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a  b  s  t  r  a  c  t

Pseudomonas  cepacia  lipase  was  immobilized  onto  the  electrospun  polyacrylonitrile  (PAN)  nanofibrous
membrane  with  covalent  binding  by  activating  the  nitrile  groups  of  PAN  using  the  amidination  reaction
successfully.  The  fiber  diameters  of initial  PAN  nanofibers  were  between  150  and  300  nm.  The  lipase
molecules  (1–2  �m)  were  observed  to  be  attached  onto  the  nanofiber  surfaces.  After  5  min  activation
and  30  min  reaction  with  lipase  solution,  the  protein  loading  has  reached  saturation  point  and  the  immo-
bilized  lipase  retained  79%  activity  compared  to  that  of  free  lipase.  The  kinetic  parameters,  Km and  Vmax,
were  determined  to be 56.7 mM  and  22.5  U/mg  for free  lipase  and  88.4  mM  and  18.3  U/mg  for  immobilized
lipase.  To  compare  with  free  lipase,  the pH  stability  of  immobilized  lipase  was  improved  significantly  in
olyacrylonitrile
anofibrous membrane
midination reaction
ransesterification

the acidic  conditions  and  the  thermal  stability  of  immobilized  lipase  still  maintained  90%  of  initial  specific
activity  when  the temperature  achieved  70 ◦C.  After  being  stored  at 30 ◦C  for 20  days,  the  immobilized
lipase  kept  almost  100%  of  its initial  specific  activity.  For  reusability  test,  the  immobilized  lipase  still
retained  98%  of  its  original  specific  activity  after  10 batch  cycles.  These  results  show  that  the  proposed
scheme  for  lipase  immobilization  has  potential  in industrial  transesterification  reaction  such  as  biodiesel
production.
. Introduction

Lipases (triacylglycerol acylhydrolase, EC 3.1.1.3) are com-
on  enzyme and have many industrial applications such as

ransesterification, esterification, aminolysis, acyl exchange and
hiotransesterification [1].  Lipases can be used in a variety of com-

ercial fields including food technology, detergents, beverages,
osmetics, biomedical uses, and chemical industry [2–7]. Other-
ise, lipases can also be operated in organic and aqueous phases

nd retains its activity in organic solvents [8];  however, the poor
tability and high cost of lipase restrict the potential applications
n industrial development [9].

To increase the stability and lower the cost of lipase, various
hemical and physical methods had been employed for enzyme

mmobilization [10–20].  In the immobilization process, the struc-
ure of support is a very important factor. The uses of supports
onstructed from non-porous materials, to which enzymes can
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be attached, minimize the diffusion resistance; however, such
material has a lower enzyme loading capability [21]. In contrast,
porous materials have high enzyme loading capabilities, but suf-
fer from inadequate interaction between immobilized enzymes
and substrates [22]. Recently, nonwoven nanofibrous membranes
generated by electrospinning (ES) have attracted much attention
as supports for enzyme immobilization. Electrospun nanofibrous
membrane not only offers large specific areas and porous struc-
tures that has the lower diffusion resistance but also increases
enzyme loading capabilities. These features, desirable in supports
used for enzyme immobilization, represent an improvement over
traditional immobilization materials [23–25].

Lipases are usually immobilized onto electrospun nanofibrous
membranes by physical adsorption and rarely by covalent binding
[26–30]. In our previous study, polyacrylonitrile (PAN), which has
good mechanical strength and high thermal resistance, was used
to manufacture the nanofibrous membranes by electrospinning
method. The PAN nanofibrous membrane was  used as the support
to immobilize with Candida rugosa lipase for soybean oil hydrolysis
[31]. In the present study, Pseudomonas cepacia (P. cepacia) lipase
was used to immobilize onto the PAN nanofibrous membrane with

covalent binding. P. cepacia lipase is a common enzyme because of
its high transesterification activity and can be used in the biodiesel
production [32–34].  The immobilization conditions, including the
activation time and the immobilization time, were adjusted to

dx.doi.org/10.1016/j.molcatb.2011.08.005
http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
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Fig. 1. Schematic illustration of lipase immobilized onto the PAN nanofibrous mem-
S.-F. Li et al. / Journal of Molecular 

etermine the optimal conditions in order to make the immobilized
. cepacia lipase with highest catalysis activity. Subsequently, the
peration stabilities of the free lipase and the immobilized P. cepa-
ia lipases were investigated in detail. This immobilized P. cepacia
ipase was expected to employ in the industrial application such as
he transesterification reaction for biodiesel production.

. Materials and methods

.1. Preparation of PAN nanofibrous membranes by
lectrospinning

The average molecular weight and density (�p) of polyacryloni-
rile (PAN), purchased from Scientific Polymer Products (Ontario,
Y, USA), are 1.5 × 105 g/mol and 1.18 g/cm3, respectively. N, N-
imethylformamide (DMF) (99.8%, TEDIA, USA) is used as the
olvent for dissolving the PAN powder to prepare polymer solution.
he electrospinning apparatus includes a glass syringe, a stainless-
teel needle, a syringe pump (KD Scientific Corp.), a high-voltage
ower supply (GLASSMAN, EL40P1, USA), and aluminum foil as the
ollector. To manufacture PAN nanofibrous membrane, the PAN
olution was first drawn vertically from the needle tip, driven by
he electrostatic force generated from the high voltage between the
eedle tip and the grounded collector. The PAN polymer solution

ormed a pyramid (called “Taylor cone”) in the needle tip and jetted
hrough the needle tip to the collector. The spinning time, poly-

er  concentration, applied voltage, flow rate of polymer solution,
istance between needle tip and collector, and size of the nee-
le tip were set at 80 min, 8 wt% (w/w), 20.0 kV, 1.5 ml/h, 20.0 cm,
nd 18 gauge, respectively. When the solvent evaporated, the PAN
anofibers deposited on the collector and formed the nonwoven
ats. Before the eletrospun nanofibrous membrane was removed

rom the collector, it was dehydrated under vacuum overnight to
nsure the complete evaporation of solvent. The morphology of
he nanofibrous membranes was observed by using a field emis-
ion scanning electron microscope (FESEM) (JOEL, JSM-6700F). The
hickness of electrospun membrane was measured using a Microm-
ter (TECLOCK, SM1201, Japan) and the apparent density (�a) of
he membrane was determined by measuring the weight of a

 cm × 2 cm nanofibrous membrane sample. The porosity was  cal-
ulated as (1 − �a/�p) × 100.

.2. Lipase immobilization

The nitrile groups (CN functional groups) of the PAN nanofibers
ere activated by an amidination reaction [35–37] followed by

eacting with lipase solution (from Pseudomonas cepacia,  Amano
nzyme, Nagoya, Japan) in 50 mM phosphate buffer solution (pH
.0) (Fig. 1). The nanofibrous membranes were first immersed in
he absolute ethanol and bubbled hydrogen chloride gas through
he mixture to produce the corresponding imidoester derivatives.
pon the completion of activation, the membranes were removed

rom the solution and washed with distilled water. The membranes
ere then transferred into a 0.5 wt% (w/w) P. cepacia lipase solution

or immobilization at 50 ◦C under gentle shaking (100 rpm). When
he immobilization was completed, the membranes were removed
rom the lipase solution and washed with 50 mM phosphate buffer
olution several times to remove the unbound lipases.

.3. Assays of protein loading and lipase activity

The immobilized protein content was estimated by using the

radford method with the Bio-Rad protein dye reagent concen-
rate and bovine serum albumin was used as the standard reactant
38]. Lipase activity was measured using 0.1 ml  of triolein (C18:1)
issolved in 1.9 ml  of n-hexane as the reaction substrate. Briefly,
brane by amidination reaction.

2 ml  of triolein solution and 15 �l of methanol were reacted with
0.1 ml  of free lipase or immobilized P. cepacia lipase onto the PAN
nanofibrous membranes (2 cm × 2 cm)  at 30 ◦C. After reacting for
1 h, 0.2 ml  of reaction solution was taken and diluted with 0.3 ml  of
n-hexane. 0.5 ml  of methyl pentadecanoate (2 g/L) as the standard
was  added into the product samples and analyzed by gas chromato-
graph (GC). Thermo Finnigan Fcous GC, which is equipped with FID
and a compatible standard capillary column (THERMO TR-FAME
part No. 260M142P), was used for methyl oleate detection. Tem-
perature was programmed from 150 ◦C to 180 ◦C at 10 ◦C/min and
thereafter to 200 ◦C at 1.5 ◦C/min, finally to 230 ◦C at 30 ◦C/min
and kept the temperature constant at 230 ◦C for 5 min. Injector
and detector were maintained at 250 ◦C and 280 ◦C, respectively.
The conversion was determined with dividing their peaks areas
by peaks area of methyl pentadecanoate as an internal standard
[39]. One enzyme unit (U) is the amount of biocatalyst necessary to
liberate 1.0 �mol  of methyl oleate per minute under the assay con-
ditions. Specific activity is defined as the amount of enzyme units
per milligram of enzyme protein.

2.4. Kinetic parameters determination

The apparent Vmax and Km are important kinetic parameters of
an enzyme which can be used for determining the enzymatic reac-
tion and diffusion effects. Vmax, the maximum reaction rate, reflects
the intrinsic characteristics of the enzyme. Km indicates the effec-
tive diffusion characteristics of the enzyme. The kinetic parameters,
Km and Vmax, of the free and immobilized P. cepacia lipases were
determined using Eq. (1):
1
V

= Km

Vmax

1
[S]

+ 1
Vmax

(1)
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Fig. 2. Field emission scanning electron micrographs of PAN nanofibrous mem-
brane: (a) original PAN nanofibrous membrane; (b) PAN nanofibrous membrane
00 S.-F. Li et al. / Journal of Molecular C

.5. Storage stability and reusability of immobilized lipase

The storage stabilities of free and immobilized P. cepacia lipases
ere studied by incubating the free and immobilized P. cepacia

ipases at 30 ◦C in 50 mM phosphate buffer solution (pH 7.0) and
hen determining the activity performance at the different incuba-
ion days. The initial activities of free and immobilized P. cepacia
ipases were taken as 100%, respectively. For the reusability test,
he immobilized P. cepacia lipase was subjected to a transestri-
cation reaction with triolein solution for 1 h. After the specified
eaction time, the immobilized P. cepacia lipase was removed from
he solution and washed with n-hexane and phosphate buffer solu-
ion (50 mM,  pH 7.0). Then, the immobilized P. cepacia lipase was
ntroduced into the solution containing fresh substrate to repeat
he experiment again. The initial activity of immobilized P. cepacia
ipases was taken as 100%.

. Results and discussion

.1. The morphology of nanofibrous membranes

In the electrospinning process, several operation factors affect
he morphology and structure of the electrospun nanofibrous

embranes. These factors include: the concentration of the poly-
er  solution, the power voltage, the flow rate from the syringe

ump and the distance between the metal needle and collec-
or. The key factor which affects the morphological change in
he nanofiber is the concentration of the polymer solution. The
ppropriate concentration of polymer solution is characterized by
niform nanofibers. If the polymer concentration is too low or too
igh, it will form beads or cannot produce uniform fiber structure.

n the present study, 8 wt% (w/w) of PAN solution in DMF  was  deter-
ined as the appropriate concentration to generate nanofibrous
embranes [31]. The thickness, apparent density, and porosity of

AN nanofibrous membrane were 100 �m,  0.23 g/cm3 and 81.3%,
espectively. The fiber structure of PAN nanofibrous membrane was
bserved by FESEM image as shown in Fig. 2(a). The morphology of
he nanofiber was very uniform, with the diameter of the nanofibers
anging from 150 to 300 nm.  After amidination reaction, the nitrile
roups of PAN were activated in ethanol by hydrogen chloride
as to produce an imidoester derivative. However, the diameter
nd the morphology of the nanofibers did not change substantially
Fig. 2(b)). After lipase immobilization, the small particles appeared
nd attached to the nanofiber surfaces as shown in Fig. 2(c). It could
e explained that the nitrile groups of PAN nanofibrous membranes
ere activated by amidimation reaction and bound with amine

roups of lipase protein. The bound protein acted as a nucleus
nd the other unbound lipase molecules were adsorbed onto the
ound protein to form a protein aggregation by molecular inter-
ctions. The size of the attached proteins with FESEM observation
ere about 1–2 �m (as Fig. 2(c) shown). The similar result was  also

bserved and reported for lipase from C. rugosa immobilized onto
he PAN nanofibrous membrane [31].

.2. Protein loading, activity, and kinetic parameters of the
mmobilized lipase on the PAN nanofibrous membranes

.2.1. Protein loading and activity performance of immobilized
ipase

For enzyme immobilization by amidination reaction, the nitrile
roups of PAN were first activated in ethanol by hydrogen chlo-

ide gas to produce an imidoester derivative, followed by reacting
ith enzyme-containing solution for conjugation with the amino

roups of enzyme [35,36]. However, imidoester is very active and
asily hydrolyze to methylester or amidine by a trace amount of
after activated with amidination reaction; and (c) PAN nanofibrous membrane with
immobilized P. cepacia lipase.

water [36]. For connecting lipases with imidoester groups on the
PAN nanofibrous membrane, the optimum conditions for immo-
bilization reaction must be determined. The protein loading and
specific activity of immobilized P. cepacia lipase were studied by
varying the activation time and the result is listed in Table 1.

The amount of protein immobilized and the activity performance
reached the highest level when the activation time was 5 min. Pre-
sumably, the activation process is a rather efficient method which
can convert the nitrile group of PAN to the reactive imindoester
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Table  1
Effect of varying activation time on the protein loading and specific activity of
the immobilized P. cepacia lipase. The error bar at each data point represents the
standard error (n = 3).

Activation time
(min)

Protein loading
(mg/g-matrix)

Specific activity
(U/mg protein)

2.5 31.8 ± 2.4 8.7 ± 1.1
5  43.4 ± 4.0 8.9 ± 1.8
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Fig. 3. Calculation of kinetic parameters for (©) free lipase; (�) immobilized P.
7.5  43.4 ± 4.8 8.6 ± 1.6
10  40.9 ± 1.9 7.9 ± 2.1

erivative completely in a short time. For the following enzyme
mmobilization step, the efficiency of protein loading and the spe-
ific activity were also investigated with different immobilization
ime (as Table 2 shown). The immobilized P. cepacia lipase reached

 constant amount of immobilized protein and the highest spe-
ific activity within 30 min. It may  be explained that the support
urface for lipase binding achieved saturation after just 30 min  of
mmobilization reaction. In previous studies with a PAN support
he amidination reaction was used as the activation method, with

 h for activation and 6 h for enzyme reaction [40]. In this study, the
AN nanofibrous membrane was activated for 5 min  by amidina-
ion reaction, and reacted for 30 min  with the enzyme. The results
mplied that the nanofibers with larger specific surface area can be
asily activated, so the immobilization steps could be completed in

 shorter time.
Under the appropriate activation time and immobilization time,

he protein loading and specific activity of immobilized P. cepacia
ipase were determined and listed in Table 3. The protein load-
ng and specific activity of immobilized P. cepacia lipase were
3.4 ± 4.0 mg/g-matrix and 8.9 ± 1.8 U/mg, respectively, which was
quivalent to 79% activity retention of free lipase. In general, the
nzymatic activity of immobilized enzyme decreased after immo-
ilization process due to variation of the active center caused by
hanging the three dimensional structure of the enzyme [41].

.2.2. Kinetic parameters of immobilized lipase
The important kinetic parameters of the free and immobilized

. cepacia lipases, Vmax and Km, were investigated by using vari-
us initial substrate concentrations from 12.5 mM to 200 mM.  The
esults are shown in Fig. 3(a). The Lineweaver–Burk plot from Eq.
1) and the resulting parameters are shown in Fig. 3(b) and listed in
able 3, respectively. As Table 3 shows, the Km value for the immo-
ilized P. cepacia lipase was 88.4 mM,  which was higher than that
f free lipase (56.7 mM).  In general, the Km value usually increases
ia immobilization process. This phenomenon is caused by the con-
ormational changes of the enzyme, resulting in a lower affinity for
ubstrate contact. This may  also be caused by the lower accessibil-
ty of the substrate to the active site of the immobilized enzyme by
he increased diffusion limitations.

Generally, the Vmax value usually becomes lower after enzyme

mmobilization. However, the Vmax value of 18.3 U/mg exhibited by
mmobilized P. cepacia lipase on the PAN nanofibrous membrane

as found to be lower than that of free lipase (22.5 U/mg). It still
aintained 81% of Vmax value of free lipase, suggesting that the

able 2
ffect of varying immobilization time on the protein loading and specific activity of
he  immobilized P. cepacia lipase. The error bar at each data point represents the
tandard error (n = 3).

Immobilization
time (min)

Protein loading
(mg/g-matrix)

Specific activity
(U/mg protein)

15 34.1 ± 5.4 8.0 ± 2.1
30 43.0 ± 4.0 8.9 ± 1.8
60  43.6 ± 6.8 8.7 ± 2.5

120 43.8 ± 4.3 8.4 ± 1.4
cepacia lipase on the PAN nanofibrous membrane: (a) Michaelis–Menten plot and
(b)  Lineweaver–Burkplot (double reciprocal plot). The error bar at each data point
represents the standard error (n = 3).

present immobilization system can provide an efficient catalytic
ability similar to that of free enzyme.

3.3. The operation stabilities of the immobilized lipase

3.3.1. The pH stability of immobilized lipase
The pH stabilities of free and immobilized lipases were com-

pared by incubating in the pH range of 5–9 for 2 h at 30 ◦C and then
measuring their activities. The results are shown in Fig. 4. Both free
and immobilized P. cepacia lipase showed the highest specific activ-
ity at pH 7.0, suggesting that there are no significant changes in the
electrostatic state of the amino acids at the active site and immo-
bilized lipase [42]. Furthermore, the immobilized P. cepacia lipase
remained stable in the pH ranging from 5 to 8. The results indi-
cate that the P. cepacia lipase immobilized on the PAN nanofibrous
membrane was  more stable than free lipase in acidic reaction con-
ditions. The present immobilized P. cepacia lipase can be employed
in a broad pH range.

3.3.2. The thermal stability of immobilized lipase
Thermal stabilities were tested by incubating the free and
immobilized P. cepacia lipases at temperatures ranging from 30 ◦C
to 70 ◦C for 2 h and the results are shown in Fig. 5. There was  no
obvious activity loss for immobilized P. cepacia lipase when the
temperature was  increased from 30 ◦C to 70 ◦C. However, the free
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Table  3
Protein loading, specific activity and kinetic parameters of free and immobilized lipase (lipase from Pseudomonas cepacia).

Type Protein loading
(mg/g-matrix)

Specific activity
(U/mg-protein)

Km (mM) Vmax

(U/mg-protein)

Free NAa 11.2 ± 2.7 56.7 22.5
PAN  nanofibrous membrane 43 ± 4.0 8.9 ± 1.8 88.4 18.3

a NA, not available.
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ig. 4. The pH stabilities of free lipase and immobilized P. cepacia lipase onto the
AN nanofibrous membrane at 30 ◦C: (©) free lipase; (�) immobilized lipase. The
rror bar at each data point represents the standard error (n = 3).

ipase was only stable up to 60 ◦C. When the temperature was 70 ◦C,
he free and immobilized P. cepacia lipase exhibited 5% and 90%
f their initial specific activity, respectively. The improved ther-
al  stability of the immobilized P. cepacia lipase probably could be

xplained by increasing stabilization of its active conformation by
ultipoint bond formation between the support and the enzyme

16].

.3.3. The storage stability of immobilized lipase

For immobilized enzyme, the important advantages are that

torage stability and the reusability can be enhanced via immobi-
ization method. The storage stabilities of free and the immobilized
. cepacia lipase are shown in Fig. 6. From the figure, the specific

ig. 5. The thermal stabilities of free lipase and immobilized P. cepacia lipase on the
AN nanofibrous membrane in pH 7.0: (©) free lipase; (�) immobilized lipase. The
rror bar at each data point represents the standard error (n = 3).
Fig. 6. The storage stabilities of free lipase and immobilized P. cepacia lipase onto the
PAN nanofibrous membrane at 30 ◦C and pH 7.0: (©) free lipase; (�) immobilized
lipase. The error bar at each data point represents the standard error (n = 3).

activity of free lipase decreased dramatically in the first 5 days and
showed only 46% of relative specific activity after 20 days. In con-
trast, the relative specific activity of immobilized P. cepacia lipase
was  kept close to 100% even after 20 days. It indicated that enzyme
immobilization has considerably enhanced the storage stability of
lipase.

3.3.4. The reusability of immobilized lipase
When comparing the performance of immobilized enzyme
intended for industrial use, the characterization of reusability is one
of the important key features. The effect of repeated use on the spe-
cific activity of immobilized P. cepacia lipase is shown in Fig. 7. After
10 repeated uses, the immobilized P. cepacia lipase retained about

Fig. 7. The reusability of immobilized P. cepacia lipase onto the PAN nanofibrous
membrane at 30 ◦C and pH 7.0. The error bar at each data point represents the
standard error (n = 3).
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Table  4
Comparison of the reusability of different immobilized lipases for use in transesterification reactions.

Support Enzyme type Binding type Activity retention
(reuse times)

Reference

Macro-porous resin (NW-ZT2) Candida antrarctica Adsorption/crosslinking 62.1%/10 times [43]
Mod
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Silica-PEG gel Candida antrarctica 

PAN  nanofibrous membrane Pseudomonas cepacia 

PAN  nanofibrous membrane Pseudomonas cepacia 

8% of its original specific activity. A comparison of the reusability
f immobilized P. cepacia lipase on the PAN nanofibrous mem-
rane and that of the other studies is shown in Table 4. The activity
etentions of lipase immobilized onto the macro-porous resin (NW-
T2), silica-PEG gel and PAN nanofibrous membrane retained about
2.1% after 10 reuses, 74.4% after 10 reuses and 80% after 10 reuses,
espectively [29,43]. In contrast, the immobilized P. cepacia lipase
n the PAN nanofibrous membrane still retained 98% of the activity
etention after being reused 10 times. These results clearly indicate
hat the immobilized P. cepacia lipase on the PAN nanofibrous mem-
rane performs well in retaining enzyme activity and reusability.

. Conclusions

Polyacrylonitrile (PAN) nanofibrous membranes was fabricated
y electrospinning method with fiber diameter in the range of
50–300 nm and used for P. cepacia lipase immobilization. Lipase
olecules were covalently bound to the nanofiber surface and

ormed small protein aggregates. The immobilized P. cepacia lipase
till retained 79% of activity compared to that of free lipase. Further-
ore, the immobilized P. cepacia lipase displayed superior pH and

hermal stabilities than that of free lipase. After enzyme immobi-
ization, the storage stability was improved significantly over that
f free enzyme and the immobilized P. cepacia lipase still retained
8% of its original specific activity after 10 repeated batches of
eaction. The reusability of immobilized P. cepacia lipase on the
AN nanofibrous membrane performed well overall. This simple
ut effective enzyme immobilization system has great potential
or industrial applications.
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