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protein hydrolysate from egg skin (ES) was respectively tethered on the prepared nanofibrous mem-
branes in the presence of 1-ethyl-3-(dimethyl-aminopropyl) carbodiamine (EDC)/N-hydroxyl succinimide
(NHS). Confocal laser scanning microscopy (CLSM) was used to verify the surface modification and pro-
tein density on the nanofibrous membranes. Lipase from Candida rugosa was then immobilized on the
protein-modified nanofibrous membranes by covalent binding using glutaraldehyde (GA) as coupling
agent, and on the nascent PANCAA nanofibrous membrane using EDC/NHS as coupling agent, respec-
tively. The properties of the immobilized enzyme were assayed. It was found that different pre-tethered
biomacromolecules had distinct effects on the immobilized enzyme. The activity retention of the immobi-
lized lipase on ES hydrolysate-modified nanofibrous membrane increased from 15.0% to 20.4% compared
with that on the nascent one, while it was enhanced up to more than quadrupled (activity retention of
61.7%) on the collagen-modified nanofibrous membrane. The Kinetic parameter, Ky, and Vp.x, were also
determined for the free and immobilized lipases. Furthermore, the stabilities of the immobilized lipases
were obviously improved compared with the free one.
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1. Introduction

Biotransformations catalyzed with enzymes have been pursued
extensively, largely as a result of their chemio-, regio-, and stere-
oselectivity, mild reaction conditions and high level of catalytic
efficiency [1-4]. While practical applications prefer immobilized
enzymes since they offer easy catalyst recycling, feasible con-
tinuous operations and simple product purification. For enzyme
immobilization, the support materials have a great impact on
the performance of the immobilized enzymes. The improvement
of biocatalytic efficiency can be achieved by manipulating the
structure of supports for enzyme immobilization. Among various
supports, nanofibrous membranes have gained widespread atten-
tions due to their large surface area-to-volume ratio and fine porous
structure. They can provide relatively high quantity of enzyme load-
ing per unit mass and low diffusion resistance necessary for high
reaction rate and conversion. What's more, in comparison with
nanoparticles, nanofibrous membranes are easier to recycle from
reaction media and thus benefit continuous operation [5-18].
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Electrospinning has been recognized as an effective way to
fabricate polymeric nanofibers with diameter ranging from sev-
eral micrometers down to tens of nanometers. Among various
polymers, acrylonitrile-based homo- and co-polymers were most
recently fabricated into nanofibrous materials with reinforcing,
superhydrophobic, and/or catalytic properties [17-25]. In our
previous work [17], novel nanofibrous membranes that possess
reactive carboxyl groups were fabricated from poly(acrylonitrile-
co-maleic acid) (PANCMA) by the electrospinning process. Lipase
was covalently immobilized onto these membrane surfaces via
the activation of carboxyl groups. It was found that the enzyme
loading and the activity retention of immobilized enzyme on
the nanofibrous membrane were much higher than those on
the PANCMA hollow fiber membrane. Therefore, the process
described in our work presents a convenient approach to fabricate
nanofibrous membranes with reactive groups for enzyme immobi-
lization.

However, similar to many other synthetic polymer materials,
the relatively poor biocompatibility of acrylonitrile-based poly-
mers probably causes some non-biospecific interactions between
enzymes and the supports surface, thus, resulting in partial denat-
uration of enzyme protein and loss of enzyme activity. Lipases
have two forms, the closed form with its active site covered by
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a polypeptide chain called lid and the open form with the lid
displaced and its active site exposed to the reaction medium. Some
non-biospecific interactions between lipases and the supports
surface may lead to the transition from the open form to the
closed form. To suppress these unfavorable interactions, surface
modification is a major approach that can enhance the surface
biocompatibility of supports while keeping the bulk properties
intact. It was demonstrated that surface modification with natural
macromolecules could create a favorable microenvironment for
the immobilized enzyme to retain its activity and enhance its
stabilities. Collagen, one of the main proteins in extracellular
matrix, has been successfully used to modify biomaterials such
as polyurethane [26], polystyrene [27] and titanium [28]. Protein
hydrolysate from egg skin (ES), which is easily available and low in
cost, includes different molecular weight polypeptides and a little
polysaccharide. Both biomacromolecules contain reactive groups
(amino groups) and could be used to form biomimetic layers on the
poly(acrylonitrile-co-acrylic acid) (PANCAA) membrane surface
for enzyme immobilization. Furthermore, collagen is a triple helix
structure called tropocollagen. Unlike the whole cylindrically
shaped collagen, protein hydrolysate from egg skin is a mixture of
various fragmental peptides with various lengths. Therefore, it may
provide a possibility to directly compare the interaction difference
of fragmental polypeptide-chain/enzyme and protein-unit/enzyme
at similar condition by tethering them on the same support for
enzyme immobilization. To create biofriendly surfaces for immo-
bilized enzyme, these two biomacromolecules were tethered on
the PANCAA nanofibrous membranes via covalent binding. Lipase
was immobilized on the modified nanofibrous membranes and
the performance of the immobilized enzymes was investigated.

2. Experimental
2.1. Materials

PANCAA with a viscosity-averaged molecular weight (My)
of 2.4x 10° g/mol was synthesized by a water phase precipi-
tation co-polymerization process. The molar content of acrylic
acid in this co-polymer is about 15.6% by elemental analysis
method. Type | collagen (from bovine Achilles tendon), lipase (from
Candida rugosa), 1-ethyl-3-(dimethylaminopropyl) carbodiimide
hydrochloride (EDC) and p-nitrophenyl palmitate (p-NPP) were
purchased from Sigma and used as received. Fluorescein isoth-
iocyanate (FITC) (HPLC grade) was commercially obtained from
Fluka. Coumassie brilliant blue G250 (CBBG) for the Bradford pro-
tein assay was purchased from Sinopharm Chemical Reagent Co.
Ltd. and bovine serum albumin (BSA, BPO081) was obtained from
Sino-American Biotechnology Co. N-Hydroxyl succinimide (NHS)
and glutaraldehyde (GA) are biological grade. Other reagents are of
analytical grade without further purification.

2.2. Preparation of PANCAA nanofibrous membranes by
electrospinning

PANCAA was dissolved in dimethylformamide (DMF) at 60°C
with gentle stirring for 12h to form a homogeneous solution of
4wt.%. Electrospinning was carried out using a syringe with a
1.2 mm diameter stainless steel spinneret at an applied electrical
potential difference of 13kV over 15cm gap between the spin-
neret and the collector. The feed rate of solution from the needle
outlet was kept constant at 1.0 mL/h by a microinfusion pump (WZ-
50C2, Zhejiang University Medical Instrument Co., Ltd., China). The
collector is a flat plate wrapped with conductive aluminium film.
It usually took 3 h to obtain nanofibrous membrane with suffi-
cient thickness and uniform fiber diameter of about 180 nm. All

the nanofibrous membranes were dried under vacuum at 80 °C for
24 h to remove residual solvent before use.

2.3. Preparation of ES hydrolysate

Hydrolysis of egg shells was followed Li’'s method with some
modification [29]. Egg shells were collected and immersed in water
for 2 h. ES was peeled from egg shell, thoroughly washed with de-
ionized water, and dried in vacuum oven at room temperature. A
sample of 2 g ES and 4 g Ba(OH),-8H,0 was dissolved in 40 mL de-
ionized water and stirred for 5h at 60°C. After this, 10% H,SO4
solution was added into the mixture to terminate the hydrolysis
and modulate the pH value of the solution to 4.0. The mixture was
filtrated and the collected solution was concentrated by distillation
and then dried under vacuum at 60°C for 24 h to remove resid-
ual water before use. The molecular weight of ES hydrolysate was
characterized by GPC.

2.4. Preparation of nanofibrous membranes modified with ES
hydrolysate or collagen

An appropriate amount of nascent PANCAA nanofibrous mem-
brane was thoroughly washed with de-ionized water, and then
rinsed with phosphate buffer solution (PBS, 50 mM, pH 7.0). After
this, the membrane was submerged into an EDC/NHS solution
(10mg/mL in PBS (50mM, pH 7.0), the molar ratio of EDC to
NHS=1:1) and shaken gently for 2 h at room temperature. The acti-
vated membrane was taken out, washed several times with PBS
(50 mM, pH 7.0) and then submerged into the ES hydrolysate solu-
tion (0.5 or 2 mg/mL in PBS (50 mM, pH 7.0)) or collagen solution
(0.5 mg/mL or 2 mg/mL in 10 wt.% acetic acid water solution) and
shaken gently for 3 h at 4°C. The ES hydrolysate-modified mem-
brane was washed with PBS for 10-12 times. The collagen-modified
membrane was washed with acetic acid solution (10 wt.%) for 10-12
times and the residual acids were removed by rinsing with abun-
dant PBS.

2.5. FITC labeling and CLSM examination

A common protocol described previously [30] was used for FITC
labeling of amino group carrying nanofibrous membrane. Confo-
cal laser scanning microscopy (CLSM, Leica, Germany) was then
applied to verify the biomacromolecules (such as ES hydrolysate
and collagen) located on the surface of PANCAA nanofibrous mem-
brane. The modified membrane was immersed in 5.0mL PBS
(50mM, pH 7.0), containing freshly dissolved FITC (0.1 mg/mL).
The labeling was performed in a dark room and shaken gently
in a water bath at 4°C for 24 h. The same labeling protocol was
also applied to the original PANCAA nanofibrous membrane for
comparison. To remove physically adsorbed FITC, both nanofibrous
membranes were extensively washed with PBS (50 mM, pH 7.0).
The nanofibrous membranes labeled with FITC were observed by
CLSM equipped with He-Ne laser. High-resolution images of the
labeled membrane were taken with a 63x NA 1.4 lambda blue
oil objective. These images were obtained by fixing the excitation
wavelength at 488 nm. Relative fluorescent intensity was obtained
with a 20x NA 0.7 dry objective at the xyz-scan mode.

2.6. Immobilization of lipase onto the modified nanofibrous
membranes

Lipase solution (8 mg/mL) was prepared by adding appropriate
amount of lipase powder to PBS (50 mM, pH 7.0). Lipase was immo-
bilized onto the ES hydrolysate or collagen-modified membrane by
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a GA activation procedure. A sample of 5 mg membrane was sub-
merged into 10 mL GA solution which was composed of 25% GA
water solution and de-ionized water (5%, v/v) and shaken gently
in a water bath for 2 h at 4°C. The activated membrane was taken
out, washed with PBS (50 mM, pH 7.0) for 6 times to remove excess
GA, and then submerged in 10 mL of lipase solution. Immobiliza-
tion was carried out at 4°C in a shaking water bath for 2 h. After
this, the resultant lipase-immobilized membrane was taken out
and washed with 3.0mL PBS (50 mM, pH 7.0) for 3 times (each
in a shaking water bath for 20 min, and the washings together
with the reacting solution were collected for the determination
of enzyme concentration). As a control, lipase was also immobi-
lized onto the original PANCAA nanofibrous membrane, which was
described in references [17]. A sample of 5 mg membrane was sub-
merged into 10 mL EDC/NHS solution (10 mg/mL in PBS, the molar
ratio of EDC to NHS =1:1) and shaken gently in a water bath for 2h
at 4°C. The activated membrane was taken out, washed with PBS
(50 mM, pH 7.0) for 6 times, and then submerged in 10 mL of lipase
solution. Immobilization was carried out at 4 °C in a shaking water
bath for 2 h. The washing procedure was similar to that mentioned
above.

Protein concentrations in solutions were determined with
Coomassie brilliant blue reagent following Bradford’s method [31].
The amount of immobilized protein on the membrane was deter-
mined by measuring the initial and final concentrations of protein
within the lipase solutions and washings. BSA was used as standard
to construct the calibration curve. The immobilization capacity of
the protein on the membrane was defined as the amount of pro-
tein (mg) per gram of the membrane. Each reported value was the
mean of at least three experiments, and the standard deviation was
within ca. £ 5%.

2.7. Activity assay of free and immobilized lipase

Activity for the free and immobilized lipases in aqueous medium
was determined according to the method reported previously [5].
In the standard condition, a reaction mixture was composed of
1.0 mL ethanol containing 14.4 mM p-NPP and 1.0mL PBS in an
Erlenmeyer flask. The reaction was started by addition of 0.10 mL
of free lipase preparation or the immobilized lipase prepara-
tion. The mixture was incubated at a certain temperature under
reciprocal agitation at 120 strokes per minute. After 5min of
reaction, the reaction was terminated by adding 2.0 mL of 0.5M
Na,CO3 followed by centrifuging for 10min (10,000 rpm). The
supernatant of 0.50 mL was diluted 10-fold with de-ionized water
and measured at 410nm in an UV-vis spectrophotometer (UV-
1601, Shimadzu, Japan) against a blank without enzyme and treated
in parallel. The reaction rate was calculated from the slope of
the absorbance vs time curve. A molar extinction coefficient of
14.5x 103 M~1cm™! for p-nitrophenol (p-NP), which was deter-
mined from the absorbance of standard solution of p-NP in the
reaction medium, was used.

One enzyme unit was the amount of lipase liberating 1.0 pmol
of p-NP per min in these conditions. Specific activity was defined as
the enzyme units per milligram of protein. Activity retention was
defined as the ratio of the activity of the amount of the enzyme
coupled on the nanofibrous membrane to the activity of the same
amount of free enzyme.

2.8. Stability measurements

In the thermal stability study, the free and immobilized lipases
were stored in PBS at 50 °C for 2 h. Samples were periodically with-
drawn for activity assay. The residual activities were determined as
above.

For the reusability measurement, 5 mg immobilized lipase and
2.0 mL of substrate were added in an Erlenmeyer flask. After 5 min
reaction, the released p-NP was measured as in activity assay. The
immobilized lipase was taken out the flask and washed with PBS
to remove any residual substrate on the nanofibrous membrane. It
was then reintroduced into fresh substrate and the same measure-
ment was repeated 10 times. In order to prevent the influence of
storage time on the enzyme activity, there was just 30 s between
two following cycles and all measurements were carried out in one
day.

The storage stability was determined as follows. Free and immo-
bilized lipases were respectively stored in PBS at 4 °C for a month.
Parts of them were periodically withdrawn for activity assay. The
residual activities were then determined as described above.

3. Results and discussion

3.1. Attaching ES hydrolysate and/or collagen on the PANCAA
nanofibrous membranes

ES hydrolysate with a wide molecular weight from 200 to
50,000 g/mol was obtained by hydrolyzing ES (Table 1). There were
more than half of the ES hydrolysate with molecular weight below
3000 g/mol, which indicated that the ES hydrolysis was complete
and the ES hydrolysate we used was a mixture of fragmental pep-
tides with various lengths. This ES hydrolysate and collagen have
abundant amino acid residues on their polypeptide chains. The
amine groups present in ES hydrolysate and collagen can be used
to bind them onto the surface of PANCAA nanofibrous membrane
via an EDC/NHS activation process. The residual amino groups on
the modified nanofibrous membrane were then labeled with FITC
and imaged by CLSM. Typical results are given in Fig. 1(a). Compar-
ing with the original nanofibrous membrane, the modified ones
were obviously observed in the fluorescent form, which meant
there were many residual amino groups on the modified membrane
surface. It indicates that ES hydrolysate or collagen was tethered
on the nanofibrous membranes. Relative fluorescent intensity can
be used to qualitatively verify the tethered biomacromolecules on
the membrane surfaces. Data from the measurements of fluores-
cence emission (Fig. 1(b)) show that higher biomacromolecules
concentration led to higher fluorescent intensity. To obtain a higher
enzyme loading on the nanofibrous membranes, the concentra-
tion of ES hydrolysate and collagen was 2.0 mg/mL in the following
experiments.

3.2. Immobilization of lipase

Lipase from C. rugosa was immobilized on the nascent and mod-
ified nanofibrous membranes using EDC/NHS and GA as coupling
agent, respectively. As shown in Table 2, bound protein on the
nascent, ES hydrolysate-modified and collagen-modified PANCAA
nanofibrous membranes is 11.69, 9.47 and 9.15 mg/g, respectively.
Comparing with that on the PANCMA hollow fiber membrane in the
previous work [17], there is a sharp increase of the amount of bound
protein on the nanofibrous membrane (in Table 2). This result can
be explained by the fact that the remarkable large surface area-
to-volume ratio of the nanofibrous membrane can provide more
potential reaction sites for the covalent coupling of enzyme. On the
other hand, the enzyme loading on the PANCAA nanofibrous mem-
brane is almost half of that on the PANCMA nanofibrous membrane.
It is reasonable that the fiber diameter of the PANCMA nanofibrous
membrane used in the previous work is about 100 nm, while that of
PANCAA nanofibrous membrane is about 180 nm. The effect of the
fiber diameter on the amount of immobilized protein is also given
and the enzyme loading on the PANCMA nanofibrous membrane
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Table 1
GPC results of ES hydrolysate from egg shell membrane.
Name M, My, Mp Polydispersity Area (%)
Peak1 152 376 277 2.469252 33.50
Peak 2 2,822 2,948 2,705 1.044698 36.33
Peak 3 16,027 22,518 33,684 1.404985 23.28
Peak 4 54,386 56,600 76,668 1.040707 6.89
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Fig. 1. (a) Images of the nanofibrous membrane: (1) original PANCAA nanofibrous membrane; (2) ES hydrolysate-modified nanofibrous membrane; (3) collagen-modified
nanofibrous membrane. (b) Fluorescent intensities of samples determined by CLSM (Original: PANCAA nanofibrous membrane; ES-1: 0.5 mg/mLES hydrolysate; ES-2: 2 mg/mL

ES hydrolysate; Collagen-1: 0.5 mg/mL collagen; Collagen-2: 2 mg/mL collagen

Table 2

Activity and kinetic parameters (Vmax, Km) for the free and immobilized lipases under optimum conditions.

Sample Bound protein (mg/g) Specific activity (U/mg) Activity retention (%) Vmax (U/mg) Kin (mM)
Free lipase? - 421 100 46.4 0.45
Lipase immobilized on nascent 2.36 + 0.06 14.3 339+1.6 16.1 1.36
PANCMA hollow fiber

membrane [17]

Lipase immobilized on nascent 21.2 £ 0.71 15.8 37.6+18 16.5 0.98
PANCMA nanofibrous

membrane [17]

Free lipase® = 23.0 100 252 0.48
Lipase immobilized on nascent 11.69 + 0.45 34 15.0+0.8 3.61 0.95
PANCAA nanofibrous

membrane

Lipase immobilized on ES 9.47 + 0.36 4.7 20.4+11 5.40 1.01
hydrolysate-modified PANCAA

nanofibrous membrane

Lipase immobilized on 9.15 + 0.28 14.2 61.7+1.6 16.5 0.98

collagen-modified PANCAA
nanofibrous membrane

4 1150 U/mg solid of the free lipase was used in the previous studies [17].
b 810 U/mg solid of the free lipase was used in this study.
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decreased from 21.2 to 12.5mg/g as the fiber diameter increase
from 100 to 220 nm [17]. Similar results have been reported by Jia
et al. [6]. In this regard, it demonstrates clearly that increasing the
outer surface area of the supports is the efficient way to enhance
the enzyme loading.

The activities of the immobilized enzymes on the PANCMA and
PANCAA membranes under optimum reaction conditions are listed
in Table 2. It was found that the activity of the immobilized enzyme
on the nascent PANCAA nanofibrous membrane is obviously lower
than that on the PANCMA one [17]. The main reason is that the activ-
ity of the crude enzyme used in the previous studies is 1150 U/mg
solid, while that of crude enzyme used in this work is 810 U/mg
solid. In this work, compared with that on the nascent nanofi-
brous membrane, the activity retention of lipase increases from
14.9% on the original PANCAA one to 20.4% and 61.7%, respectively
on the ES hydrolysate-modified and collagen-modified nanofibrous
membranes. Although ES hydrolysate loses the natural conforma-
tion of protein, it introduces spacer arms with different lengths,
which reduce the interaction between enzyme and support, and
thus benefit the activity of the immobilized enzyme to some extent.
In the case of the collagen-modified nanofibrous membrane, since
collagen as one natural macromolecule possesses excellent bio-
compatibility and hydrophilicity, the collagen-layer on the support
surface creates a biocompatible microenvironment and offers a
more effective interfacial activation for the immobilized lipase.
Therefore, the activity of the immobilized enzyme on the collagen-
modified nanofibrous membrane is much higher than that on the
nascent and ES hydrolysate-modified ones.

The kinetics parameters, maximum reaction rates (Vmax) and
Michaelis—Menten constants (K,) from the double reciprocal plot
are shown in Table 2. Compared with the free lipase, immobi-
lized lipases obviously reveal lower Vpax and higher Ky, values.
The increase in the Ky, values is either due to the conformational
changes of the enzyme resulting in a lower possibility to form
substrate-enzyme complex or due to the lower accessibility of the
substrate to the active site of the immobilized enzyme caused by the
increased diffusion limitation. We can also see that the Ky, values
of the immobilized lipase on the nanofibrous membranes are lower
than that on the hollow fiber membrane. This result is attributed to
the fact that the nanofibrous membrane, possessing the advantages
of a large surface area-to-volume ratio and high porosity, could cre-
ate a more favorable interface for the mass transfer of substrate or
product to or from the active site of enzyme.

3.3. Effect of pH and temperature on the activity

The pH dependence of the immobilized lipase activities was
compared with that of the free enzyme for p-NPP hydrolysis in
the pH range of 4.4-9.2 at 37°C. It can be seen from Fig. 2 that
the optimum pH value for the free lipase is about 7.0, while those
for the immobilized lipases shift to the alkaline region at about
7.5 respectively for ES hydrolysate-modified and collagen-modified
nanofibrous membranes. It can be explained as that the isoelectric
point (plI) value of protein is about 4.0-6.5, when pH value is higher
than 6.5, the peptide chains has negative charge and attracts H*
in the solution making the surrounding of peptide much more acid
than bulk solution. Furthermore, the relative activities of the immo-
bilized lipases were improved in a broad pH range compared with
the free one.

Effect of temperature on the activity of the free and immobi-
lized lipase for p-NPP hydrolysis at pH 7.0 in a temperature range of
20-55°Cis shown in Fig. 3. It was found that the optimum temper-
ature for lipase activity shifts from about 37 °C of the free enzyme
to 45, 48 and 48 °C of the enzymes immobilized on the nascent,
ES hydrolysate-modified and collagen-modified nanofibrous mem-
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Fig. 2. Effect of pH value on the enzyme activity of the free and immobilized lipases.
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Fig. 3. Effect of temperature on the enzyme activity of the free and immobilized
lipases.

branes, respectively. The extended maximum temperature range
for the immobilized lipases reveals its higher stability to tempera-
ture than the free one. This can be attributed to the conformational
limitation on the enzyme as a result of covalent bond formation
between the enzyme and the support at high temperature. In addi-
tion, the improved resistance of protein to thermal denaturation is
also an important factor.

3.4. Enzyme stability studies

For industry applications, enzyme stability for the immobilized
enzyme is one of the significant indexes to evaluate the properties
of enzyme, which can make the immobilized enzyme superior to
the free one. Fig. 4 shows the thermal stability of the free and the
immobilized lipases on the nanofibrous membrane. It can be seen
that the free lipase lost all of its initial activity within 100 min, while
the immobilized lipases can retain their initial activity of about
50% for the nascent PANCAA nanofibrous membrane, 66% for the
ES hydrolysate-modified nanofibrous membrane and 70% for the
collagen-modified nanofibrous membrane after a 120 min of heat
treatment, respectively. It demonstrates that the thermal stability
of immobilized lipase is much better than the free one. Moreover,
pre-tethering biomacromolecules can improve the stability of
lipase compared with the nascent one due to two possible factors.
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Fig. 4. Thermal stability of the free and immobilized lipases.

On one hand, the biocompatible layer formed by the pre-tethering
biomacromolecules on the nanofibrous membrane stabilizes the
conformation of enzyme protein and improve the resistance of
protein to thermal denaturation. Another reason should also be
considered. The ES hydrolysate and collagen could be bonded with
enzyme through more points because of their relative unfolded
conformation. Therefore, the pre-tethering biomacromolecules
could prevent the conformation transition of the enzyme and
retain the enzyme activity in thermal treatment.

The reusable stability of an immobilized enzyme without appre-
ciable loss of enzyme activity isimportant for the economic viability
of a biocatalytic process. To evaluate the reusable stability, the
lipase-immobilized nanofibrous membranes were washed with
PBS after each reaction run and reintroduced into a fresh solution.
This process was repeated up to 10 cycles. As shown in Fig. 5, after 10
reuses the residual activity for immobilized enzyme is about 46%,
60% and 62% for the nascent PANCAA, ES hydrolysate-modified and
collagen-modified nanofibrous membranes, respectively. The activ-
ity loss could be related to the inactivation of the enzyme caused
by the denaturation of the protein.

The free and immobilized lipases were stored at 4°C and
retained activities are represented in Fig. 6. Under the same condi-
tions, activity of the immobilized lipase during storage decreases
more slowly than that of free one. The free lipase loses most of
its initial activity within 30 days at 4°C. It can be seen that, the
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immobilized lipases on the ES hydrolysate-modified and collagen-
modified nanofibrous membranes have high storage stability, and
preserve about 66% and 70% of their initial activity at 4 °C, respec-
tively. This extended stability could be attributed to the prevention
of structural denaturation as a result of the covalent bonding of
lipase onto the biocompatible pre-tethering proteins layer on the
nanofibrous membrane surface.

4. Conclusions

PANCAA was fabricated into nanofibrous membrane and two
biomacromolecules, ES hydrolysate and collagen, were tethered
onto the membrane surface to form a biomimetic layer for
enzyme immobilization. Enhancement of both the activity reten-
tion and stabilities (such as thermal stability, reusability and
storage stability) of the immobilized lipases can be found on ES
hydrolysate-modified and collagen-modified nanofibrous mem-
branes compared with that on the nascent one. The diverse
effects of ES hydrolysate and collagen on the immobilized lipase
are attributed to the distinctly different conformation and three-
dimensional structure of ES hydrolysate and collagen. These results
imply that immobilization of biomacromolecules onto synthetic
nanofibrous membrane can provide biofriendly microenvironment
for further tethering of enzymes. The method presented here pro-
vides an optimal support for the enzyme immobilization.

Acknowledgements

Financial support from the National Natural Science Foundation
of China for Distinguished Young Scholars (to Dr. Z.-K. Xu, Grant no.
50625309) and the High-Tech Research and Development Program
of China (Grant No. 2007AA10Z301) are gratefully acknowledged.
Dr. X.-]. Huang thanks the financial supports from the National Post-
doctoral Science Foundation of China (Grant No. 20060400337).

References

[1] A.Schmid, J.S. Dordick, B. Hauer, A. Kiener, M. Wubbolts, B. Witholt, Nature 409
(2001) 258-268.

[2] M.T. Reetz, S. Wilensek, D.X. Zha, K.E. Jaeger, Angew. Chem. Int. Ed. 40 (2001)
3589-3591.

[3] J.M. Palomo, R.L. Segura, C. Mateo, R. Fernandez-Lafuente, J.M. Guisan,
Biomacromolecules 5 (2004) 249-254.

[4] A.Fishman, U. Cogan, J. Mol. Catal. B-Enzym. 22 (2003) 193-202.

[5] X.J.Huang, Z.K. Xu, L.S. Wan, C. Innocent, P. Seta, Macromol. Rapid Commun. 27
(2006) 1341-1345.



256 X.-J. Huang et al. / Journal of Molecular Catalysis B: Enzymatic 57 (2009) 250-256

[6] H.E Jia, G.Y.Zhu, B. Vugrinovich, W. Kataphinan, D.H. Reneker, P. Wang, Biotech-
nol. Prog. 18 (2002) 1027-1032.
[7] B.C.Kim, S. Nair, J. Kim, ].H. Kwak, ].W. Grate, S.H. Kim, M.B. Gu, Nanotechnology
16 (2005) S382-S388.
[8] J. Kim, J.W. Grate, P. Wang, Chem. Eng. Sci. 61 (2006) 1017-1026.
[9] J.H. Lee, E.T. Hwang, B.C. Kim, S.M. Lee, B.I. Sang, Y.S. Choi, J. Kim, M.B. Gu, Appl.
Microbiol. Biotechnol. 75 (2007) 1301-1307.
[10] K.H. Lee, C.S.Ki, D.H. Baek, G.D. Kang, D.W. Ihm, Y.H. Park, Fiber Polym. 6 (2005)
181-185.
[11] S. Nair, J. Kim, B. Crawford, S.H. Kim, Biomacromolecules 8 (2007) 1266-1270.
[12] P. Wang, Curr. Opin. Biotechnol. 17 (2006) 574-579.
[13] Z.G. Wang, B.B. Ke, Z.K. Xu, Biotechnol. Bioeng. 97 (2007) 708-720.
[14] Z.G. Wang, ].Q. Wang, Z.K. Xu, J. Mol. Catal. B-Enzym. 42 (2006) 45-51.
[15] Z.G. Wang, ZK. Xu, L.S. Wan, ]. Wu, C. Innocent, P. Seta, Macromol. Rapid Com-
mun. 27 (2006) 516-521.
[16] L.L. Wu, X.Y. Yuan, J. Sheng, ]. Membr. Sci. 250 (2005) 167-173.
[17] P.Ye, ZK. Xu, ]. Wu, C. Innocent, P. Seta, Macromolecules 39 (2006) 1041-1045.
[18] X.J. Huang, D. Ge, Z.K. Xu, Eur. Polym. J. 43 (2007) 3710-3718.
[19] M.M. Demir, M.A. Gulgun, Y.Z. Menceloglu, B. Erman, S.S. Abramchuk, E.E.
Makhaeva, A.R. Khokhlov, V.G. Matveeva, M.G. Sulman, Macromolecules 37
(2004) 1787-1792.

[20] H.Q. Hou, ]J. Ge, ]. Zeng, Q. Li, D.H. Reneker, A. Greiner, S.Z.D. Cheng, Chem.
Mater. 17 (2005) 967-973.

[21] V.E. Kalayci, P.K. Patra, Y.K. Kim, S.C. Ugbolue, S.B. Warner, Polymer 46 (2005)
7191-7200.

[22] S. Kedem, ]. Schmidt, Y. Paz, Y. Cohen, Langmuir 21 (2005) 5600-5604.

[23] X.H. Qin, Y.Q. Wan, ].H. He, ]. Zhang, ].Y. Yu, S.Y. Wang, Polymer 45 (2004)
6409-6413.

[24] Y.H. Sun, L.X. Feng, X.X. Zheng, J. Appl. Polym. Sci. 74 (1999) 2826-2831.

[25] E.Zussman, A.L. Yarin, A.V. Bazilevsky, R. Avrahami, M. Feldman, Adv. Mater. 18
(2006) 348-358.

[26] J.C. Park, Y.S. Hwang, J.E. Lee, K.D. Park, K. Matsumura, S.H. Hyon, H. Suh, ]J.
Biomed. Mater. Res. Part A 52 (2000) 669-677.

[27] B.E. Fischer, K.B. Thomas, F. Dorner, Ann. Hematol. 76 (1998) 159-166.

[28] M. Morra, C. Cassinelli, G. Cascardo, P. Cahalan, L. Cahalan, M. Fini, R. Giardino,
Biomaterials 24 (2003) 4639-4654.

[29] Y.L.Li, CN Patent (1995) 1111514A.

[30] G.Nouadje, N. Simeon, F. Dedieu, M. Nertz, P. Puig, F. Couderc, J. Chromatogr. A
765 (1997) 337-343.

[31] M. Bradford, Anal. Biochem. 72 (1976) 248-254.



	Surface modification of nanofibrous poly(acrylonitrile-co-acrylic acid) membrane with biomacromolecules for lipase immobilization
	Introduction
	Experimental
	Materials
	Preparation of PANCAA nanofibrous membranes by electrospinning
	Preparation of ES hydrolysate
	Preparation of nanofibrous membranes modified with ES hydrolysate or collagen
	FITC labeling and CLSM examination
	Immobilization of lipase onto the modified nanofibrous membranes
	Activity assay of free and immobilized lipase
	Stability measurements

	Results and discussion
	Attaching ES hydrolysate and/or collagen on the PANCAA nanofibrous membranes
	Immobilization of lipase
	Effect of pH and temperature on the activity
	Enzyme stability studies

	Conclusions
	Acknowledgements
	References


