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The use of polyaniline nanofibre as a support for lipase mediated reaction
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Abstract

Highly stable and recoverable polianiline nanofibres are developed for enzyme immobilisation and recovery. Candida rugosa lipase (LP) was
immobilised onto a polyaniline nanofibre with cross-linking for enzyme aggregation. The optimal LP loading was 5 mg LP/1 mg polyaniline. The
stability of the immobilised LP was measured and shown to be high under vigorous shaking at room temperature. This polyaniline nanofibre LP was
easily separable with low-speed centrifugation and repeatedly usable. LP immobilised on polyaniline nanofibre demonstrated high stereoselectivity
in the kinetic resolution of racemic (R,S)-ibuprofen and improved the long-term stability as compared to that by the free enzyme, allowing the
supported enzyme to be repeatedly used for a series of chiral resolution reactions. The conversion from racemic ibuprofen to a chirally selective

compound, a prophilic ester of ibuprofen, was approximately 30% with free LP and approximately 10% with immobilised LP. The enantiomeric
excess using immobilised LP after 96 h reaction was 0.884.
© 2007 Elsevier B.V. All rights reserved.
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. Introduction

An enzyme is produced to catalyse a biochemical reaction
nd is highly specific with regard to the type of biochemical
eaction that it catalyses and to the substrate upon which it acts.

Various nanostructured materials, such as nanofibres, meso-
orous materials and magnetic nanoparticles, have been used
or protein immobilisation via approaches including adsorption,
ovalent attachment, protein encapsulation and sophisticated
ombinations of methods [1–7]. Although a variety of nanos-
ructured materials and enzymes have been designed and tested,
oth stable and economically feasible enzyme systems are still
nder development for realising the successful use of enzymes
n practical application [8–10]. Nanofibres offer a number of
ttractive features compared to the other nanostructures which
elieves the mass transfer limitation of substrates/products due
o their reduced thickness and make it easier to recover and reuse
anofibre than nanoparticles or carbon nanotubes.
An enzyme has many advantages over conventional chemi-
al synthesis due to its specificity. Asymmetric synthesis with
nzymes is used to convert a racemic substrate into an unequal
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mount of chiral product. Lipases (LP) have a great potential
or commercial applications due to their stability, enantioselec-
ivity and broad substrate specificity [11]. LP is used for the
roduction of the chiral compound (R,S)-ibuprofen by enantios-
lective esterification in organic media or by enantioselective
ydrolysis of its chemically synthesized racemic ester [12–15].
lthough only 50% production could be achieved through the
inetic resolution with LP, LPs are being employed in pharma-
eutical industries to produce large amounts of desired products
16,17].

In this research, highly stable and easily recoverable polyani-
ine nanofibres were developed for enzyme immobilisation.
andida rugosa lipase-immobilised polyaniline nanofibres were
repared to investigate the operational, recycling and storage sta-
ility of immobilised LP in batch systems. The catalytic activity
or the selective conversion of (R,S)-ibuprofen with immobilised
P was compared with that of free LP.

. Materials and methods

.1. Materials
LP from C. rugosa type VII, p-nitrophenyl butyrate (pNPB),
-nitrophenol, ibuprofen, 1-propanol, isooctane, glutaaldehyde
GA) and aniline were purchased from Sigma (St. Louis, MO).

mailto:leejh@chosun.ac.kr
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ll the chemicals used were analytical-grade, and the solvents
ere of the highest quality commercially available.

.2. Preparation of the supporting polyaniline nanofibres

Polyaniline nanofibres were made by rapidly mixed reac-
ions. The 0.1% (weight fraction) of initiator (ammonium peroxy
isulfate) and 5 ml aniline monomer solutions (with different
eight fraction) in 1 M HCl are rapidly mixed together all at once

18]. Once the initiator molecules are depleted during nanofibre
ormation, there is no further polymerization that leads to over-
rowth. The samples were washed 4 times with distilled water
o remove the remaining HCl and stored in a refrigerator for
urther use.

.3. Enzyme immobilisation method

Polyaniline nanofibres (2 mg) were incubated in 1 ml of
0 mM phosphate buffer (pH 6.5) containing 10 mg of LP. The
ials were shaken at 200 rpm at room temperature for 30 min,
nd then moved into a refrigerator for an additional rocking
t 30 rpm. Following incubation for 2 h at 4 ◦C, GA solution
as added (at a final GA concentration of 0.5%, w/v), and

he mixture was placed on a rocker (30 rpm) at 25 ◦C for 2 h.
he enzyme aggregate-coated nanofibres were transferred into
new glass vial and washed with 20 mM phosphate buffer (pH
.5) and 100 mM Tris–HCl (pH 7.9). To cap the unreacted alde-
yde groups, the nanofibres were incubated in Tris–HCl buffer
or 30 min. Following capping, the nanofibres were excessively
ashed with 20 mM phosphate buffer (pH 6.5) until no enzyme
as released into the washing solution. The enzyme aggregate-

oated nanofibres were then stored in 10 mM phosphate buffer
pH 6.5) at 4 ◦C for further use.

.4. Protein assay

The protein concentration was determined by the Lowry
ethod using the Folin reagent, and the absorbance was mea-

ured at 595 nm on a spectrophotometer [19]. The protein
oncentration was determined by using the Bio-Rad protein
ssay kit (Hercules, CA) with bovine serum albumin as a stan-
ard.

.5. Scanning electron microscopy (SEM)

SEM images were obtained by using a Hitachi S-4800 scan-
ing electron microscope (Hitachi, Tokyo, Japan). Images were
btained before and after LP immobilisation. The SEM images
f the samples were digitized under the following conditions:
les, 1280 × 960 pixel; voltage, 15 kV; probe size, 20 nm; and
agnification, 10,000×. The photographs represent a magnifi-

ation of 10,000×.
.6. Activity and stability measurement

The activities of free and immobilised LPs were mea-
ured with the product p-nitrophenol concentration which was

a
f
d
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onverted from 0.7 mM pNPB substrate by LP. The reactant
ixture consisted of 0.03 ml of 50 mM pNPB and 2.97 ml

f 20 mM phosphate buffer (pH 6.5). After addition of free
nd immobilised LP, the activity was measured from the
ncrease in the absorbance per minute at 400 nm. We deter-

ined product concentration from the calibration curve between
he absorbance reading and the p-nitrophenol concentration.
he reaction mixture solution was shaken at 200 rpm. At

he definite interval, a 100 �l aliquot was mixed with 900 �l
odium phosphate buffer in a cuvette to measure the changes in
bsorbance.

.7. Chromatography analysis

Gas chromatography was performed using a GC-2010
as chromatography system (Shimadzu, Japan) equipped with

flame ionization detector (FID) and a DB-5MS column
60 m × 0.25 mm × 0.25 �m). The injector temperature was
aintained at 300 ◦C; the detector temperature, at 350 ◦C;

nd the oven temperature, at 180 ◦C. The carrier gas used
as nitrogen with an airflow rate of 12 ml/min. An external

tandard method was used to quantify the ester formed. The
nantiomers of the unreacted substrate were measured with
PLC using a chiral column (Chiral-AGP, Chrom Tech) capa-
le of separating the R- and S-enantiomers without previous
erivatization. The mobile phase was 0.01 M phosphate buffer,
H 7.0 (99%), with added methanol (1%). The column tem-
erature was 40 ◦C and the maximum pressure 400 bar. The
ompounds were detected with UV detector at 230 nm. The
nantioselectivity was represented by enantiomeric ratio (E)
alculated with the conversion (c) and the enantiomeric excess
ee).

= ln[1 − c(1 + ee)]

ln[1 − c(1 − ee)]

here

e = ([S] − [R])

([S] + [R])
(1)

S] and [R] represent the concentration of the S- and R- enan-
iomer of ibuprofen ester, respectively.

.8. Process development for biotransformation

The changes in the concentrations of the reactant ibupro-
en and its ester product were measured over a period of 96 h.
he reaction system comprised an aqueous LP enzyme solu-

ion (3% water in isooctane) in 5 ml isooctane as an organic
olvent. The reactant mixture comprised 10 mM ibuprofen and
00 mM propanol. The batch reaction was performed with
rbital stirring at 150 rpm. Samples were obtained from the
queous/organic emulsion at regular time intervals and analyzed
y GC.
The mixture was incubated in a shaking incubator at 37 ◦C
nd 150 rpm. The reaction was initiated by the addition of
ree and immobilised LP. All experiments were carried out in
uplicate. At specific sampling times, 0.1 ml of each sample
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Fig. 2. The stabilities of free LP and LP-aggregate coating on polyaniline nanofi-
bres in an aqueous buffer solution (20 mM phosphate, pH 6.5) on vigorous
shaking conditions (200 rpm). Following each measurement of the catalytic
activity, the sample was washed thrice in excess buffer solution to remove both
t
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as retrieved for GC analysis. At the end of the reaction, the
mmobilised LP was separated by low-speed centrifugation and
uccessfully recovered from the reaction mixture. The amount
f ester (conversion degree) formed during the reaction was
etermined by gas chromatography.

. Results and discussion

.1. SEM image analysis

Pure polyaniline nanofibres have been developed by the rapid
ixing of aniline solution in 1N HCl with ammonium per-

xydisulphate (Fig. 1(a)). The nanofibres are interconnected
nd the porosity depends on aniline concentration. The typical
ize of the nanofibres is approximately 50–200 nm (Fig. 1(b)).
he formation of nanopores by nanofibre cross-linking is
bserved particularly when the rapid polymerization of polyani-
ine occurs with vigorous mixing. The analysis of scanning
lectron microscope images was used to determine the enzyme
oating on the polyaniline nanofibre. The SEM image after LP
mmobilisation shows that the surface of the polyaniline nanofi-
re is covered with LP and also revealed aggregated shapes
Fig. 1(c)).

.2. Stability analysis of free and immobilised enzyme

The immobilised LP catalytic stability was investigated by
he continuous incubation of LP in a sodium phosphate buffer
nder vigorous shaking (200 rpm) conditions at room tem-

erature. At the predetermined time, the relative activity was
alculated from the ratio of the remaining catalytic activity
o the initial catalytic activity. After each measurement of
he catalytic activity, the immobilised LP was washed thrice

t
p

T

ig. 1. SEM images of polyaniline nanofibres measuring several hundred nanomet
mmobilisation (b) after LP immobilisation.
he residual substrate and product. The relative activity was calculated from the
atio of the residual activity at each time point to the initial activity.

ith a buffer to eliminate all residual substrates and prod-
cts. The leaching of LP was also monitored by measuring
he protein contents in the aqueous buffer solution at each time

oint.

Fig. 2 shows the relative activities over a longer time period.
he activity of free LP rapidly decreased due to denatura-

ers in diameter. The scale bars shown in the figures are 5 �m (a) before LP
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Fig. 3. The effect of enzyme loading on the immobilisation of LP on polyani-
line nanofibre. Various amounts of LP (1, 2, 4, 10 and 20 mg) were dissolved in
1 ml of distilled water. Polyaniline nanofibre (2 mg) was added, and immobili-
sation was performed using 0.5% glutaraldehyde. The immobilised enzyme was
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Fig. 4. The effect of temperature on the activity (a, �) and stability (b) of
immobilised LP. The activity of immobilised LP rapidly increased corresponding
w ◦
�

a
w
i
d
h
t
o

ashed successively with 20 mM phosphate buffer (pH 6.5) until no proteins
ere released.

ion while the adsorbed and covalently attached LP showed
n improvement in the enzyme stability. The immobilised LP
n the polyaniline nanofibre exhibited enhanced catalytic sta-
ility as compared to that of free LP. A small decrease in
he activity of immobilised LP was observed during the early
eriod due to the detachment of LP from polyaniline; how-
ver, after 4 days, not much of a decrease was observed.

hile free LP is inactivated rapidly by deactivation, immo-
ilised LP exhibited approximately a 10% decrease in the LP
ctivity after 32-day incubation at room temperature, indicat-
ng that the half-life of immobilised LP activity had greatly
mproved.

.3. Effect of enzyme loading on LP activity

The effect of enzyme loading on the immobilised enzyme
ctivity was studied for different enzyme concentrations.
he immobilised enzyme activity increased corresponding to
nzyme loading up to 10 mg (Fig. 3). However, an increase in
nzyme loading hampered the increasing rate of activity due to
n increase in the inhibition of substrate diffusion by enzyme
ggregation.

.4. Effect of temperature on immobilised enzyme activity
With cross-linked enzyme aggregation, the stability of the
nzyme and its thermostability were greatly enhanced. The
nitial reaction rate for different temperatures was measured
n order to investigate the effect of temperature on enzyme

t
c
d
(

ith the temperature; however, the stability of LP at high temperature (at 55 C,
) was very low relative to that at 25 ◦C (©) and 37 ◦C (�).

ctivity. Homogeneous enzyme-coated polyaniline nanofibres
ere used to check the effect of temperature on LP activ-

ty. LP activity was strongly dependent on temperature and
emonstrated a maximum activity at 45–55 ◦C. Researchers
ave reported that the optimal temperature for the LP reac-
ion is approximately 40–45 ◦C [20,21]. Due to the aggregation
f cross-linked enzymes, these enzymes were more stable than

he free enzymes and the initial enzyme reaction rate increased
orresponding to the temperature. Further, significant enzyme
eactivation due to high temperature (55 ◦C) was observed
Fig. 4(b)).



120 G. Lee et al. / Journal of Molecular Catalysis B: Enzymatic 54 (2008) 116–121

F
w

3

p
a
o
w
t
t
a
(
i
s
p
a
r
e
t

3
i

b
a
o
t
e
b
c
o
p
o
t
t
0

Fig. 6. The effect of enzymes on the time-course conversions of (R)- and (S)-
ibuprofen (10 mM): free LP (5 mg/ml), immobilised LP (5 mg polyaniline/ml),
3
(
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ig. 5. The recovery of the immobilised enzymes after the reaction. The enzymes
ere separated by low-speed centrifugation.

.5. Effect of recycling on immobilised enzyme activity

Recycling enzymes with separable immobilised LP has
roven to be an efficient way to recover coated enzymes. A sep-
rable enzyme-coated nanofibre was developed for the recovery
f enzymes after the batch reaction. Immobilised LP prepared
ith the polyaniline nanofibre was efficiently separated from

he reactant by low-speed centrifugation (5000 × g) in a reac-
or as shown in Fig. 4. For each cycle, the buffer was decanted
fter separation, and the same amount of new buffer was added
Fig. 5). The immobilised LP clearly stabilised activity for many
terative cycles of enzymatic reactions and separation with low-
peed centrifugation. For example, 92% of the initial activity was
reserved after 20 iterative cycles of enzyme reaction and sep-
ration. These results suggested that on recycling, the enzyme
emained active for repeated use. It is likely that enzyme recov-
ry and reuse during the LP reaction could lead to reductions in
he enzyme cost during LP-related biotechnology processes.

.6. Batch conversion of ibuprofen with free and
mmobilised LP

A (S)-prophilic ester of ibuprofen was synthesized via immo-
ilised LP-catalysed esterification between racemic ibuprofen
nd propanol in the organic solvent isooctane. The performance
f an immobilised enzyme is known to be relatively lower than
hat of the free enzyme. The production rate of the (S)-prophilic
ster of ibuprofen by the immobilised enzyme was 35% of that
y the free enzyme due to the decrease in the catalytic activity
aused by enzyme aggregation (Fig. 6). Approximately 1 mM
f (S)-prophilic ibuprofen ester was produced by LP-coated

olyaniline nanofibre. Fig. 6(B) shows the time-course profile
f the enantiomeric excess. With the increase of conversion,
he enantiomeric excess and ratio were decreased [22]. Enan-
iomeric excesses of free and immobilised LPs were 0.884 and
.802, respectively.

c
a
c
o
f

7 ◦C, and 3% water in isooctane; (A) conversion, (B) enantiomeric excess, and
C) enantiomeric ratio. The hollow and filled symbols are the conversions with
ree and immobilised enzymes, respectively.

. Conclusion

The LP-immobilised nanofibre was developed for the trans-
ormation of ibuprofen to the prophilic ester of ibuprofen. A
ighly active and stable immobilised LP was developed and
pplied to an enantioselective esterification process to validate
ts biocatalytic efficiency. Recycling enzymes with separable
mmobilised LP has proven to be an efficient way to recover the
oated enzyme, and 95% of the initial activity was preserved

fter 20 iterative cycles of enzyme reaction and separation. The
hirally selective pharmaceutical compound, the prophilic ester
f ibuprofen, was successfully synthesized from racemic ibupro-
en by using the immobilised enzyme.
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