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AbstractRacemic 1-phenylethylamine was resolved by enantiomer selective acetylation using Fe3O4-chitosan micro-
sphere (CTS)-glutaraldehyde-lipase in a solvent-free system under an alternating magnetic field. Magnetic chitosan
microspheres (Fe3O4-CTS) were prepared via chemical co-precipitation and cross-linked with lipase using glutaralde-
hyde to form Fe3O4-CTS-glutaraldehyde-lipase particles. The magnetic, physicochemical, and textural characteristics of
Fe3O4-CTS-glutaraldehyde-lipase particles were assessed by Fourier transform infrared spectroscopy, X-ray diffraction,
and scanning electron microscopy. The optimal immobilization conditions were 2.4 mg/mL lipase, 10 mg/mL Fe3O4-
CTS-glutaraldehyde, pH 8.5, 35 oC, 3 h. The loading amount of lipase and the specific activity got to 132 mg/g carrier
and 48 U/g. The optimal reaction conditions of the acylation reaction using Fe3O4-CTS-glutaraldehyde-lipase were
300 mmol/L 1-phenylethylamine, 150 mg immobilized lipase, 2 mL vinyl acetate, 12.6 ×g rotating speed, 40 oC, 8 h. The
activity of the Fe3O4-CTS-glutaraldehyde-lipase particles and conversion were improved when they were exposed to an
external alternating magnetic field. The optimum magnetic field was 12 Gs (500 Hz). The conversion, enantiomeric
excess of (R)-N-(1-phenylethyl)acetamide, and E value reached 41.8%, 98.4%, and 264, respectively. Fe3O4-CTS-glutar-
aldehyde-lipase could be reused seven times. A kinetic model of the immobilized lipase-catalyzed resolution of 1-
phenylethylamine was set up based on the ping-pong bi–bi mechanism. The kinetic constants were Vmax=1.62×102

mM/min, KA=2.84×104 mM, and KB=5.8×101 mM. The model data fit well with the experimental data.
Keywords: Alternating Magnetic Field, Enantiomer Selective Acetylation, Fe3O4-CTS-glutaraldehyde-lipase, Solvent-free

System, (R)-N-(1-phenylethyl)acetamide

INTRODUCTION

Chiral amines and their derivatives, especially in the enantio-
pure form, are valuable building blocks for the synthesis of fine
chemicals and final products in pharmaceutical and agrochemical
industries [1,2]. They are also useful as resolving agents for enan-
tiomer separation via diastereomeric salt formation, and as ligands
for asymmetric synthesis via either transition metal catalysis or
organocatalysis. The majority of pharmaceutical drugs are amines
or their derivatives, and if chiral, their application in a non-race-
mic form is of paramount importance [3]. (S)-Phenylethylamine is
a chiral raw material whose intermediates can be used in the prepara-
tion of optically active ketorolac, chiral 3,5-disubstituted-1',2',4'-tri-
azole-[3',4'-b] diazines and diethylzinc, and also as chiral phosphorus
reagents for asymmetric reactions of aromatic aldehydes [4-6].

Biocatalysis provides a fair balance in terms of efficiency, envi-
ronmental friendliness, and cost [7]. There are several methods for
obtaining enantiomerically pure compounds; lipases are ubiquitous
enzymes and have been widely applied in industry because of their
ability to catalyze enantioselective biotransformations [8]. Lipases
(EC 3.1.1.3) are an important class of enzymes because of their
regional specificity, stereospecificity and substrate specificity. In addi-

tion, the mild catalysis conditions reduce the energy requirements
[9]. Lipases catalyze many different reactions, although they are natu-
rally designed to cleave ester bonds of triglycerides and subsequently
release free fatty acids, diglycerides, monoglycerides, and glycerol
[1-4]. Lipases can also catalyze the reverse reaction under mild aque-
ous conditions, i.e., formation of esters by reaction of alcohol and
carboxylic acid moieties [10]. In recent years, these enzymes have
been used in organic synthesis and for kinetic resolution of race-
mic compounds [11,12].

Although the lipase-catalyzed biotransformations in the presence
or absence of organic solvents have been widely studied, enanti-
oselective N-acylations under solvent-free conditions are rare and
important [13,14]. Solvent-free systems offer many advantages such
as minimal environmental impact and cost of solvent recovery and
recycling, high enzyme stability, and fewer purification steps [15].
Furthermore, the utilization of solvent-free systems dramatically
reduces the process hazards accompanying solvent exposure, tox-
icity, and flammability. Such developments can shift the manufac-
turing process towards a green, environmentally friendly route [16].
The absence of solvents also facilitates downstream processing and
reduces the overall production cost [17].

It is difficult for free enzymes to be recovered and reused. As
free enzymes have short operational lifetimes, massive amounts of
the enzymes are wasted when utilized as such [18]. On the other
hand, solid catalysts can be easily separated from the system after
the reaction and may also be reused. The main obstacle to using
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lipases in these applications is the cost of biocatalysts. One of the
main goals of biocatalysis is to immobilize the maximum amount
of the enzyme and retain its maximum activity at the lowest cost
[19]. The immobilization of lipases on solid materials not only im-
proves the life and stability of the biocatalysts, but also facilitates
their recovery, reuse, and continuous enzymatic operation. It also
protects the enzyme from solvent denaturation and improves its
thermal stability [20].

Among the various immobilization methods, adsorption is the
simplest and also the gentlest approach. It is the most direct method
of immobilization, involving convenient experimental procedures.
Furthermore, high enzyme loading and enhanced stability can be
obtained via adsorption [21,22]. However, the weak forces between
the enzyme molecules and the support material cause the adsor-
bent to continuously leach from the support, resulting in poor sta-
bility [23]. To overcome this problem, covalent connections should
be used for immobilization. Lipases have been covalently linked to
carriers having functional groups such as an aldehyde [24] or an

epoxy [25]. Fe3O4 nanoparticles exhibit unique properties includ-
ing superparamagnetism and low toxicity [26,27]. They have been
used as a support for immobilized enzymes because of associated
advantages of easy separation and efficient cycling under external
magnetic fields [28,29]. Chitosan, poly[b-(1-4)-link-2-amino-2-deoxy-
D-glucose], is non-toxic, hydrophilic, biocompatible, biodegrad-
able, and antibacterial, and available as a magnetic carrier; because
it has different functional groups, it can be adjusted according to
the specific application [30,31]. In addition, glutaraldehyde activa-
tion is a simple and effective method of immobilizing enzymes.
Glutaraldehyde can react with several functional groups such as
amino of proteins and supports [32,33]. Each glutaraldehyde is ex-
pected to form a Schiff base upon nucleophilic attack by the enzyme
and the primary amino group in chitosan, and the stability of the
enzyme is improved because of the bond formed by the Schiff
base reaction [34,35]. In this work, magnetic chitosan microspheres
(CTS) were synthesized by chemical co-precipitation [36,37]. Fe3O4-
CTS-glutaraldehyde-lipase particles were prepared by cross-link-

Fig. 1. Resolution of racemic 1-phenylethylamine(rac-1a) with lipase(a) (R-2a: (R)-N-(1-phenylethyl)acetamide; S-1a: (S)-phenylethylamine);
Schematic illustration of the synthesis of Fe3O4-CTS-glutaraldehyde-lipase (b); Schematic diagram of the catalytic reaction by Fe3O4-
CTS-glutaraldehyde-lipase in an alternating magnetic field (c).
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ing Fe3O4-CTS and lipase using glutaraldehyde. The magnetic,
physicochemical, and textural characteristics of Fe3O4-CTS-glutar-
aldehyde-lipase were studied by Fourier transform infrared spec-
troscopy (FT-IR), X-ray diffraction (XRD), and scanning electron
microscopy (SEM).

There is a certain diffusion limitation in the immobilized enzyme
catalyzed reaction, and the usual mechanical agitation is liable to
damage the enzyme. A magnetic field can be applied to the cata-
lytic reaction of the magnetic immobilized enzyme and used instead
of mechanical stirring to improve the stirring mode [38,39]. The
magnetic coil generates an external magnetic field that affects the
magnetic immobilized enzyme, thereby increasing the reaction rate
[40]. The direction of the alternating magnetic field is constantly
changing and the magnetic carriers move in accordance with the
direction of the magnetic field [41].

In this study, racemic 1-phenylethylamine (rac-1a) was resolved
by enantiomer selective acetylation with Fe3O4-CTS-glutaraldehyde-
lipase in a solvent-free system under an alternating magnetic field
(Fig. 1(a)). The preparation conditions of Fe3O4-CTS-glutaralde-
hyde-lipase were optimized. Furthermore, the reaction conditions
for optical resolution were also optimized with vinyl acetate as an
acylating agent in a solvent-free system. A kinetic model was set
up for the resolution of rac-1a.

MATERIAL AND METHODS

1. Materials
Ferric chloride hexahydrate (FeCl3·6H2O), ferrous sulfate hepta-

hydrate (FeSO4·7H2O), 95% deacetylated chitosan powder, racemic
1-phenylethylamine (rac-1a), vinyl acetate (99.5%), ammonia solu-
tion, and glutaraldehyde (50%) were purchased from Shanghai
Aladdin Bio-Chem Technology Co., Ltd. Lipase (Aspergillus niger,
specific activity 60U/g) powder was purchased from HeNan Yang-
shao Bio-chem Engineering Co., Ltd., China. All other materials
were of analytical grade.
2. Analytical Methods

The sample was analyzed by gas chromatography (GC) using a
Shimadzu GC-2014 gas chromatograph equipped with a Hydro-
dex CP7502 column (Machery-Nagel; 25 m×0.25 mm×0.25 mm);
FID temperature: 250 oC, injector temperature: 250 oC, H2 pressure:
83 kPa, split ratio: 1 : 15. GC data (oven program: 100 oC, 13 min,
100-150 oC, 10 oC min1, 10 min at 150 oC), tr (min): 7.9 [(S)-1a],
8.2 [(R)-1a], 22.7 [(R)-2a], 23.4 [(S)-2a].

The conversion (c), enantiomeric excess (ee), and enantiomeric
ratio (E) were determined by gas chromatography. Conversion is
defined as the ratio of the converted substrate concentration to the
total substrate concentration.

The value of E was calculated from c and the enantiomeric excess
of the product (eeP) using Eq. (1) [42].

E=ln[1c(1+eeP)]/ln[1c(1eeP)] (1)

The protein content of the lipase solution was determined by the
Bradford method [43]. Loading amount of lipase (mg/g carrier) is
defined as the protein content of immobilized enzyme on one unit
mass carrier. The enzyme activity was determined by the acyla-
tion reaction of 600 mmol/L (or 300 mmol/L) rac-1a catalyzed by

20 mg of free lipase (or 150 mg of immobilized lipase) at 35 oC (or
40 oC) for 8 h in the shaken (12.6 ×g). The amount of the product
(R)-N-(1-phenylethyl)acetamide formed was analyzed by GC anal-
ysis. One lipase unit (1 U) is defined as the amount of required
enzyme to produce 1 mmol (R)-N-(1-phenylethyl)acetamide per
hour under assay conditions. Specific activity is defined as enzyme
activity divided by the number of milligrams of enzyme protein
on the immobilized carrier.
3. Preparation of Fe3O4-CTS Particles

Fe3O4-CTS particles were prepared by chemical coprecipitation
of Fe2+ and Fe3+ ions by treating with NH3·H2O in the presence of
chitosan. In a typical procedure, 2 g of chitosan was dissolved in
100 mL of 2% acetate acid solution, and Fe2+ and Fe3+ (molar ratio
of 1 : 2) were dissolved in the solution. This solution was chemi-
cally precipitated at 40 oC by adding NH3·H2O dropwise with vig-
orous stirring under the protection of nitrogen. The suspension was
heated to 80 oC and the temperature was maintained for 1 h under
continuous stirring. The Fe3O4-chitosan particles were then sepa-
rated with an external magnet, rinsed several times with water,
and dried at 60 oC under vacuum [27].
4. Immobilization of Lipase onto Fe3O4-CTS Particles

Before the immobilization of lipase onto Fe3O4-CTS particles, the
primary amino groups of the microspheres were activated using
glutaraldehyde coupling agent. Lipase was covalently immobilized
on Fe3O4-CTS by forming a Schiff base linkage between the alde-
hyde group of glutaraldehyde and the terminal amino group of
lipase [33]. In a typical procedure, 500 mg of dry magnetic chi-
tosan microspheres was mixed with 0.75 mL glutaraldehyde solu-
tion in 47.25 mL phosphate buffer at pH 7.0, and the reaction was
allowed to proceed at 30 oC for 4 h. The glutaraldehyde-activated
particles were subsequently recovered by magnetic separation and
then washed with distilled water. The activated magnetic carriers
had reactive aldehyde groups that could react with the amino groups
of lipase to form covalent bonds.

The Fe3O4-CTS-glutaraldehyde activated particles were trans-
ferred to 50 mL of 2.4 mg/mL lipase solution in 0.1 M phosphate
buffer at pH 8.5. The above mixture was agitated at 35 oC for 3 h.
After the completion of the immobilization reaction, the immobi-
lized lipase was separated by application of an external magnetic
field. The obtained precipitates were washed carefully with phos-
phate buffer several times until unbound lipase was completely
removed. The immobilized lipase was frozen in an ultra-low tem-
perature freezer (80 oC) for 8 h. The sample bottle containing fro-
zen lipase was sealed by a sealing film with holes by puncture and
dried by lyophilization for 12 h (Fig. 1(b)) [38].
5. Characterization of Fe3O4, Fe3O4-CTS, and Fe3O4-CTS-glu-
taraldehyde-lipase

The FT-IR spectra of the lipase-immobilized magnetic particles
and free lipase were obtained using an FT-IR spectrophotometer
(iS50, Nicolet). The surface features of Fe3O4, Fe3O4-CTS, and Fe3O4-
CTS-glutaraldehyde-lipase were evaluated by a field emission scan-
ning electron microscope (SEM) (S-4700, Hitachi). Fe3O4, Fe3O4-
CTS, Fe3O4-CTS-glutaraldehyde, and Fe3O4-CTS-glutaraldehyde-
lipase were analyzed by X-ray powder diffraction (XRD). XRD
measurements were conducted on a Rigaku D/MAX-3B X-ray dif-
fractometer employing Cu K radiation (=0.1542 nm).
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6. Optimization of the Preparation Conditions for Fe3O4-CTS-
glutaraldehyde-lipase

As a higher conversion in the acetylation of racemic 1-phenyl-
ethylamine implies a higher activity of Fe3O4-CTS-glutaraldehyde-
lipase, we decided to use it to indicate the activity of Fe3O4-CTS-
glutaraldehyde-lipase in this study.

In a glass vial with a screw cap, 150 mg of the Fe3O4-CTS-glu-
taraldehyde-lipase sample was added to a 2 mL vinyl acetate solu-
tion containing 300 mmol/L of rac-1a. The mixture was shaken
(12.6 ×g) at 40 oC for 8 h. Samples were collected directly from the
reaction mixture after 8 h and analyzed by GC.
6-1. Optimization of Initial Free Lipase Concentration used for
Immobilization

To optimize the initial free lipase concentration for immobiliza-
tion, 0.8, 1.6, 2.4, 3.2, 4.0, and 4.8 mg/mL lipase solutions were
added to the reactors containing 500 mg of Fe3O4-CTS-glutaralde-
hyde. After shaking the reactor at 35 oC and 12.6 ×g for 3 h, Fe3O4-
CTS-glutaraldehyde-lipases were precipitated using a magnet and
washed with 0.1 mol/L phosphate buffer solution (pH=7.0). The
Fe3O4-CTS-glutaraldehyde-lipases were then repeatedly washed with
absolute ethanol and ultrapure water several times before finally
drying by lyophilization.
6-2. Determination of Optimal pH Value of the Buffer for Immo-
bilization

In the pH optimization experiments, 2.4 mg/mL lipase solutions
were put into seven reactors containing 500 mg of Fe3O4-CTS-glu-
taraldehyde and 50 mL of pH 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, and 9.0
phosphate buffer solutions. After shaking at 35 oC and 12.6 ×g for
3 h, Fe3O4-CTS-glutaraldehyde-lipase powders were precipitated
using a magnet and washed with 0.1 mol/L phosphate buffer solu-
tion (pH=6.0, 6.5, 7.0, 7.5, 8.0, 8.5, and 9.0). The powders were then
washed with absolute ethanol and ultrapure water several times,
and finally dried by lyophilization.
6-3. Determination of the Optimum Time for Immobilization

To optimize the immobilization reaction time, 2.4 mg/mL of
lipase was put into five reactors containing 500 mg of Fe3O4-CTS-
glutaraldehyde and 50 mL pH 8.5 phosphate buffer solution. After
shaking the reactor at 35 oC and 12.6×g for 1, 2, 3, 4, and 5h, Fe3O4-
CTS-glutaraldehyde-lipases were precipitated with a magnet and
washed with 0.1 mol/L phosphate buffer solution (pH=8.5), and
then repeatedly washed with absolute ethanol and ultrapure water
several times. Finally, the Fe3O4-CTS-glutaraldehyde-lipases were
dried by lyophilization.
6-4. Determination of the Optimal Temperature for Immobilization

For optimization of the immobilization reaction temperature,
2.4 mg/mL lipase solutions were put into five reactors containing
500 mg of Fe3O4-CTS-glutaraldehyde and 50 mL pH 8.5 phos-
phate buffer solution. After shaking at 25, 30, 35, 40, and 45 oC at
12.6 ×g for 3 h, the Fe3O4-CTS-glutaraldehyde-lipase powders were
precipitated using a magnet and washed with 0.1 mol/L phosphate
buffer (pH=8.5) solution, and then repeatedly washed with abso-
lute ethanol and ultrapure water several times. Finally, the immo-
bilized lipase powders were dried by lyophilization.
7. Optimization of the Acetylation Reaction Conditions
7-1. Optimization of Reaction Temperature for Acetylation

150 mg of Fe3O4-CTS-glutaraldehyde-lipase contains 20 mg of

free lipase. In a glass vial with a screw cap, 150 mg of Fe3O4-CTS-
glutaraldehyde-lipase or 20 mg free lipase was added to a 2 mL
vinyl acetate solution containing 300 mmol/L rac-1a. The mixture
was shaken (12.6 ×g) at 25, 30, 35, 40, 45, or 50 oC for 8 h. Sam-
ples were analyzed by GC.
7-2. Optimization of the amount of the Enzyme for Acetylation

In a glass vial with a screw cap, 100, 150, 200, 250, and 300 mg
of Fe3O4-CTS-glutaraldehyde-lipase were added to a 2 mL vinyl ace-
tate solution containing 300mmol/L rac-1a. The mixture was shaken
at 12.6 ×g and 40 oC. Samples were analyzed by GC after 8 h.

In a glass vial with a screw cap, 10, 15, 20, 25, or 30 mg of free
lipase was added to a 2 mL vinyl acetate solution containing 300
mmol/L rac-1a. The mixture was shaken at 12.6 ×g and 35 oC. Sam-
ples were analyzed by GC after 8 h.
7-3. Optimization of Substrate Concentration for Acetylation

In a glass vial with a screw cap, 150 mg of Fe3O4-CTS-glutaral-
dehyde-lipase was added to a 2 mL vinyl acetate solution contain-
ing 100, 200, 300, 400, 500, 600, 800, and 1,000 mmol/L rac-1a. The
mixture was shaken at 12.6 ×g and 40 oC. Samples were analyzed
by GC after 8 h.

In a glass vial with a screw cap, 20 mg of free lipase was added
to a 2 mL vinyl acetate solution containing 100, 200, 300, 400, 500,
600, 800, and 1,000 mmol/L rac-1a. The mixture was shaken at
12.6 ×g and 35 oC. Samples were analyzed by GC after 8 h.
7-4. Optimization of Shaker Incubator Speed for Acetylation

In a glass vial with a screw cap, 150 mg of Fe3O4-CTS-glutaral-
dehyde-lipase was added to a 2 mL vinyl acetate solution contain-
ing 300mmol/L rac-1a. The mixture was shaken at 40 oC and 1.4×g,
5.6 ×g, 12.6 ×g, 22.4 ×g, and 35 ×g. Samples were analyzed by GC
after 8 h.

In a glass vial with a screw cap, 20 mg of free lipase was added
to a 2 mL vinyl acetate solution containing 600 mmol/L rac-1a. The
mixture was shaken at 35 oC and 1.4 ×g, 5.6 ×g, 12.6 ×g, 22.4 ×g,
and 35 ×g. Samples were analyzed by GC after 8 h.
8. Effect of Magnetic Field Strength on the Activity of Fe3O4-
CTS-glutaraldehyde-lipase

An alternating magnetic field was generated by a lab-made device.
A schematic diagram of the device constructed for generating an
electromagnetic alternating field is illustrated in Fig. 1(c). The strength
and frequency of the magnetic field could be adjusted. The reactions
were conducted under an alternating magnetic field with a specific
frequency of 500 Hz. The acylation reaction using Fe3O4-CTS-glu-
taraldehyde-lipase as the catalyst was carried out under an external
magnetic field for 8 h. The applied magnetic field strengths were 4,
8, 12, 16, and 20 Gs. The conversion of the acylation reaction was
investigated with respect to the changing magnetic field strength.
9. Reuse of Fe3O4-CTS-glutaraldehyde-lipase or Free Lipase
in Acetylation Reaction

In a glass vial with a screw cap, 150 mg of Fe3O4-CTS-glutaral-
dehyde-lipase was added to 2 mL of the vinyl acetate solution con-
taining 300 mmol/L rac-1a. The reaction was carried out at 40 oC
for 8 h under an alternating electromagnetic field (12 Gs).

In a glass vial with a screw cap, 20 mg of free lipase was added
to a 2 mL vinyl acetate solution containing 300 mmol/L of rac-1a.
The mixture was shaken at 35 oC and 12.6 ×g for 8 h.

Fe3O4-CTS-glutaraldehyde-lipase or free lipase powders were
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collected by centrifugation after the end of the above reaction, the
obtained precipitates were washed carefully with vinyl acetate for
five times until substrate and product was completely removed and
reused for the acetylation reaction seven times. Samples were ana-
lyzed by GC.
10. Kinetic Model for Enantiomer-selective Acylation of rac-1a

Time-course measurements of the catalytic reaction were per-
formed in a 10 mL glass vial with 2 mL vinyl acetate containing 100,
150, 200, 250 and 300 mmol/L rac-1a and 150 mg of Fe3O4-CTS-
glutaraldehyde-lipase as catalyst under an alternating electromag-
netic field. 20l aliquots of the well-stirred reaction mixture were
withdrawn in intervals for GC analysis.

RESULTS AND DISCUSSION

1. Characterization of Fe3O4 Nanoparticles, Fe3O4-CTS, and
Fe3O4-CTS-glutaraldehyde-lipase

The FT-IR spectra of Fe3O4 nanoparticles, Fe3O4-CTS, Fe3O4-
CTS-glutaraldehyde-lipase, and free lipase are presented in Fig. 2(a).
The characteristic absorption peak for Fe3O4 was observed at 576

cm1 (Fe-O), which indicated that the preparation of Fe3O4 nano-
particles was successful and Fe3O4 existed in the structure of Fe3O4-
CTS and Fe3O4-CTS-glutaraldehyde-lipase. The characteristic ad-
sorption bands appeared at 3,300, 2,920 and 1,066 cm1 correspond-
ing to the bending vibration of N-H and partially O-H group, ali-
phatic C-H and bending vibrations of C-O in the chitosan respec-
tively. Similar results were also reported by Wang et al. [27] and
Baghban et al. [44].

The structures of Fe3O4 nanoparticles, Fe3O4-CTS, Fe3O4-CTS-
glutaraldehyde and Fe3O4-CTS-glutaraldehyde-lipase were charac-
terized by XRD. As shown in Fig. 2(b), the six characteristic peaks
of Fe3O4 (a) were observed at 2=30.17o, 35.66o, 43.38o, 53.85o,
57.31o, and 62.88o, which corresponded to the (220), (311), (400),
(422), (511), and (440) indices, respectively. These peaks revealed
that the particles were pure Fe3O4 with a spinel structure (JCPDS
database, 79-0418). For the same six, characteristic peaks were also
observed for Fe3O4-CTS, Fe3O4-CTS-glutaraldehyde and Fe3O4-
CTS-glutaraldehyde-lipase [30]. Thus, it was evident that the im-
mobilization process did not have a destructive effect on the crys-
tal structure of magnetite. A small decrease in the intensity of these
peaks showed that a non-magnetite structure (lipase) was added
to the system. The magnetic particles could preserve their mag-
netic properties during the separation process, which is suitable
for conducting bioseparation.

The enzyme-magnetic particle assemblies were characterized by
SEM. It is evident from Fig. 3(a) that the Fe3O4 nanoparticles were
granular and that the dispersion of the Fe3O4 nanoparticles was
not ideal because of the interfacial effect of the nanoparticles and
the formation of a large number of hydrogen bonds between the
surface-rich hydroxyl groups. Fig. 3(b) is an enlarged SEM image
of a Fe3O4-CTS microsphere. It can be clearly seen that the sur-
face of the microsphere is rugged and has many folds. This mor-
phology implies that the surface area of the microsphere is large
and beneficial for the immobilization of the enzyme. Fig. 3(c) and
3(d) are the images of Fe3O4-CTS-glutaraldehyde-lipase. It was
found that these particles were large with a rugged surface and a
large specific surface area to facilitate the enzymatic reaction. The
rigid structure of the magnetic carrier implies that it would have
good pH, thermal, and storage stability [29].
2. Optimization of the Preparation Process for Fe3O4-CTS-
glutaraldehyde-lipase
2-1. Influence of the Initial Free Lipase Concentration on the Activ-
ity of Fe3O4-CTS-glutaraldehyde-lipase

The loading amount of lipase increased with the increase of the
initial free lipase concentration. Specific activity first increased and
then decreased. The chitosan microspheres have a certain number
of active groups on the surface that can bind to lipase. The specific
activity of the Fe3O4-CTS-glutaraldehyde-lipase would increase with
the amount of the adsorbed enzyme if the combination of the active
group of lipase is not saturated. Table 1 shows that the maximum
of specific activity reached 42 U/g. The decreasing specific activity
might be related to some active hidden sites caused by the aggre-
gation of enzyme at high concentration when the loading amount
of lipase was above 2.4 mg/mL [45]. Therefore, the optimal initial
free lipase concentration was 2.4 mg/mL for 10 mg/mL Fe3O4-CTS-
glutaraldehyde.

Fig. 2. (A) FT-IR spectra of Fe3O4 (a); Fe3O4-CTS-glutaraldehyde
(b); Fe3O4-CTS-glutaraldehyde-lipase (c) and the free lipase
(d); (B) XRD patterns for Fe3O4 (a), Fe3O4-CTS (b), Fe3O4-
CTS-glutaraldehyde (c); Fe3O4-CTS-glutaraldehyde-lipase (d).
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Fig. 3. SEM image of the surface of Fe3O4 (a), Fe3O4-CTS (b), Fe3O4-CTS-glutaraldehyde-lipase (c), (d).

Table 1. Effect of initial free lipase concentration on the activity of
Fe3O4-CTS-glutaraldehyde-lipase

Initial free lipase
concentration (mg/mL)

Loading amount of
lipase (mg/g carrier)

Specific
activity (U/g)

0.8 059.2 32
1.6 098.8 38
2.4 115.2 42
3.2 116.1 38
4.0 116.5 35

Immobilization conditions: 10 mg/mL Fe3O4-CTS-glutaraldehyde, pH
7.0, 35 oC, 12.6 ×g, 3 h

Table 2. Effect of pH of buffer on the activity of Fe3O4-CTS-glutar-
aldehyde-lipase

pH Loading amount of
lipase (mg/g carrier)

Specific
activity (U/g)

6.0 076.8 30
6.5 098.4 37
7.0 115.2 42
7.5 120.0 43
8.0 124.8 46
8.5 132.0 48
9.0 110.4 34

Immobilization conditions: 10 mg/mL Fe3O4-CTS-glutaraldehyde, 2.4
mg/mL initial free lipase concentration, 35 oC, 12.6 ×g, 3 h

Table 3. Effect of immobilization time on the activity of Fe3O4-CTS-
glutaraldehyde-lipase

Time
(h)

Loading amount of
lipase (mg/g carrier)

Specific
activity (U/g)

1 072.0 38
2 100.8 44
3 132.0 48
4 132.0 48
5 132.1 48

Immobilization conditions: 10 mg/mL Fe3O4-CTS-glutaraldehyde, 2.4
mg/mL initial free lipase concentration, pH 8.5, 35 oC, 12.6 ×g

Table 4. Effect of immobilization temperature on the activity of
Fe3O4-CTS-glutaraldehyde-lipase

Temperature
(oC)

Loading amount of
lipase (mg/g carrier)

Specific
activity (U/g)

25 076.8 38
30 105.6 40
35 132.0 48
40 132.0 30
45 132.4 18

Immobilization conditions: 10 mg/mL Fe3O4-CTS-glutaraldehyde, 2.4
mg/mL initial free lipase concentration, pH 8.5, 12.6 ×g for 3 h
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2-2. Determination of the Optimal pH Value of the Buffer for Im-
mobilization

Table 2 shows that the optimal pH value for immobilization is
8.5. The specific activity of Fe3O4-CTS-glutaraldehyde-lipase was
affected by the pH value of the buffer. The ionization state of the
enzyme molecule and that of the carrier were varied in different
pH buffer so that the binding of the enzyme molecule to the car-
rier would be affected [27]. The changes of lipase structure will cause
the enzyme to be inactivated after denaturation and the enzyme

activity will be lower when the pH exceeds a certain value.
2-3. Influence of the Immobilization Reaction Time on the Activ-
ity of Fe3O4-CTS-glutaraldehyde-lipase

With the prolongation of immobilization time, the loading amount
of lipase increased, and the specific activity of Fe3O4-CTS-glutaral-
dehyde-lipase increased, as shown in Table 3. When the immobili-
zation time was too short, lipase and the carrier did not bind
strongly enough, which lowered the loading amount of lipase and
specific activity of Fe3O4-CTS-glutaraldehyde-lipase. The loading

Fig. 4. Optimization of the enantiomer-selective acylation reaction conditions. Temperature (a); Enzyme amount (b); Substrate concentra-
tion (c); Rotating speed (d); Fe3O4-CTS-glutaraldehyde-lipase (■); Free lipase (☆).
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amount of lipase reached 132 mg/g carrier within 3 h, and then
remained nearly constant with prolonged incubation. This result is
in accordance with that reported by Pan et al. [45]. The optimal
immobilization time was 3 h.
2-4. Influence of the Immobilization Temperature on the Activity
of Fe3O4-CTS-glutaraldehyde-lipase

The loading amount of lipase and specific activity of Fe3O4-CTS-
glutaraldehyde-lipase obtained by immobilization at lower tem-
peratures was lower because the immobilization reaction not com-
plete at low temperatures and the unit carrier was not saturated.
With the increase in immobilization temperature, the reaction pro-
ceeded faster. However, when the immobilization reaction tem-
perature reached 35 oC, the specific activity of the Fe3O4-CTS-
glutaraldehyde-lipase clearly decreased (Table 4). This was attributed
to the denaturation of the free enzyme in the system and its inacti-
vation [46]. Furthermore, as described above, some of the inacti-
vated enzyme molecules were immobilized on the carrier during
the immobilization process, resulting in lower specific activity of
Fe3O4-CTS-glutaraldehyde-lipase.

To summarize, the optimal immobilization conditions were 2.4
mg/mL lipase, 10mg/mL of Fe3O4-CTS-glutaraldehyde, pH 8.5, 35 oC,
3 h. Under the optimal immobilization conditions, loading amount
of lipase and the specific activity got to 132 mg/g carrier and 48 U/g.
3. Optimization of the Enantiomer-selective Acylation Reac-
tion Conditions
3-1. Influence of Reaction Temperature on Enantiomer Selective
Acetylation

Fig. 4(a) shows that the optimal acetylation reaction tempera-
tures for free lipase and Fe3O4-CTS-glutaraldehyde-lipase were 35
and 40 oC, respectively. The thermal stability of lipase increased after
its immobilization. Because the free lipase and the surface-active
groups of the microspheres formed a stable structure, which could
protect the active center of the lipase, the critical temperature of the
Fe3O4-CTS-glutaraldehyde-lipase was increased. The optimum reac-
tion temperature of Fe3O4-CTS-glutaraldehyde-lipase was improved
and the lipase enzyme could perform the enzymatic reaction at a
higher temperature, thereby improving its application range.
3-2. Influence of Enzyme amount on the Enantiomer Selective
Acetylation

In the reactor, 300 mmol/L rac-1a was converted by 100 mg, 150
mg, 200 mg, 250 mg, and 300 mg of Fe3O4-CTS-glutaraldehyde-
lipase, at 12.6 ×g and 40 oC. It is evident in Fig. 4(b) that the con-
version was slower when 100mg of Fe3O4-CTS-glutaraldehyde-lipase
was used, but gradually increased with the increasing amount of
Fe3O4-CTS-glutaraldehyde-lipase, indicating that the problem of
internal diffusion was not the rate-limiting step in this system. As
the addition of more lipase is beneficial to the conversion, the actual
amount of the enzyme required for the reaction ought to be deter-
mined based on the cost relationship. When the substrate concen-
tration was 300 mmol/L, most of (R)-1a could be converted to
(R)-2a using 150 mg of Fe3O4-CTS-glutaraldehyde-lipase after 8 h.
3-3. Influence of Substrate Concentration on Enantiomer-selective
Acetylation

Different amounts (100, 200, 300, 400, 500, 600, 800, and 1,000
mmol/L) of rac-1a were added to the reactors to investigate the
effect of substrate concentration on the enantiomer-selective acyla-

tion with Fe3O4-CTS-glutaraldehyde-lipase or free lipase as catalyst.
Significant alterations were observed in the biocatalytic properties
of lipase (Fig. 4(c)) in the resolutions of rac-1a between 100 mmol/
L and 1,000 mmol/L. ee(R)-2a was high after 8 h when the sub-
strate concentration was 100-300 mmol/L. The conversion of rac-
1a reached a maximum of 37.8% when the substrate concentra-
tion was 300 mmol/L. However, the conversion of rac-1a showed
a significant downward trend with further increase in substrate
concentration. The substrate or intermediate tightly binds to the
active site, and this step is the rate-determining; the reduced num-
ber of active sites could reduce the reaction rate or conversion
yield. The presence of the carrier makes it difficult for the substrate
to contact the active site of the immobilized lipase, resulting in a
decrease of conversion at high substrate concentrations. At low sub-
strate concentrations, the active site of lipase is not fully saturated
and its catalytic potential is not fully exploited. With further increase
in the substrate concentration, conversion decreases slightly, possi-
bly owing to the substrate inhibition of enzyme activity. The opti-
mal substrate concentrations were 600 mmol/L and 300 mmol/L
using free lipase and Fe3O4-CTS-glutaraldehyde-lipase, respectively.
The active site of the immobilized enzyme was completely satu-
rated when the substrate concentration reached 300 mmol/L. Con-
version decreased with the increase of substrate concentration.
3-4. Optimum Rotating Speed of Shaker Incubator

The effect of rotating speed on the enantiomer-selective acyla-
tion of rac-1a was studied in reactors with 150 mg Fe3O4-CTS-glu-
taraldehyde-lipase and 300 mmol/L rac-1a at 40 oC and 1.4-35 ×g.
Fig. 4(d) shows that the conversion, ee(R)-2a and E increased with
the increasing rotating speeds ranging from 1.4-12.6 ×g. The con-
version, ee(R)-2a, and E were stable when the rotating speed was
above 12.6 ×g. At low speeds, most lipases were deposited at the
bottom of the bottle and could not disperse throughout the reac-
tion system and interact adequately with the substrates. The lipase
distribution in the reactor improved as the rotating speed increased.
A high-enough rotating speed could eliminate the effect of exter-
nal diffusion on the enzymatic reaction. Lipase has better enanti-
oselectivity with increasing rotating speed because of the corres-
ponding increase in E. To eliminate the effect of external diffusion
on the reaction, a speed of 12.6 ×g is sufficient, and was consid-
ered as the optimal rotating speed. The optimal rotation speed of
the free enzyme and Fe3O4-CTS-glutaraldehyde-lipase was 12.6 ×g,
because they can uniformly disperse in the reaction system at this
rotating speed.
4. Effect of Magnetic Field Intensity on the Activity of Fe3O4-
CTS-glutaraldehyde-lipase

Fig. 5 shows that the conversion increased initially and then
decreased with the increasing magnetic field intensity in the case
of Fe3O4-CTS-glutaraldehyde-lipase. When the magnetic field inten-
sity was less than 12 Gs, Fe3O4-CTS-glutaraldehyde-lipase was in
an activated state and the conversion increased on increasing the
magnetic field intensity. However, when the magnetic field inten-
sity exceeded 12 Gs, the conversion rate started to decrease. Fe3O4-
CTS-glutaraldehyde-lipase generated an induced magnetic field
under the action of the external magnetic field. The interaction
between these magnetic fields affected the spatial conformation of
the enzyme and brought about changes in the enzyme activity.
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The optimal magnetic field frequency and magnetic field intensity
was determined to be 500 Hz and 12 Gs, respectively. The conver-
sion, enantiomeric excess of (R)-N-(1-phenylethyl)acetamide, and
E value reached 41.8%, 98.4%, and 264, respectively. The conver-
sion and E of (R)-N-(1-phenylethyl)acetamide under the magnetic
field were higher than without magnetic field; the enantiomeric
excess was 98.4%.
5. Reuse of Fe3O4-CTS-glutaraldehyde-lipase and Free Lipase

Reusability is an important indicator for the application of im-
mobilized enzymes. Generally, the number of times immobilized
enzyme can be reused is more than that of free lipase. Fe3O4-CTS-
glutaraldehyde-lipase was reused seven times under the optimal
reaction conditions and 12 Gs. Fig. 6 shows that the activity of the
Fe3O4-CTS-glutaraldehyde-lipase decreased slowly with increase of
reuse time. A small amount of immobilized lipase was lost during
the process of the separation and recovery of Fe3O4-CTS-glutaral-
dehyde-lipase. In addition, after each recovery, a small number of
immobilized lipase molecules were falling off or lost during the
washing process. The apparent relative vitality decreased during
the repeated washing. The activity of Fe3O4-CTS-glutaraldehyde-
lipase was maintained at 60% after reusing seven times. Mean-
while, free lipase was inactivated after using four times. These results
showed that Fe3O4-CTS-glutaraldehyde-lipase has high operational
stability.

6. Development of Kinetic Model of Selective Acetylation
Using Fe3O4-CTS-glutaraldehyde-lipase

A kinetic model based on the ping-pong bi-bi mechanism [47]
was developed by considering the competition of both substrate
enantiomers for the active site to describe the kinetic behavior of
the lipase-catalyzed enantiomer-selective acylation in this study.
The rate equation for initial conditions, is as follows:

(2)

where, v is the rate of reaction, vmax, maximum rate of reaction, [A]R,
initial concentration of (R)-phenylethylamine, [B], initial concen-
tration of vinyl acetate, KA, Michaelis constant for (R)-phenylethyl-
amine, and KB is the Michaelis constant for vinyl acetate.

The King-Altman plot of this model is illustrated in Scheme 1.
In this model, vinyl acetate (B) bonded to the enzyme (E) and formed
a non-covalent enzyme ester intermediate complex (EB). The sub-
strate, (R)-phenylethylamine (AR), bonded to the enzyme ester inter-
mediate (EB) and formed another complex (EBAR), which again
underwent isomerization to the ester-enzyme complexes, and finally
dissociated into the product, (R)-N-(1-phenylethyl)acetamide (QR),
acetaldehyde (P) and the enzyme.

Using MATLAB to simulate the processes and the six parame-
ters are obtained.

The kinetic parameters obtained for the immobilized lipase by
fitting experimental data were as follows: Vmax=1.62×102 mM/min,
KA=2.84×104 mM, KB=0.58 mM.

v  
vmax A R B 

KB  KA B    KB A R  A R B 
------------------------------------------------------------------------

Fig. 5. Effect of the alternating magnetic field strength on the activ-
ity of the Fe3O4-CTS-glutaraldehyde-lipase (Magnetic field fre-
quency: 500 Hz).

Fig. 6. Reuse of Fe3O4-CTS-glutaraldehyde-lipase and free lipase.

Scheme 1. Simplified substrate reaction scheme (B, vinyl acetate; E,
enzyme; P, Acetaldehyde; AR, R-phenylethylamine; QR,
(R)-N-(1-phenylethyl)acetamide; EB, enzyme-ester com-
plex; EBAR, complex of enzyme-ester and AR; EBQR, com-
plex of enzyme-ester and QR).
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The kinetic model is expressed as follows:

(3)

The comparison of Fig. 7 confirms that the model data fit well
with the experimental data when the substrate concentration was
100-300mmol/L. Therefore, this model would be useful in the range
of experimental substrate concentrations for this kind of acylation
reaction catalyzed by immobilized lipase in solvent-free system.

CONCLUSION

In a solvent-free system, 1-phenylethylamine was resolved by
lipase using vinyl acetate as the acyl donor. Fe3O4-CTS-glutaralde-
hyde-lipase, as magnetic chitosan microspheres, was prepared and
used for the resolution of racemic 1-phenylethylamine by enantio-
mer-selective acetylation under an alternating magnetic field. The
influence of various factors on the preparation of Fe3O4-CTS-glu-
taraldehyde-lipase was investigated. The optimum immobilization
conditions for the preparation of Fe3O4-CTS-glutaraldehyde-lipase
were 2.4 mg/mL lipase, 10 mg/mL Fe3O4-CTS-glutaraldehyde, pH
8.5, 35 oC, 3 h. The loading amount of lipase and the specific activ-
ity were 132mg/g carrier and 48U/g. The magnetic, physicochemi-
cal, and textural characteristics of Fe3O4-CTS-glutaraldehyde-lipase
were assessed by FT-IR, XRD, and SEM.

The influence of enantiomer-selective acetylation reaction con-
ditions on the conversion by free lipase and Fe3O4-CTS-glutaralde-
hyde-lipase was studied in a shaker incubator. The result showed
that immobilization of the enzyme improved the thermal stability
of the enzyme. The ee(R)-2a value reached 98.4% using Fe3O4-CTS-
glutaraldehyde-lipase, which was the same as using free lipase. Fur-
thermore, the stereoselectivity of Fe3O4-CTS-glutaraldehyde-lipase
was the same as that of free lipase.

The activity of Fe3O4-CTS-glutaraldehyde-lipase exposed to an
external alternating magnetic field was also measured. It was found
that the activity of Fe3O4-CTS-glutaraldehyde-lipase increased with
the increasing magnetic field intensity until 500 Hz, 12 Gs. How-

ever, out of this range a sharp decrease in the activity was detected.
Using Fe3O4-CTS-glutaraldehyde-lipase, the conversion under 500
Hz magnetic field frequency and 12 Gs magnetic field intensity
alternating magnetic reached 41.8%, while the conversion in the
shaker incubator was 37.8%. This indicated that the conversion and
activity of Fe3O4-CTS-glutaraldehyde-lipase were improved under
an alternating magnetic field. Reuse of Fe3O4-CTS-glutaraldehyde-
lipase under 500 Hz magnetic field frequency and 12 Gs magnetic
field intensity alternating magnetic was studied and compared to the
reuse of free lipase agitated in a shaker incubator. The result showed
that Fe3O4-CTS-glutaraldehyde-lipase could be reused seven times,
and its activity was still maintained at 60%. On the other hand, the
activity of free lipase was maintained at 10% after being reused four
times. Thus, Fe3O4-CTS-glutaraldehyde-lipase could be reused well
and contribute to improved productive efficiency. Päiviö et al. [48]
reported the preparative kinetic resolution of rac-1a (2 mmol) with
isopropyl methoxyacetate (2 mmol) and Novozyme 435 (25 mg)
under solvent-free condition in the presence of molecular sieves
(50 mg) at 23 oC. The isolated yield and ee(R)-2a reached 48% and
97%. The reuse stability of Novozyme 435 was shown to be poor.
The ee(R)-2a gained in our research was 98.4% higher than 97%
reported by Päiviö et al. The activity of Fe3O4-CTS-glutaraldehyde-
lipase was maintained at 60% after reusing seven times. These re-
sults showed that Fe3O4-CTS-glutaraldehyde-lipase has high oper-
ational stability. Fe3O4-CTS-glutaraldehyde-lipase has magnetic prop-
erties during the separation process, which is suitable for separation
after reaction.

A kinetic model for the Fe3O4-CTS-glutaraldehyde-lipase cata-
lyzed resolution of 1-phenylethylamine was developed based on
the ping-pong bi-bi mechanism. The simulated data of the model
fitted the experimental data well. Such a kinetic model can be
used as the basis for process engineering studies and for the devel-
opment of biocatalysts for industrial applications.
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