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Abstract

A biocatalytic approach for the production of (S)-N-(2-ethyl-6-methylphenyl)alanine, a key intermediate for (S)-Metolachlor, has been developed
by the use of lipase-catalyzed hydrolytic kinetic resolution. Compared with other selected lipases, the lipase fromPseudomonas cepacia (PSL)
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ives good conversion (48.2%) and excellent enantioselectivity (E-value > 100) to obtain enantiomerically pure (R)-acid (99% e.e.p). Then, a simpl
econd resolution procedure is used to prepare (S)-acid product from the remaining (S)-ester without any reduction in enantiomeric excess (
.e.p) using the lipase B fromCandida antarctica (CAL-B). Subsequent PSL immobilized on mesoporous SBA-15 molecular sieve is studie
esulting supported enzyme catalyst exhibits higher activity, stability as well as reusability, compared with free enzyme.
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. Introduction

The use of lipases for the kinetic resolution of racemic sub-
tances has been a major research area in the last few years
1,2], because these enzymes are fairly stable in organic solvents
3] and they can catalyze hydrolysis[4] as well as synthe-
is reactions of water-insoluble oily substances encountered in
any processes[5,6]. (S)-(−)-N-(2-ethyl-6-methylphenyl) ala-
ine ((S)-NEMPA) is an important precursor in the synthesis of
ost widely used herbicides such as (S)-Metolachlor[7]. (S)-
EMPA is currently produced by chemical synthesis in large
uantities[8]. Nevertheless, the chemical method requires dras-

ic reaction conditions that may cause racemization, decompo-
ition or side reactions. In contrast, enzyme-catalyzed reactions
re less hazardous, polluting, and energy-intensive than conven-

ional chemistry-based.
The aim of the present study is to develop a stereoselective

ydrolytic process for the production of the optical enantiomer

∗ Corresponding author. Tel.: +86 431 8498972x601; fax: +86 431 8980440.

of NEMPA via lipase. For commercial applications, the lip
must be sufficiently enantioselective to resolve the racemic
ture into enantiomerically pure forms and, moreover, the enz
should be highly active and stable during the reaction. In
paper, the catalytic properties of different lipases are comp
and the effects of various racemic alkyl esters, operation
perature, enzymatic concentration and surfactants on the a
and enantioselectivity of free PSL for the kinetic resolution
initially investigated in order to obtain the optimum react
conditions, and then the immobilization of PSL is investiga

Immobilization of lipases on solid supports[9,10]offers sev
eral advantages, including simple recovery allowing repe
use of the catalyst, easy separation of enzyme from pro
possibility of continuous operation, and improvement of enz
stability. The various matrices[11,12], including inorganic an
organic materials, have been explored to use as the suppo
an immobilization of the enzyme catalyst to improve its
alytic efficiency and reduce the cost of using enzyme cata
Compared with the organic support, the inorganic support[13]
can be regenerated easily and reused in case of the deact
of enzyme immobilized, which can reduce the cost of sup
E-mail address: caosg@jlu.edu.cn (S. Cao). In addition, the surface properties and structures of the inor-
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ganic support can be controlled more easily and more stable.
As inorganic support materials, molecular sieves[14,15] offer
interesting properties, such as high surface areas, hydrophobic
or hydrophilic behavior and electrostatic interactions, as well as
mechanical and chemical resistance, which make them attractive
for enzyme immobilization.

Herein, the hexagonal mesoporous SBA-15-type molecular
sieve[16,17] is used for the immobilization of PSL. The suit-
ability of SBA-15 for enzyme immobilization is examined, with
focus on the effect of the chemistry of SBA-15 on the activity
and enantioselectivity of enzyme, the leaching problem follow-
ing enzyme immobilization, and the activity, stability as well as
reusability of immobilized enzyme.

2. Experimental

2.1. Materials

Pseudomonas sp. lipase (PSL) andCandida cylindracea A.Y.
lipase (AYL) were purchased from Amano Pharmaceutical Co.
Ltd. (Japan).Candida antarctica lipase B (CAL-B) was kindly
donated by Novo Nordisk Industries (China).Porcine pancre-
atic lipase (PPL) was purchased from Shanghai Dongfeng Bio-
chemical Reagent Co. Ltd. (China).Candida lipolytic lipase
(CLL) was provided by Wuxi enzyme preparation plant (China).
Penicillium expansum lipase (PEL) was provided by Nan-
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Enantiomeric ratio (E) of hydrolysis of racemicN-(2-ethyl-6-
methylphenyl) alanine methyl ester was calculated from the con-
version (c) and enantiomeric excess (e.e.p) of (S)-NEMPA, using
the equation[18]: E = ln[1− c(1 + e.e.p)]/ln[1 − c(1− e.e.p)],
where e.e.p = (cS−cR)/(cS + cR), while cS and cR are concen-
trations of the (S)- and (R)-enantiomers, respectively. The abso-
lute configuration of the enantiomers was established by com-
parison of the measured optical rotation with the literature
data[8].

2.3. Preparation of racemic esters of NEMPA

The reaction mixture of 2-ethyl-6-methylaniline
(8.4 mL, 60 mmol), NaHCO3 (5.5 g, 65 mmol) and alkyl
2-bromopropionate (180 mmol), was stirred under nitrogen
atmosphere and slowly heated up to 120–125◦C in 1 h.
Then the dark reaction mixture was continually kept at the
temperature for 18 h with stirring. After it was cooled, the
reaction mixture was transferred into 30 mL of ice water
and extracted with ethyl acetate. The ethyl acetate fractions
were dried over sodium sulfate and concentrated in a rotary
evaporator at 40◦C. The resulting ester after normal work up
was purified by column chromatography on silica gel using
ethyl acetate and petroleum ether (1:5) as the eluant to furnish
the corresponding ester.N-(2-ethyl-6-methylphenyl) alanine
methyl ester (NEMPA-ME, 8.9 g): GC–MS (m/z): 221 (25,M+),
1
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ong Pharmaceutical Co. Ltd. (China). Molecular sieve MC
1, MCM-48 and SBA-15 were kindly donated by Colle
f Chemistry, Jilin University (Changchun, China). Tween
as bought from Tianjin Chemical Reagent, China. Bi
thylhexyl)sodium sulfosuccinate (AOT) was bought fr
hanghai Reagent, China. Hexadecyltrimethyl ammonium
ide (CTAB) was bought from Shanghai Huishi Biochem
eagent, China. The authenticity of racemic esters prepare

ng the study was confirmed by spectroscopic analysis inclu
00 MHz NMR (Mercury-300B, VARIAN, USA) and GC–M
Saturn 220, VARIAN, USA). Reactions were routinely mo
ored on silica gel plates (Qingdao Haiyang Chemical Co.
hina) using UV light for detection of the spots. All the orga
olvents were reagent grade and used without further pur
ion. Other reagents were all analytical grade or better.

.2. Determination of conversion and enantiomeric excess
e.e.p)

The analysis of the reaction mixtures and the determ
ion of enantiomeric excesses of (S)-NEMPA were performe
y capillary zone electrophoresis (P/ACE MDQ, Beckm
SA) with a 59 cm (49 cm to detector)× 50�m i.d. eCAPTM

eutral capillary (Beckman, USA). The conversion of re
ion was determined by using 100 mmol/L triethylamine/ac
cid buffer (TEAA, pH 5.5) as background electrolyte. T
nantiomeric excess of (S)-NEMPA was successfully analyz

n 100 mmol/L TEAA, pH 5.5 by using 40 mmol/L 2,6-di-O-
ethyl-�-cyclodextrin (DM-�-CD, Beckman, USA) as a buff
dditive. The analysis was performed with applied voltag
20 kV, and the absorbance was recorded at 200 nm.
-

r-

-

-

t

62 (100,M+-(C O)OCH3), 133 (30,M+-(C O)OCH3–C2H5),
7 (11, Ph); GC: 98% area.1H NMR (CDCl3), δ: 7.02–6.96
m, 2H, Ph), 6.88–6.83 (t, 1H, Ph, J = 7.2 Hz), 3.96–3.94
H, CH, J = 6.9 Hz), 3.81 (S, 1H, NH), 3.66 (S, 3H, CH3),
.69–2.66 (m, 2H, CH2), 2.30 (S, 3H, CH3), 1.38–1.35 (d, 3H
H3, J = 6.9 Hz), 1.26–1.21 (t, 3H, CH3, J = 7.5 Hz);13C NMR

CDCl3), δ: 176.2, 143.6, 135.3, 129.6, 129.1, 126.9, 12
5.8, 52.2, 24.6, 19.9, 19.2, 14.7.

.4. Preparation of SBA-15 immobilized PSL

Crude enzyme powder (PSL, 20 mg) was added in phos
uffer (25 mM, pH 8.0, 5.0 mL). The mixture was stirred
h at 4◦C, then the supernatant was separated by centrifug
nd the volume was measured. Solid support SBA-15 (0.3 g
uspended in supernatant solution (pH 8.0) for 2 h at 4◦C under
tirring. The immobilization of PSL had previously been fo
o be optimum at pH 8.0 (unpublished results). The supern
as first separated from the solid materials by centrifuga
he solid was washed with phosphate buffer (pH 8.0) and
ried. The amount of enzyme immobilized on the solid sup
as measured by the Lowry method with bovine serium albu

BSA) as a standard for protein concentration[19].

.5. Determination of immobilized PSL activity

The method is based on the hydrolysis of tributyrin by
nzyme and titrating the butyric acid produced[20]. The 6.0 mL
hosphate buffer (25 mM, pH 8.0) was incubated in vess
7◦C and stirred sufficiently. Then 50�L tributyrin was adde
nd the pH-stat was started to keep the pH at 8.0. Whe
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pH stabilized, 10 mg immobilized PSL was added and the con-
sumption of 0.05 mol/L NaOH were determined. In addition,
a blank experiment without added enzyme was carried by the
above assay procedure. From the amount of alkali consumed, the
equivalent amount of butyric acid in the samples was calculated
and the enzyme activity was determined. One lipase unit (IU) is
defined as the amount of enzyme required to produce 1�mol of
free fatty acid per min at 37◦C.

2.6. Preparation of (S)-NEMPA via two-step resolution

To the aqueous phosphate buffer (100 mmol/L, pH 8.0) con-
taining surfactant CTAB (40 mg/mL) 50 mL, free PSL (300 mg)
and (R,S)-NEMPA-ME (5.0 mmol, 1.1 g) were added. The
resulting mixture was shaken at 50◦C and the pH was main-
tained using 0.1 mol/L NaOH solution. Aliquots were periodi-
cally drawn and analyzed on capillary electrophoresis. When
the hydrolysis reached 50% conversion, a saturated solution
of NaHCO3 (100 mL) was added to the reaction mixture. The
mixture was first extracted with ether (3× 100 mL) to remove
(S)-NEMPA-ME. The aqueous mixture was then acidified to
pH 5.5 with 0.1 mol/L HCl and was again extracted with ether
(3× 100 mL) to remove the acid product. Acid extracts were
dried over anhydrous Na2SO4 and evaporated to give (R)-(+)-
NEMPA (0.50 g, e.e.p = 99.0%). The hydrolysis catalyzed by
immobilized PSL (9.6 g) was performed by the same procedure.

con-
t nd
( d at
2 olu-
t rated
s ix-
t
t ol/L
H
r nhy-
d ,
e

Table 1
Lipase-catalyzed hydrolysis of (R,S)-NEMPA-MEa

Lipase Time (h) Conversion
(%)

e.e.p
(%)

E-value Major
enantiomer

CAL-B 2 48.2 69.4 10.6 S-(−)
PSL 60 48.2 99.0 >100 R-(+)
PPL 72 1.7 99.0 >100 R-(+)
CLL 72 0.24 98.0 99.2 S-(−)
AYL 72 2.0 78.8 8.6 S-(−)
PEL 72 0.12 58.5 3.8 S-(−)

a Reaction conditions: buffer, 100 mmol/L phosphate buffer (pH 8.0, 5.0 mL);
substrate, 0.5 mmol; enzyme, 105 U;T, 37◦C.

3. Results and discussion

3.1. Selection of enzyme

This study focused on the identification of suitable lipase
for the enantiomeric resolution of (R,S)-NEMPA (Scheme 1).
Six lipases were screened for the enantioselective hydroly-
sis of racemicN-(2-ethyl-6-methylphenyl) alanine methyl ester
(NEMPA-ME) to yield chiral NEMPA, and the screening results
were listed inTable 1. The lipase CAL-B was very active and
48.2% of NEMPA-ME was hydrolysis after 2 h, but displayed
poor enantioselectivity since it catalyzed the hydrolysis of both
(R)- and (S)-enantiomers of NEMPA-ME, thus leading to the
low enantioselectivity of enzyme (E = 10.6). With the aim to
improve the enantioselectivity of CAL-B, the reaction condi-
tions of CAL-B-catalyzed resolution of (R,S)-NEMPA-ME to
produce (S)-NEMPA had been optimized by us, and reported
in the previous paper[21]. The optimized results show that the
highest enantioselectivity of CAL-B (E > 100) is achieved in
diethyl ether/water (15%, v/v).

TheE-value of >100 and enantiomeric excess (e.e.p) of >98%
were lipase PSL and PPL, but the conversion of PPL-catalyzed
reaction was only 1.7. From the results, as far as the higher enan-
tioselectivity is concerned, it is also significant that the lipase
PSL is selected for further investigation, although it preferably

−)-N
To the aqueous phosphate buffer (100 mmol/L, pH 8.0)
aining diethyl ether (15%, v/v) 50 mL, CAL-B (100 mg) a
S)-NEMPA-ME (0.5 g) were added. The mixture was stirre
5◦C and the pH was maintained using 0.1 mol/L NaOH s

ion. When the hydrolysis reached 49% conversion, a satu
olution of NaHCO3 (100 mL) was added to the reaction m
ure. The mixture was first extracted with ether (3× 100 mL),
he aqueous mixture was then acidified to pH 5.5 with 0.1 m
Cl and was again extracted with ether (3× 100 mL) to

emove the acid product. Acid extracts were dried over a
rous Na2SO4 and evaporated to give (S)-(−)-NEMPA (0.48 g
.e.p = 98.0%).

Scheme 1. Preparation of (S)-(
 EMPA by two-step resolution.
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Table 2
Hydrolysis of racemic esters of NEMPA using PSLa

Entry (R) Reaction time (h) Conversion (%) e.e.p (%) E-value

CH3 60 48.2 99.0 >100
C2H5 60 45.8 99.0 >100
n-C3H7 96 42.5 99.0 >100
i-C3H7 96 10.7 99.0 >100
n-C4H9 96 28.6 99.0 >100
i-C4H9 96 29.2 99.0 >100
t-C4H9 96 32.6 99.0 >100
n-C5H11 120 24.1 90.5 26.5
i-C5H11 120 30.2 84.9 17.5
t-C5H11 120 36.5 99.0 >100
n-C6H13 120 9.8 84.6 13.1
n-C8H17 120 1.0 80.0 9.1
CH2C6H5 60 38.5 99.0 >100

a Reaction conditions: buffer, 100 mmol/L phosphate buffer (pH 8.0, 5.0 mL);
substrate, 0.5 mmol; enzyme, 105 U;T, 37◦C.

produces the (R)-(+)-acid. Then, utilizing the higher activity of
CAL-B and stereospecificity towards the (S)-enantiomer, sim-
ple second resolution procedure is used to prepare (S)-acid from
the remaining (S)-ester without any reduction in enantiomeric
excess (98% e.e.p) (Scheme 1). Thus, by two-step resolution, we
may obtain higher optically pure (R)- and (S)-NEMPA, respec-
tively.

Other enzymes investigated in this paper gave both low con-
version and enantioselectivity, practically making them useless.

3.2. Effect of various racemic alkyl esters on the activity
and enantioselectivity of PSL

To date, little has been reported on the effectiveness of PSL
with respect to various racemic alkyl esters of NEMPA, so,
several esters of NEMPA are prepared to investigate its behav-
ior. Table 2summarizes the results of the hydrolysis of various
racemic alkyl esters using PSL. In all the experiments, the bio-
catalytic system shows the same stereopreference for racemic
esters giving the (+)-(R) acid and the unreacted (−)-(S) ester as
hydrolysis products. The enantioselectivity of PSL was almost
independent from the short-chain alkyl esters (E-value > 100 for
all esters from methyl ester to butyl ester). The lowest enantiose-
lective ratio (E = 9.1) was observed whenn-octyl ester was used
as a substrate. It was found that the reaction rate was dependent
o alky
g may
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Fig. 1. Effect of temperature on the conversion and enantiomeric excess in the
kinetic resolution of NEMPA.

the target product (it needs 60 h to be up to 48.2% conversion
at 37◦C), implying that further optimization studies such as the
influence of reaction temperature, enzymatic concentration as
well as surfactants to fasten the reaction rate are needed.

The PSL-catalyzed hydrolysis of (R,S)-NEMPA-ME at pH
8.0 in a temperature range from 20 to 80◦C was investigated.
The results plotted inFig. 1 show that the increase of tem-
perature generally led to increase the reaction rates, and the
highest activity of PSL was obtained at 50◦C (the conversion is
45.3% only after 35 h). The little enantiomeric excess changes
occurred in this range (e.e.p ∼ 99%), which suggest the selec-
tivity of PSL-catalyzed resolution of NEMPA is not sensitive to
the temperature.

The enzymatic concentration used in the reaction is another
parameter worthy of careful optimization. The effect of enzyme
concentration on the reaction rate was studied at pH 8.0 and
50◦C. As can be seen fromFig. 2, increasing the enzyme con-
centration increased the reaction rates, and the maximum yield
(49.3% after 17 h) was obtained at enzyme concentration of
6.0 mg/mL, which may be attributed to the enhanced hydrolysis
of (R,S)-NEMPAME with increasing enzymatic concentrations.

F n of
N

n the molecular size of esters, the larger the size of the
roups in the substrate molecular, the lower the efficiency. It
e ascribed the bulkiness and steric effects of the substitu
hich make them inaccessible to the active site of enzym
ause obstruction in the interactions with enzyme. For the m
ster of racemic NEMPA (NEMPA-ME), the enzyme displa
fairly good conversion (48.2%) and yielded e.e.-values of

or the acid at a relatively short time, and then was select
ubstrate for further optimization studies.

.3. Enhancement of the reaction rate

From the above results, it may be observed that the rea
ate of PSL-catalyzed hydrolysis is not fast enough to ob
l

s,
r
l

s

nig. 2. Effect of enzymatic concentration on the initial rate in the resolutio
EMPA.
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Fig. 3. Effect of suractants concentration on the activity of PSL in the resolution
of NEMPA.

However, continue to increase the amount of enzyme, in practice,
the increase in the reaction rate will become less, which may be
ascribed to the increasing viscosity of enzyme or a finite amount
of substrate present once that has been converted to product the
enzyme becomes ineffective.

It is well known that surfactants can be applied in lipase
assay to increase the lipid–water interfacial area, which, in
turn, enhances the observed rates of lipase-catalyzed reactio
[22,23]. For ensuring the effects of surfactants on the catalytic
activity of PSL, three kinds of surfactants (non-ionic, cationic
and anionic) are selected as additives to be systematically inve
tigated. The results (Fig. 3) show that the activity of PSL is
drastically improved in the presence of the cationic surfactan
(CTAB), whereas the anionic surfactant (AOT) and non-ionic
surfactant (Tween-80) make the enzyme activity decrease. A
the optimum additive condition (40 mg/mL CTAB), the activity
of PSL was about 1.3-fold as that in pure buffer medium.

All in all, the approaches used in this paper to fasten the
reaction rate are effective. Under the optimized conditions (reac
tion temperature: 50◦C; enzymatic concentration: 6.0 mg/mL;
CTAB additive concentration: 40 mg/mL), the reaction time is
evidently shortened (from 60 to 8 h), and the enantiomeric exces
of (R)-acid is 99.0% e.e.p at 49.5% conversion.

3.4. PSL Immobilization

tudy
o sica

properties of support material with the basic biochemical activity
of enzyme, and offer an operational advantage over free enzyme,
and consequently decrease the use cost of enzyme[24]. Adsorp-
tion is one of the simplest methods of physical immobilization
of enzyme with the added advantage of being inexpensive and
“mild” towards the enzyme[9]. This method profits from the
interactions between the support surface and the outer shell of
the enzyme.

In this paper, three different types of mesoporous molec-
ular sieves (MCM-41, MCM-48 and SBA-15) were selected
because of the differences in their pore dimensions and struc-
tures (Table 3). The enzyme chosen in this study was PSL
(MW = 31 000, average molecular diameter about 50Å). From
the immobilization results (Table 3), it was found that the
adsorbed amount of protein, immobilization efficiency and
activity retention were dependent on the pore diameter of molec-
ular sieves. On increasing the channel size of molecule sieve, the
immobilized PSL showed a significant improvement in terms of
activity. So, the hexagonal structure of SBA-15 could be more
suitable for enzyme immobilization. This may be explained as
that the small pore diameter of MCM-41 and MCM-48 appears
not to be large enough for PSL molecules to enter the structure,
and the enzyme would only be adsorbed to the outer surface
of particles, resulting in rapid inactivation, the lower immobi-
lization efficiency and activity; whereas the pore diameter of
SBA-15 was measured to be 62Å, which is slightly larger than
t re
a nols
l orp-
t hilic
r ent
w s, it
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t ored.
H hos-
p and
m -
l d is
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t s.
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T
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S ume
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M
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e/m
From an application point of view, it is necessary for the s
f enzyme immobilization, because it may combine the phy

able 3
hysicochemical properties of mesoporous silica and the results of immo

ample Pore diameter (Å) BET surface
Area (m2 g−1)

Pore vol
(cm3 g−1

CM-41 16 1321 0.63
CM-48 24 1206 1.16
BA-15 62 832 1.29

a Immobilization conditions: phosphate buffer, 25 mmol/L (pH 8.0); enzym
ns

s-

t

t
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s

l

he PSL molecule (50̊A), indicating that the PSL molecules we
ble to diffuse into the channels of SBA-15, and the sila

ocated on the pore walls of SBA-15 could also promote ads
ion through hydrogen bonding interactions with the hydrop
esidues of enzyme. However, the immobilization environm
ould easily induce the changes of immobilization result

s necessary to determine the optimum immobilization co
ions at which the enzyme-support interactions were sav
erein, optimum immobilization was achieved using the p
hate buffer (25 mmol/L, pH 8.0), the ratio between enzyme
olecular sieve (1:15), the temperature (4◦C) and the immobi

ization time (2 h). The maximum amount of protein boun
.0 mg/g, the maximum immobilization efficiency is 69.2%

he activity retention is 59.9% under the optimum condition

.5. Comparing the thermal stability of immobilized lipase
ith that of free enzyme

After the optimization of immobilization conditions, therm
tability in the presence of surfactant CTAB was examined,

tion

Adsorbed amount
(mg g−1)

Immobilization
efficiency (%)

Activity
retention (%)

0.4 9.6 3.5
0.9 18.5 10.6
4.0 69.2 59.9

olecular sieve, 1:15; temperature, 4◦C; 2 h.
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Fig. 4. Effect of thermal (50◦C) incubation of free (©) and immobilized (�)
PSL on enzymatic activity.

is important for industrial applications. It should be pointed out
that the thermal stability was studied in the presence of CTAB,
exactly because it was confirmed as a useful additive that can
improve the activity of both immobilized PSL and free PSL
up to 1.4- and 1.3-fold, respectively, compared to that in pure
buffer media. In addition, we believe it is more significant to
study the thermal stability under the most optimum conditions
of hydrolyzing (R,S)-NEMPA-ME. Immobilized PSL and free
PSL were incubated at 50◦C and pH 8.0 in the presence of
CTAB (40 mg/mL) for 25 h, and the activity was measured peri-
odically during the time. Herein, relative activity was calculated
by assuming the initial activity of free PSL in the pure buffer
medium (no CTAB) was 100%. As shown inFig. 4, the thermal
stability of both the enzymes were diminished to a certain con-
tent, and the free lipase lost 64.5% activities after 24 h, while
only 32.0% activity was lost for the immobilized lipase. It may
be concluded that the stability of enzyme could attain a satisfac-
tory level through immobilization.

3.6. Comparing the catalytic activity of immobilized lipase
with that of free enzyme

The correspondent protein amounts of free and immobilized
lipases were tested in the optimized conditions of hydrolysis
of (R,S)-NEMPA-ME. Kinetic studies were performed to deter-
m y,
V ese
p lots
T al
t g
t odi-
fi
t
r ase
i urse
o e
a the
i the

Fig. 5. The time-course for enantioselective hydrolysis of (R,S)-NEMPA-ME
catalyzed by the free (©) and immobilized (�) PSL.

time of reaching the balance point in the immobilized PSL-
catalyzed reaction was obviously shortened (about 6.2 h), com-
pared with that of free lipase-catalyzed reaction (about 8 h).
This can be accounted for that the free PSL may be dispersed
equally on the support during immobilization, which decreases
the chance of free enzyme convergence in the pure buffer, thus
improving accessibility for the substrate to the active site of
enzyme molecule and enhancing the activity of immobilized
enzyme.

3.7. Recovery and reusability of immobilized lipase

In general, free enzymes are difficult to recover and re-use.
Recovery and reusability of immobilized enzymes are, there-
fore, important aspects of the study. So, in this section, we will
study the durability of the immobilized PSL in the repeated
batch hydrolysis of (R,S)-NEMPA-ME. After 6 h for each run,
the immobilized lipase was reused with fresh substrates. The
relative activity of lipase immobilized on SBA-15 after recy-
cling several times was given inFig. 6. The initial activity of
ine the Michaelis constant,Km, and the maximum velocit
max, of the free and immobilized lipase. The values of th
arameters were determined from the Lineweaver–Burk p
he value ofKm of immobilized enzyme is almost identic

o that of the free enzyme (Km is 0.1 mol/L), thus indicatin
hat the affinity toward the substrate is not significantly m
ed. However, the values ofVmax are quite different (Vmax of
he immobilized and free enzyme is 6.5 and 5.0�mol min−1,
espectively), suggesting that the activity of immobilized lip
ncreases in the course of immobilization. From the time-co
f the hydrolysis of (R,S)-NEMPA-ME catalyzed by the fre
nd immobilized PSL (Fig. 5), we had also observed that

mmobilized PSL exhibited a little higher activity, and
.

Fig. 6. Reusability of the immobilized PSL.



L. Zheng et al. / Journal of Molecular Catalysis B: Enzymatic 38 (2006) 119–125 125

freshly prepared immobilized lipase in the first run was defined
as 100% activity. Immobilized lipase could be used with little
loss of activity for the first cycle. After six cycles, immobilized
lipase still shows 54.8% of its initial activity in (R,S)-NEMPA-
ME hydrolysis. It should also be stressed that the enantiomeric
excesses of (R)-NEMPA were maintained over 99% throughout
the eight repeated reactions.

The results indicated the possibility of re-using enzyme
immobilized on SBA-15, but it was still not ideal because
the activity of immobilized enzyme was decreased during the
successive reuse, which may have a close relationship with
the leaching of PSL from the support to give free enzyme.
The leaching of PSL is possibly due to the weak interactions
between PSL molecules and the support surface. Leakage of
adsorbed enzyme into solution is a common disadvantage of the
adsorption immobilization technique. A second possibility is the
mechanical loss during the reaction and recovery of immobilized
enzyme.

4. Conclusion

In conclusion, we had successfully developed a convenient
and scalable enzymatic procedure for the preparation of both
(R)- and (S)-NEMPA, taking advantage of the excellent enan-
tioselectivity of lipase PSL and higher activity of lipase CAL-B.
The method was easy to perform with standard equipment and
c flu-
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