8o, which is similar to the NH2-MIL-53(Fe) reported by Zheng et al.(Zheng et al., 2018). Furthermore, it is observed that the main diffraction peaks of PEG-PFL@NH2-MIL-53(Fe) perfectly match with NH2-MIL-53(Fe), suggesting that the incorporation of lipase did not affect the crystal structure of NH2-MIL-53(Fe). Nonetheless, there is a slight difference in terms of relative peak intensity of PEG-PFL@NH2-MIL-53(Fe) in visually comparison with pure NH2-MIL-53(Fe) pattern. The decrease in relative intensity may be due to the enzyme's attachment to MOF, which changes the crystal phase of MOF. The PXRD patterns of recovered PEG-PFL@NH2-MIL-53(Fe) also exhibits the main characteristic peaks consistent with NH2-MIL-53(Fe), indicating that the catalytic reaction did not affect the crystal structure of carriers. 

FT-IR spectra of free PFL and immobilized PFL are shown in Figure 3b. It is observed from the FT-IR spectra of NH2-MIL-53(Fe) that four peaks of the carboxyl group at 1654, 1581, 1437 and 1385 cm-1 are attributed to the asymmetric and symmetric vibrations. The peaks at 1255 cm−1 is formed by the C−N vibration of amino groups on benzene rings. The vibration band at 569 cm-1 is observed, corresponding to the Fe-O bond in NH2-MIL-53(Fe). From Figure 3b (ii), the peaks at 1150, 1090 and 1030 cm-1 in the spectrum of PFL lipase are attributed to carbohydrate moiety of lipase (Zhou et al., 2015). Compared with pure NH2-MIL-53(Fe), the spectrum of PEG-PFL@NH2-MIL-53(Fe) shows the characteristic peak of lipase at 1039 cm-1, indicating that lipase has been immobilized on MOFs. Additionally, the peak at 1631 cm-1 represents the amide bond,  demonstrating that the lipase can be covalently attached to the NH2-MIL-53(Fe). The spectrum of recovered PEG-PFL@NH2-MIL-53(Fe) is completely consistent with that of initial PEG-PFL@NH2-MIL-53 (Fe), which further proves that the transesterification reaction will not cause changes in the immobilized lipase.

N2 sorption isotherms at 77 K of NH2-MIL-53(Fe) and PEG-PFL@NH2-MIL-53(Fe) is presented in Figure 3c. The BET surface area and total pore volume of NH2-MIL-53(Fe) after covalently immobilizing lipase are decreased from 172 to 56 m2/g and from 0.82 to 0.28 cm3/g respectively. It can be inferred that the porous structure is partially occupied by enzyme molecules in immobilization process (Lykourinou et al., 2011). As shown in Figure 3d, the unimodal distribution is observed in the pore size distribution of NH2-MIL-53(Fe). The pore size of NH2-MIL-53(Fe) is predominately around 19 nm, belonging to a typical mesoporous. Relative to NH2-MIL-53(Fe), the pore of 19 nm in PEG-PFL@NH2-MIL-53(Fe) disappeared, whereas a new pore of 5 nm appeared. The pseudomonas fluorescens lipase has dimensions of about 3 × 4 × 5 nm (Han et al., 2016), which is much smaller than the pore size of NH2-MIL-53(Fe). Thus, we inferred part of the PFL molecules should enter the nanoscopic cages by adsorption, while other enzyme molecules are covalently bound to the surface of the NH2-MIL-53(Fe).

The morphology of pure NH2-MIL-53(Fe) and PEG-PFL@NH2-MIL-53(Fe) were observed by SEM. Figure 4a indicates that pure NH2-MIL-53(Fe) presents a cone shape with a smooth surface. From Figure 4c and 4d, the lipase located at the outer NH2-MIL-53(Fe) surface can be clearly observed around the PEG-PFL@NH2-MIL-53(Fe) composite by SEM. In comparison with pure NH2-MIL-53(Fe), the intervention of lipase made the surface of the MOF material rough, which leads to the change of the crystal phase of the NH2-MIL-53(Fe). This is also further verified by the XRD characterization results of the PEG-PFL@NH2-MIL-53(Fe).

3.2 Effect of temperature

   The thermal stability of the biocatalyst is an extremely important parameter for industrial application (Rafiei et al., 2017). To prevent the loss of catalytic activity by the conformational transformation of enzymes at high temperature, the thermal stability of bio-catalyst can be improved by immobilization methods. Therefore, the effect of temperature on the activity of free PFL and immobilized PFL were investigated, as shown in Figure 5. The conversion rate of enantioselective transesterification reaction was used as the basis for evaluating the catalytic activity. In the range of 30 to 55 ℃, the conversion rate of immobilized PFL is obviously better than that of free enzyme (Figure 5a). It indicates that the thermal stability of free enzyme is significantly improved by immobilization. With the change of temperature, the catalytic activities of free lipase and immobilized lipase change in the same trend, but the catalytic activity of immobilized enzyme fluctuated less than that of free enzyme. At 50 ℃, the conversion rate of free PFL is only 45.4% whereas the immobilized PFL retains 95% of its initial activity (conversion, 47.3%). These results clearly indicate that the lipase immobilized onto NH2-MIL-53(Fe) can avoid their conformation transition at high temperature, which enhances their thermal stability. Furthermore, the enantioselectivity of the immobilized enzyme is also more than that of the free enzyme (Figure 5b). At 50 ℃, the enantiomeric excess of free PFL and immobilized PFL is 94.3% and 98.6%, respectively. The immobilized PFL has a wider temperature range for obtaining optimal catalytic activity compared with free PFL. May be due to the immobilization of lipase onto MOFs, the catalytic triad of lipase is protected, preventing lipase from denaturing at high temperature.

3.3 Effect of substrate ratio

The substrate ratio in enzymatic reaction process is a key factor influencing the catalytic activity of lipase (Zheng et al., 2010). To test the deactivation of of free PFL and immobilized PFL against acyl donor, the effect of various concentration of vinyl acetate on conversion and enantiomeric excess were investigated by keeping the concentration of (R,S)-4-fluoromandelic acid constant (Figure 6). As the substrate ratio of vinyl acetate to 4-FMA increases, the conversion of free PFL and the enantioselective excess increases sharply. When the substrate ration is 6:1, the conversion and enantiomeric excess in free PFL catalyzed reaction are 48.6% and 94.1%, respectively. Further increase in the substrate ratio only leads to slight changes in conversion and enantiomeric excess, indicating that vinyl acetate has no inhibitory effect on the catalytic activity of lipase. When the substrate ration is 6:1, the conversion and enantiomeric excess of immobilized PFL catalyzed reaction are 49.6% and 98.0%, respectively. Clearly, the catalytic activity of immobilized PFL is much higher than that of free PFL in same substrate ratio. The improved catalytic activity of immobilized PFL is due to the immobilization of lipase on the surface of hydrophobic MOFs, avoiding exposure of the active center of lipase to organic solvent. 

3.4 Effect of immobilized PFL loading

To study the relation between the catalytic performance and immobilized PFL loading, experiments were performed from 10 to 90 mg (Figure 7). It can be observed in Figure 7 that the conversion and enantiomeric excess rapidly increase with the increase of immobilized PFL loading from 10 - 60 mg. When the immobilized PFL loading is 60 mg, the conversion and enantiomeric excess are 49.6% and 98.0%, respectively. With further increase in immobilized PFL loading, the conversion rate and enantiomeric excess show only slight fluctuations. The enantioselective transesterification reaction of PEG-PFL@NH2-MIL-53(Fe) as biocatalysts is a typical solid-liquid interface reaction. At higher immobilized enzyme loading, external mass transfer resistance is enhanced, which reduces the interaction between the enzyme and the substrate. The decrease in the reaction rate results in slow increase in conversion. Therefore, 60 mg of immobilized PFL loading was used in further enantioselective transesterification reaction. 
3.5 Effect of reaction time 

The effect of reaction time on the catalytic performance of free PFL and immobilized PFL is shown in Figure 8. Free PFL in MTBE demonstrates a initial rate of 2.82 × 10-2 mM/min (Table 1) as derived from the slope of the time-concentration curve in the first 6 h. However, the transesterification reaction for PEG-PFL@NH2-MIL-53(Fe) is going very fastly with a initial rate of 1.65 × 10-1 mM/min (Table 1). The initial rate in immobilized PFL catalyzed reaction is obtained as derived from the initial time of about 2 h. In comparison of free PFL, the initial rate in immobilized PFL is 5.8 times faster than that in free PFL. Furthermore, the enantiomeric excess in the immobilized enzyme is higher than that in the free enzyme under the same reaction conditions (Figure 8b). After 12 h (Figure 8a, Table1), free PFL in MTBE exhibits a final conversion of 47.2%, which can be ascribed to the slight agglomeration of free lipase in organic solvent. The high final conversion of 49.6% is achieved for PEG-PFL@NH2-MIL-53(Fe) in MTBE, meaning PEG-PFL@NH2-MIL-53(Fe) exhibits high catalytic activity for enantioselective transesterification of 4-FMA enantiomers. Compared free PFL, both the initial rate and final conversion in PEG-PFL@NH2-MIL-53(Fe) indicate that the catalytic activity and stability of lipase are improved by PEG modification and immobilization. From Figure 8b, the enantiomeric excess in PEG-PFL@NH2-MIL-53(Fe) is higher than the enantiomeric excess in free PFL under the same reaction conditions. At 12 h, enantiomeric excess with free PFL and PEG-PFL@NH2-MIL-53(Fe) are 88.0% and 97.6%, respectively. After 12 h, the increase of conversion in the immobilized enzyme was due to the (S) -enantiomer reaction having reached equilibrium, and the (R) -enantiomer began to react rapidly.
3.6 Reusability of immobilized lipase

The reusability of immobilized enzyme is often hindered by decreasing activity and selectivity. Therefore, it is necessary to study the reusability of immobilized enzyme for industrial applications. To evaluate the reusability of bio-catalyst, PEG-PFL@NH2-MIL-53(Fe) was applied as a catalyst for enantioselective transesterification of 4-FMA enantiomers at several cycles. As shown in Figure 9,  the conversion rate of the transesterification reaction remains 40% after four cycles, which is 83% of its initial activity. Additionally, the enantioselectivity of the PEG-PFL@NH2-MIL-53(Fe) remain constant over five cycles. The excellent reusability of PEG-PFL@NH2-MIL-53(Fe) indicates that PEG-modified lipase is properly immobilized onto the MOFs, which protects it from denaturation and prevents the necessary water layer from peeling off its surface. Methyl tert-butyl ether is an organic solvent between polar and non-polar. Organic solvents generally have some side effects on lipase activity. Most of the lipases are covalently immobilized onto the surface of the MOF, and the lipases are easily exposed to organic solvents during the reaction. In the fifth cycle, the sharp decrease of the conversion may be attributed to the methyl tert-butyl ether destroying PEG of the lipase outer layer under mechanical stirring, which caused the necessary water layer around the lipase to be stripped in the organic solvent.
4. CONCLUSION

 In conclusion, a strategy of PEG modification and covalent immobilization was developed to improve the catalytic activity and reeusability of free lipase. Pseudomonas fluorescens lipase was modified by PEG to prepare PEG-modified lipase. PEG-modified lipase was successfully immobilized onto NH2-MIL-53(Fe) by  covalent cross-linking. The immobilized PFL as a high efficient bio-catalyst was firstly used for enantioselective transesterification of (R,S)-4-fluoromandelic acid with acyl acetate. Compared with free PFL, the immobilization of PFL significantly enhanced the catalytic performance, the thermal stability and the reusability of lipase. By optimizing the reaction conditions, the optimal reaction conditions were obtained, including 50 ℃ of temperature, 6:1 of substrate ratio, 60 mg of PEG-PFL@NH2-MIL-53(Fe) loading and 12 h of reaction time. Under optimal reaction conditions, PEG-PFL@NH2-MIL-53(Fe) exhibited high conversion with 49.6% and enantiomeric excess with 98.0%. In particular, the activity of this stable lipase-MOF composite lead to excellent enzymatic performances on the asymmetric transesterification of (R, S) -4-FMA to (R)-4-FMA even after 4 cycles. This study provides a theoretical basis for the industrial application of metal-organic framework materials as a new host matrix to immobilize enzyme.
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Figure Legends
Figure 1. The immobilization process of pseudomonas fluorescens lipase.

Figure 2. Transesterification of 4-fluoromandelic acid and vinyl acetate.

Figure 3. (a) The PXRD patterns of bare NH2-MIL-53(Fe), PEG-PFL@NH2-MIL-53(Fe) and recovered PEG-PFL@NH2-MIL-53(Fe). (b) FT-IR spectra of NH2-MIL-53(Fe), free PFL, PEG-PFL@NH2-MIL-53(Fe) and recovered PEG-PFL@NH2-MIL-53(Fe). (c) N2 adsorption isotherms of NH2-MIL-53(Fe) and PEG-PFL@NH2-MIL-53(Fe). (d) The pore size distributions of NH2-MIL-53(Fe) and PEG-PFL@NH2-MIL-53(Fe).

Figure 4. The SEM images of (a, b) pure NH2-MIL-53(Fe) and (c, d) PEG-PFL@NH2-MIL-53(Fe).

Figure 5. Effect of temperature on conversion and enantiomeric excess. Conditions: [4-FMA] = 30 mM, [VA] = 180 mM, t = 12 h, 11 mg of free PFL, 60 mg of PEG-PFL@NH2-MIL-53(Fe).
Figure 6. Effect of substrate ratio on conversion and enantiomeric excess. Conditions: [4-FMA] = 30 mM, T = 50 ℃, t = 12 h, 11 mg of free PFL, 60 mg of PEG-PFL@NH2-MIL-53(Fe).
Figure 7. Effect of immobilized PFL loading on conversion and enantiomeric excess. Conditions: [4-FMA] = 30 mM,  [VA] = 180 mM, T = 50 ℃, t = 12 h.

Figure 8. Effect of reaction time on catalytic activity. Conditions: [4-FMA] = 30 mM,  [VA] = 180 mM, T = 50 ℃, 11 mg of free PFL, 60 mg of PEG-PFL@NH2-MIL-53(Fe).

Figure 9. Reusability of PEG-PFL@NH2-MIL-53(Fe) composite in enantioselective transesterification reaction. Conditions: [4-FMA] = 30 mM, [VA] = 180 mM, T = 50 ℃, 60 mg of PEG-PFL@NH2-MIL-53(Fe).
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Figure 3
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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Table 1. Summary of catalysis results of free PFL and immobilized PFL in enantioselective transesterification reaction.
	
	Free PFL
	PEG-PFL@NH2-MIL-53(Fe)

	Initial rate (mM/min)
	a2.83×10-2
	b1.65×10-1

	Conversion (%)d
	47.2
	49.6

	a Initial rate in free PFL calculated from the first 6 h. b Initial rate in immobilized PFL calculated from the first 2 h. c Final conversion after 12 h.
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