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a-Chymotrypsin immobilized on super paramagnetic nanogels covered with carboxyl groups, exhibited high stereoselectivity in kinetic
resolution of racemic phenylalanine in toluene/water biphasic system, and even improved reusability over its parent free enzyme. The
results also showed that the addition of ionic liquid to water phase could enhance the stereoselectivity of the immobilized enzyme to a
certain extent while the conversion yield decreased. The long-term stability allows the supported enzyme with nano-scaled dimension
to use in continuous chiral resolution reaction, which opens a new horizon for enzymatic chiral resolution in large-scale production.

Keywords: Superparamagnetic nanogels, enzymic resolution, immobilized « -chymotrypsinc, (D, L)-Phenylalanine, ionic liquid

1 Introduction

Resolution of two enantiomers from a racemic mixture is of
great importance in pharmaceutical industry. Nowadays, a
plethora of interest on this subject arises from the fact that
isomer bears different pharmacokinetic characteristics and
pharmacological effects (1). One enantiomer usually pro-
vides the desired activity, while the opposite enantiomer
may be inactive or sometimes toxic. Except for the sep-
aration methods, enzymatic kinetic resolution has been
proven to be the simplest and most efficient method to
achieve chiral resolution of a racemic mixture (2-4). Com-
monly, enzyme-catalyzed reactions have higher selectivity,
in comparison to the reactions driven by chemical catalyst,
produce a cleaner product and achieve higher yield. Ad-
ditionally, these reactions can be carried out under mild
conditions. However, the enzymatic resolution reactions
still suffer from numerous limitations. For instance, loss
of activity is frequently observed since enzymes are labile
molecules. On the other hand, free enzymes are difficult
to be retrieved from reaction media. This could greatly
increase the operational costs, especially for expensive en-
zymes in large-scale applications. As a result, recycling of
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immobilized enzymes becomes the central issue of enzy-
matic catalysis. Indeed, immobilization of enzymes onto
supports has been corroborated to be a robust strategy to
overcome the drawbacks aforementioned. Immobilization
provides a preferable approach to make enzyme reuse and
to extend its shelf half-life.

Currently, a large number of nano-scaled carriers have
been applied in enzyme immobilization (5-10). Among
the carriers, functional superparamagnetic nanoparticles
have become increasingly attractive due to their super-
paramagnetic feature (11-14). In general, proteins are
anchored to the magnetic nanoparticles through func-
tional groups on the surface of the magnetic nanoparticles
(15-17).

Magnetic nanogels, a class of inorganic/polymer core-
shell composites with nano-scaled dimension, comprise a
core of magnetically susceptive nanoparticle and a shell of
crosslinked polymeric network. They usually possess an ex-
cellent swollen capacity, functional groups and hydrophilic-
ity. The use of superparamagnetic nanogels as supports for
enzyme immobilization is endowed with the following ad-
vantages: (i) higher specific surface favoring the binding ef-
ficiency, (ii) lower mass transfer resistance and less fouling,
(iii) readily separation and lower operation cost. Conse-
quently, magnetic nanogels would be an optional support
for enzyme immobilization.

Magnetic immobilized enzymes have been extensively
examined recently. Especially, magnetic nanoparticle-
supported enzymatic esterification and hydrolysis reactions
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have been explored in organic solvents (18-21). However,
to our knowledge, there is little literature reported on
nanoparticle-supported enzymatic resolution in biphasic
system. Herein, we would like to report our preliminary
investigations on the lipase-catalyzed kinetic resolution of
racemic phenylalanine in toluene/water biphasic system.
It was anticipated that this work could open a new gate-
way for production of optically pure amino acid in large
scale.

2 Experimental

2.1 Materials

Methylacrylic acid (MAA), N, N'-Methylene-bis-(acryla-
mide) (MBA), N-hydroxysuccinimide (NHS, Su-OH)
and 1-ethyl-3-(3-dimethylaminepropyl) carbodiimide hy-
drochloride (EDC- HCl), ethanol amine and Ionic liquid
([Me;NC,H4OH]* [ZnCl3]™) were purchased from Shang-
hai Chemical Reagents Corp.. N-Benzoyl- L-Tyrosine Ethyl
Ester (BTEE) and DL-phenylalanine methyl ester were
purchased from Sigma. BCA protein assay kit and « -
Chymotrypsin (CT) were obtained from Biotian Company
Ltd., China. Fe;04 nanoparticles were prepared by a par-
tial reduction method according to references (22, 23).
Their sizes were about 10 nm in diameter with a poly-
dispersity of 0.061 measured by dynamic light scattering
(DLS) (Zetasizer Nano ZS, Malvern Instruments, UK).
Saturation magnetization was measured to be 66.3 emu -
g~!. Immeasurable coercivity and remanence showed its
super-paramagnetic profile. MAA and MBA were purified
prior to use. Other chemicals were all of analytic grade and
used without further purification.

2.2 Synthesis of Carboxyl-Functionalized Magnetic
Nanogels

The carboxyl-functionalized magnetic nanogels were syn-
thesized according to our previous methods (24). Briefly,
MAA (1 mL, 11.8 mmol and 1% MBA (2 mL, 64.9 umol)
were mixed in 120 mL water, and adjusted pH to 6 with 5
M NaOH before charging into the quartz flask. The reac-
tion system was bubbled with nitrogen for 10 min. Subse-
quently, 2 mL of magnetofluid (10 mg Fe;O4 per mL) was
dropped into the flask. The mixture was irradiated with
500 W of xenon lamp for 1 h under nitrogen atmosphere.
After, the resultant magnetic nanogels were recovered by
a 0.5 T of magnet, and washed several times with pure
water. The yield of the lyophilized magnetic nanogels was
89%.

Yu et al.

2.3 Immobilization of Enzyme onto the Magnetic Nanogels
with Carboxyl Groups

EDC- HCI (5 mg, 26 umol) and NHS (7 mg, 61 umol) were
dissolved in 3 mL of phosphate buffer solution (50 mM, pH
6.5). Twenty milligrams of carboxyl-functionalized mag-
netic nanogels was added into the mixture. The reaction
was carried out at water bath of 0°C for 30 min. The mag-
netic nanogels with active ester was gathered by a mag-
net and redispersed in 3 mL of PBS (50 mM, pH 6.5). 5
mg of CT was introduced into the former mixture, and
then shaken for 24 h at room temperature. The immobi-
lized enzyme was magnetically concentrated and washed
several times with PBS (50 mM, pH 6.5) until no free
enzyme was detected in the washing solution by bicin-
choninic acid (BCA) protein assay. Finally, I mL of 10 mM
ethanolamine was added into the resultant immobilized
enzyme, and the reaction was kept for 1 h at room temper-
ature. The immobilized enzyme was isolated by a magnet
and redispersed in pH 3 of hydrochloric after several times
washing.

2.4 Enzyme Activity Assay

Unit of enzyme activity (U) was defined as: 1 mg of protein
will hydrolyze 1.0 umol of BTEE per minute at pH 7.8 at
25°C.

Activity of the immobilized CT was determined by spec-
troscopically assayed:

CT
BTEE + H,O —— Benzoyl—L — Tyrosine + Ethanol

The assay mixture consisted of 1.42 mL of Tris-HCI
buffer (80 mM, pH 7.8), 1.4 mL of 1.18 mM BTEE and
0.08 mL of 2 M CaCl,). After the addition of 0.1mL of
enzyme solution, the reaction was carried out at 25°C for 3
min. The suspension was immediately separated by an ex-
ternal magnetic field of 0.5 T and measured the absorbance
of the solution at 256 nm in a UV/Vis spectrophotometer
(Shimadzu, Model 1601; Tokyo, Japan). Specific activity
was estimated using the following formula:

Specific activity [U/mg - min] = AA/(0.964x Ewx3x3)

Where A A was the absorbance of the solution at 256
nm, Ew represented the amount of enzyme in 0.1 mL of
enzyme solution, 0.964 was the molar extinction coefficient
of N-Benzoyl- L-Tyrosine at 256 nm.

2.5 Effect of Temperature on the Resolution

20 mg of immobilized enzyme was dispersed in 15 mL of
PBS (pH 6.8, 50 mM), and then charged into 100 mL of
flask. 3.0 g of racemic phenylalanine methyl ester as a sub-
strate was dissolved in 15 mL of toluene, and then mixed
with the above enzyme solution. The reaction was kept at
25°C or 65°C of water bath for 10 h, with a shaking rate of
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100 rpm/min. At a fixed time interval, the resolution prod-
uct was isolated from the water phase. After completion of
the hydrolysis reaction, the immobilized enzyme was mag-
netically concentrated and washed several times with water.
The water phase was cooled at 4°C overnight, and then fil-
tered. All the products were pooled and washed with ice
water and toluene in sequence, then dried under vacuum.

2.6 Effect of Ionic Liquid on the Enzymatic Resolution

0.5 mmol of ionic liquid was mixed with the enzyme so-
lution, and charged into a 100 mL flask. The composition
of the organic phase was the same as above. The reaction
was carried out at 25°C in a water bath for 10 h. The treat-
ment of resolution product was the same as the method
mentioned above.

2.7 Chiral Mobile Phase HPLC Analysis

Concentration of enantiomer from the resolution reaction
was obtained by chiral mobile HPLC analysis using a re-
verse column with a UV detector. The mobile phase was
methanol/water (v/v = 20:80) containing 1.5 mM of L-
proline and 0.75 mM of copper ionic. Chromatographic
studies were performed at 25°C with a flow rate of 1
mL/min. After equilibration, 5 uL of injection was made.
Detection was achieved at 250 nm. Enantiomeric excess of
phenylalanine (ee %) was calculated based on the HPLC
analysis.

2.8 Reusability Assay

To test reusability of the immobilized enzyme, batch res-
olution reaction was conducted. After each cycle of the
resolution reaction, the immobilized enzyme was isolated
by a permanent magnet, and washed several times with
PBS. Then, the immobilized enzyme was reintroduced into
the PBS, and started a new round of resolution.

2.9 Characterization

The hydrodynamic sizes of magnetic nanogels were mea-
sured by dynamic light scattering (DLS) (Zetasizer Nano
ZS, Malvern Instruments, UK). Thermogravimetric anal-
ysis (TG) was determined by a simultaneous DTA-TG
(Shimadzu, DTG-60M) and DSC apparatus (Shimadzu,
DSC-60) by heating the samples from room temperature to
800°C under N, atmosphere at a heating rate of 10°C/min.
Magnetic properties of the samples were obtained with a
Princeton Applied Research Vibrating Sampling Magne-
tometer (VSM) model 155 and a Quantum Design SQUID
MPMS-XL (ac and dc modes and maximum static field 5
T).
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3 Results and Discussion

3.1 Characterization of Carboxyl-Functionalized Magnetic
Nanogels

To covalently immobilize the enzyme to Fe;O,4 nanopar-
ticles, magnetic nanogels covered by hydrophilic poly-
mer containing carboxyl groups were obtained by photo-
chemical in situ polymerization with quantum-sized Fe;Oq4
nanoparticles as photoinitiator according to our previ-
ous methods (24). The chemical structures of magnetic
nanogels have been proved in our former work (24), and
their mean hydrodynamic diameter measured by DLS was
45 nm.

The TG curve of magnetic nanogels was shown in Figure
1, a 1.42% weight loss of the magnetic nanogels was ob-
served in the temperature range from room temperature to
180°C, which was the water content in magnetic nanogels.
From about 180 to 480°C, an 11.98% weight loss of the
magnetic nanogels showed the polymer shell content. So,
the magnetic content of magnetic nanogels was calculated
to be about 86.6% in the lyophilized state.

To better understand the magnetic behaviors, the hys-
teresis loops of magnetic nanogels were measured by VSM.
As shown in Figure 2, the immeasurable coercivity and
remanence of magnetic nanogels suggested that superpara-
magnetic properties were retained for Fe;O4 nanoparticles
after surface coating. Saturation magnetization of the mag-
netic nanogels was measured to be 62.8 emu.g~!, which was
a slight decrease in comparison with that of naked Fe;O4
nanoparticles due to the partial oxidation of magnetite sur-
face during the photo-polymerization process.

100-_ I‘/Weight loss: 1.42%
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Fig. 1. TG curve of magnetic nanogels.
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Fig. 2. Hysteresis loops of (a) naked Fe;O,4 nanoparticles, (b)
magnetic nanogels, and (¢) CT-modified magnetic nanogels.

3.2 Characterization of Immobilized Enzyme onto the
Magnetic Nanogels

a -Chymotrypsin (CT) was covalently bound to carboxyl-
functionalized magnetic nanogels using EDC.HCl as a cou-
pling agent. The immobilization protocol was schemati-
cally presented in Figure 3. Ethanolamine was used to block
the superfluous carboxyl groups in CT-modified magnetic
nanogels. The immeasurable coercivity and remanence of
CT-modified magnetic nanogels also suggested their su-
perparamagnetic behaviors (Fig. 2). Saturation magnetiza-
tion of the CT-modified magnetic nanogels was measured
to be 59.6 emu.g~!. Their high saturation magnetization
suggested their good magnetic recovery. The mean hydro-
dynamic diameter of CT-modified magnetic nanogels was
measured to be 55 nm by DLS. The amount of CT on the
magnetic nanogels was obtained by standard BCA protein
assays of the original enzyme solution and washing solu-
tion, respectively. The binding capacity was calculated to
be 37.5 mg CT/g nanogels, and activity of the immobilized
CT preparation was determined to be 0.77 U/(mg. min),
82.7% as that of the free CT.

3.3 Effect of Temperature on the Resolution

The enzymatic resolution of (R, S)-phenylalanine was car-
ried out in a toluene/water biphasic system. The mecha-
nism was illustrated in Figure 4. At fixed time interval, the
enzyme-catalyzed sample was separated and taken out of
the reaction mixture. The optical rotation measurements
and chiral mobile phase HPLC were utilized for determin-
ing the absolute configuration and enantiomeric excess (ee
%) of the resolution product, respectively. As show in Ta-
ble 1, a yield of 26.7% resolution was obtained for the

Yu et al.

EDC.HCI / Su-OH
COOH Em COOSu

Coating layer (1)CcT

(2) H,NCH,CH,OH

CONH—<ICTI»

O
NHCHZCHQOH

Fig. 3. Immobilization protocol of CT onto magnetic nanogels.

immobilized preparation in comparison to 44.9% for the
same amount of free enzyme at 25°C. The ee % values of
the resolution products from the free and the immobilized
enzyme were determined to be 83.5 and 91.3, respectively.
The decreased resolution yield might be due to the mass
transfer limitation, as well as the loss of activity after the
enzyme being bound to the support. However, immobiliza-
tion of enzyme to the magnetic nanogels resulted in the
enhancement of the stereoselectivity of the enzyme.

As show in Table 1, when the resolution was carried out
ata higher temperature of 65°C, the free enzyme lost its ac-
tivity completely and no product was obtained. While the
immobilized preparation gave a conversion yield of 24.0%,
and a ee % of 77.1%, which was smaller than the product
obtained from 25°C, in coincidence with the results pre-
viously reported (21, 25). These results indicated that the
immobilized enzyme had better resistance to temperature
inactivation than that of the free enzyme.

O Substrate

{+ Immobilized enzyme

O
Ol 0 (b Olo [ ] Toluene

[] H,0

10 — Interface diffusion

Fig. 4. Schematic representation of enzymatic resolution in
toluene/water biphasic system.
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Table 1. Effect of temperature or ionic liquid on the enzymatic resolution of racemic

phenylalanine methyl ester

Cl:OgCH3 Chymotrypsin immobilized Cl:OgCH3 (I:OZH
ti ticl

PROHC—NH, — e P PhCH;-G—NH, 4 PhCH;C—NH,

H H H

(D, L-Phe-OMe) (D-Phe-OMe) (L-Phe)
Racemization |
Yield (%) ¢ ee (%) “
Entry  Free enzyme  Immobilized enzyme  Free enzyme  Immobilized enzyme
1 44.9 26.7 83.5 91.3
— 24.0 — 71.1

3 39.5 23.8 86.0 95.2

4Determined by Chiral mobile phase HPLC analysis.

Entry 1: Reaction carried out at 25°C;
Entry 2: Reaction carried out at 65°C;

Entry 3: Adding 0.05 mM ionic liquid to the water phase.

3.4 Effect of Ionic Liquid on the Enzymatic Resolution

Ionic liquid (IL) is a new generation of “green” solvent
with some unique properties. It is worthwhile to find the
effects of IL on the enzyme-catalyzed activity. As shown in
Table 1, the addition of IL enhanced the steroselectivity of
the enzyme to a certain extent while the conversion yield
decreased. It was thought that the substrate turned from
neutral form to ionic form after adding IL to the water
phase. As a consequence, the size of the substrate became
smaller. However, the size change was not big enough to
lead to a structure change of the substrate (26), which re-
duced the probability of the enzyme molecule combining
with the slow reacting enantiomer ( R-enantiomer). Thus,
steroselectivity of the immobilized enzyme in enzymatic
chiral resolution was improved, while IL could enhance the
ionic strength of water phase, and resulted in aggregation
of immobilized enzyme. In this case, the number of enzyme
molecules taking part in the hydrolysis reaction decreased,
and thereby the conversion yield decreased. Detail results
will be reported soon.

Table 2. Recycling of the immobilized enzyme from the
reaction mixture for kinetic resolution of racemic pheny-
lalanine methyl ester at 25°C, toluene/water (v/v) = 1:1

Conversion (%) ¢

Reaction cycle Free enzyme Immobilized enzyme
1 44.9 26.7

— 259
3 — 24.6

“Determined by chiral mobile phase HPLC analysis.

3.5 Recycle Usability of Immobilized CT

The recycling of the immobilized enzyme was also prelim-
inarily investigated. After each cycle of resolution, the im-
mobilized enzyme in water was magnetically concentrated
and washed several times with PBS. Then, the immobilized
enzyme was reintroduced to the reaction system, and a new
cycle of resolution started. As illustrated in Table 2, the
immobilized enzyme had a conversion yield of 25.9% in
the second cycle of the reaction, and 24.6% in the third
round. Obviously, the immobilized enzyme exhibited ex-
cellent reusability for the first several cycles.

4 Conclusions

In summary, magnetic nanogel-bound lipase was used to
probe chiral resolution of racemic mixture in biphasic sys-
tem. After bound to the support, the immobilized enzyme
exhibited excellent thermal and long-term stability, yet loss
in activity was also observed due to the conformational
restrictions imposed by the covalent bonding of the en-
zyme residues to the support. The magnetic immobilized
enzyme could be retrieved from the reaction mixture for
a new round of resolution without significant loss in ac-
tivity. The superparamagnetic feature allowed facile iso-
lation of immobilized enzyme in a magnetic field. The
ee % values of the nanoparticle-supported enzymatic res-
olution were enhanced to a certain extent compared to
those of the free counterpart. It is important to stress that
the reaction system was of high economy and efficiency.
These aforementioned features of the magnetic nanogels
may open a new horizon for enzymatic chiral resolution in
the near future. More detailed experiments, for instance,
the effects of buffer, water content and concentration of
substrate on the catalytic efficiency of the immobilized
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enzyme are ongoing. Relevant results will be reported in
due course.
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