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Abstract

The gelatin-tricalcium phosphate membranes were cross-linking with low concentration glutaraldehyde solution (GTG). This

material has good mechanical property, biocompatibility, and is feasible for surgical manipulation. For axonal regeneration, nerve

growth factors (NGF) were immobilized onto the composite (GTG) with carbodiimide. The purpose of this study was to evaluate

the release characteristics and bioactivity of NGF after covalent immobilization onto the GTG membranes (GEN). NGF

immobilized onto and released from the composite was quantified using ELISA method. PC 12 cells were cultured on the GTG and

GEN composites. Cell survival, cytotoxicity, and cellular activity were evaluated by total protein content, LDH activity, and MTT

assay respectively. Neurite outgrowth assay was used to evaluate the biological activity of NGF released from GEN composite.

From ELISA measurement, the releasing curve for NGF showing two distinctive parts with different slopes indicated that NGF

were released from the composite in diffusion-controlled mechanism and degradation-controlled mechanism respectively. While

culturing with PC 12 cells, LDH leakage results implied that whether GTG composite cross-linked with NGF or not showed little

cytotoxicity. The total protein content and cellular activity of PC 12 cells were lower on GTG and GEN membranes than control

group. However, 56%73.98 of PC 12 cells showed significant neurite outgrowth on GEN membranes which was statistically higher

than GTG without NGF immobilization. In addition, sustained release of bioactive NGF for two months had been demonstrated

by neurite outgrowth assay. From these experiments, it can be concluded that the technique used in the present study is capable of

immobilizing NGF onto GTG membranes covalently and remaining the bioactivity of NGF. Therefore, GEN composite can be

materials for sustained release of bioactive NGF and a candidate for future therapeutic application in nerve repair.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Although the peripheral nervous system has a
relatively good capacity to regenerate compared to the
central nervous system, peripheral nerve repair remains
a clinical challenge as restoration of normal nerve
function is highly variable [1]. In clinical practice, direct
e front matter r 2005 Elsevier Ltd. All rights reserved.
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end-to-end suturing techniques are suggested for a short
nerve injury. When large gaps remain between the ends
of peripheral nerves, nerve autografting has been the
first choice for repairing nerve gaps. However, the
limited supply of available nerve autografts and certain
donor site morbidity are its disadvantages. In addition,
xenografts and allografts have poor successful rate and
problems of immune rejection [2,3].
Synthetic guidance channels hold promise for repla-

cing autologous nerve grafts and offer an ‘‘off-the-shelf’’
solution to avoid the sacrifice of a healthy nerve [4].
These tubes guide regenerating axons from the proximal
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toward the distal end, maintain within their lumen
growth-promoting molecules released by the nerve
stumps, and protect regenerating axons from infiltrating
scar tissue. A wide range of materials has been
developed for use as a synthetic nerve guidance channel.
Of these materials, nondegradable materials such as
silicone rubber have been widely used in general clinical
case because of their inert and mechanical properties.
However, upon completion of regeneration these
materials may become detrimental due to mechanical
impingement, foreign body reaction or infection [5].
Contrarily, biodegradable materials potentially avoid
these problems. Biodegradable materials such as poly-
glycolic acid (PGA) [2] and polylactic acid (PLA) [6] are
used for peripheral nerve regeneration. Nonetheless,
upon degradation by hydrolysis, the products of PLA
and PGA would lead to a low local pH and might
hamper tissue regeneration [7,8]. Although collagen
nerve guidance channel was successful in nerve repair
[9,10], collagen is rather expensive and difficult to handle
during suturing because of inadequate mechanical
strength.
With respect to collagen, gelatin is inexpensive and

much easier to obtain in concentrate solutions. More-
over, gelatin is a biodegradable polymer with excellent
biocompatibility. The ratio of gelatin and cross-linked
reagents could be used to regulate the cross-linked
degree and degradable rate. However, gelatin also has a
problem in mechanical strength during operation.
A biodegradable composite as so-called glutaralde-

hyde solution (GTG) composite, glutaraldehyde cross-
linked gelatin with tri-calcium phosphate (TCP) added
to enhance the mechanical strength, has been developed
in our laboratory as nerve guidance channel material for
axon regeneration. GTG composite is a biodegradable
material with a variety of attractive properties including
good biocompatibility, no harm to Schwann cells
[11], and good mechanical strength for surgical
manipulation.
When a material designed as nerve guidance channel,

incorporation of neurotrophic factors to improve axon
regeneration should be considered. Nerve growth factor
(NGF), one of neurotrophic factors, has been shown to
enhance peripheral nerve regeneration and protected
neurons from injury-induced death in lesioned sciatic
nerves [12]. NGF also facilitates peripheral nerve
regeneration in adult animals [13,14]. Moreover, NGF
has also been shown to facilitate regeneration
of hippocampal neurons across a peripheral nerve
bridge [15,16].
There are many research reports regarding NGF

incorporation into materials. Xu X et al. reported the
preparation of NGF-encapsulated microspheres for the
delivery of NGF [17]. However, the harsh conditions of
the technique, namely exposure to organic solvents, may
have unfavorable effects on the integrity of the growth
factor and may result in deactivation during the
encapsulation procedure or aggregation at the solvent–
water interface [18]. Heparin-binding growth factor
delivery is a new method used for the release of certain
growth factors [19], but NGF, brain-derived growth
factors and neurotrophin-3 could not bind heparin
effectively. In this study, carbodiimide reagent offers
another method for generating cross-links between
corresponding reaction sites, without itself being in-
corporated [20]. The carbodiimide is first protonated
and reacts with the carboxyl groups on collagen to form
the o-isoacylurea. This is followed by nucleophilic attack
of the amine groups on the adjacent gelatin, generating
the cross-link and releasing the urea derivative of the
carbodiimide reagent. Therefore, proper washing steps
to remove the activating reagent gave membrane no
residual chemicals and no harm for cells or tissues [21].
In this work, NGF was immobilized onto the surface

of GTG membrane (GEN) with carbodiimide. The
biological activity and how long NGF released from
GEN membrane will be examined by culturing PC 12
cells in vitro. MTT assay, total protein, LDH measure-
ment and neurite outgrowth are in terms of cell viability,
cell population, cell death and released NGF bioactivity,
respectively. NGF immobilization efficiency and releas-
ing mechanism will be determined by enzyme-linked
immunosorbent assay (ELISA).
2. Materials and methods

2.1. GTG membrane preparation

GTG composite was prepared by adding 22.5 g of bovine

gelatin (Sigma Chemical Co., St. Louis, MO, USA) to 380ml

of de-ionized distilled water. The mixture was stirred at

400 rpm with a magnetic bar of 1 cm in length and kept it at

70 1C until a homogenous gelatin solution was attained. TCP

powder (Fluka, Chemika) was sintered at 900 1C and then

sieved with 60–80 mesh to prepare the TCP particle for later

application. 22.5 g of TCP particle was then added into the

homogenous gelatin solution. The mixture was stirred for

5min to ensure a uniform consistency. The temperature of the

mixture was cooled to 35 1C, then, 22.5ml 1% glutaraldehyde

solution was added for gelatin cross-linking [22]. The slurry

was poured down into blank dishes and dried at the

temperature of 50 1C overnight to form membranes. The

GTG membrane was brittle and fragile with only one cross-

linking step. This property of GTG membrane might be

attributed to the retarded cross-linking by TCP particles. In

order to achieve an ideal material for nerve guidance channels

with good mechanical strength for surgical manipulation

during suture and low degradation rate for the long period

of slow nerve regeneration, the membranes were then soaked

in 0.1% GTG for another 8 h for further cross-linking. The

cross-linked GTG membrane was further treated with 0.1M

glycine (Sigma Chemical Co., St. Louis, MO, USA) aqueous

solution to block non-reacted aldehyde groups, and then
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washed with double-distilled water. The composite membranes

were used in the later experiment for NGF grafting and PC12

cells seeding.
2.2. The amount of NGF immobilized on GTG membrane (GEN

membrane)

To immobilize NGF (Chemicon Co., 7S NGF) onto GTG

membrane, GTG membranes were soaked in 20ml 0.1wt%

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDAC) so-

lution for 24 h at 4 1C. The membranes were then transferred

to 5ml NGF solution with different concentration of 10, 30,

50, 70 and 100 ng/ml for 24 h at 4 1C. The reaction of NGF

with the primary carboxyl groups that existed on the surface of

GTG membranes was initiated with EDAC. The proposed

mechanism of NGF cross-linking is shown in Fig. 1. Steps of

cross-linking with EDAC led to a covalent and stable binding

between the carboxyl groups on the surface of GTG

membrane and the amine groups of NGF. Unbound and

excess EDAC was removed by washing the membranes with

phosphate buffer solution (PBS) [11].

After NGF immobilized on GTG membrane (GEN

membrane), the soaking solution was collected and measured

by ELISA reader. The uncross-linked nerve growth factors

(NGF) in the solution was calculated by ELISA using a

calibration curve. The amount of NGF immobilized on the

GTG membrane could be calculated by that the total NGF in

the soaking solution for immobilization subtracted by the

amount of uncross-linked NGF.
2.3. NGF releasing study

In 1ml PBS solution (pH 7.4) 10mm2 of GEN membrane

was immersed at 37 1C. At each time interval, the solution was

collected and replaced with fresh PBS. The collected PBS

solution was stored at �20 1C for later analysis [23–25]. NGF

in collected PBS solution was measured by ELISA reader. The

NGF antibody in the ELISA kit (Chemicon Co., Nerve
Fig. 1. Steps of cross-linking with carbodiimide led to a covalent and stable b

and the amine groups of NGF.
Growth Factor sandwich ELISA kit) specifically reacts with

the b-subunit of NGF in the 7S form and the total NGF would

be detected [26,27]. The bioactivity of NGF released from

GEN membrane was evaluated by neurite outgrowth of PC12

cell culture in Petri dish.

2.4. Cell viability, cell population and LDH leakage test

PC12 cells were cultured in RPMI 1640 medium (GIB-

COBRL, RPMI medium 1640) with supplements of 10% heat-

inactivated horse serum, 5% fetal bovine serum and antibiotics

[28]. Cells were maintained in a humid and 5% CO2 incubator.

PC12 cells were seeded on the 6-well culture dish at the density

of 1� 105 cells/well with 2ml culture medium addition.

GTG and GEN membranes were cut into a round shape as

the size of culture well. The membranes were sterilized with

70% alcohol overnight and then washed with PBS. The

experiment was divided into four groups (n ¼ 18) (Fig. 2) and

briefly described as follows: (1) PC12 cells cultured on GEN

membrane (GEN group), (2) PC12 cells cultured on GTG

membrane (GTG group), (3) PC12 cells cultured on Petri dish

and 20 ng/ml NGF added in medium (NGF group) [17], (4)

PC12 cells cultured on Petri dish without NGF supplement as

control group (control group).

Total protein content, LDH leakage and MTT assay were

analyzed on day 1, 3, 7 after PC12 cells seeded to prove that

the developed membranes were qualified for neuron regenera-

tion. The test methods were shortly described as following

sections.

2.4.1. Total protein

Eighty microliters of 0.5 M NaOH were added to each well

and then stayed in incubator overnight. 0.2ml medium was

collected from each well and mixed with 2.2ml biuret solution

in 96-well culture dish where 0.1ml Folin and Ciocalteu’s

Phenol Reagent (Sigma Chemical Co.) was added later [29].

The intensity of the color was read by ELISA reader at the

wavelength of 700 nm. Protein concentrations were determined

from a calibration curve by interpolation method.
inding between the carboxyl groups on the surface of GTG membrane
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Fig. 2. Experimental groups: (1) PC12 cells cultured on GENmembrane (GEN group), (2) PC12 cells cultured on GTG membrane (GTG group), (3)

PC12 cells cultured on Petri dish and 20 ng/ml NGF added in medium (NGF group), (4) PC12 cells cultured on Petri dish without NGF supplement

as control group (control group).
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2.4.2. LDH leakage

LDH catalyzes the oxidation of lactate to pyruvate with

simultaneous reduction of nicotinamide adenine dinucleotide

(NAD) resulting in an increase in absorbance at 340 nm. PC12

cell injury was quantitatively assessed by the measurement of

LDH leakage. 10ml of aliquots of the medium was mixed with

200 ml LDH reagent (Sigma Chemical Co.). LDH activity

was calculated by measuring the increase in absorbance at

340 nm [30].

2.4.3. MTT assay

Fifty milligram of 3-(4,5-dimethylthiazol-2-yl)-2.5-diphenyl

tetrazolium bromide (MTT, Sigma Chemical Co., St. Louis,

MO, USA) was dissolved in 100ml PBS buffer to prepare

MTT stock solution [31]. 0.35ml MTT stock solution was

added to each well and stayed in incubator for 4 h. The

medium was removed. To each well 100 ml of 0.04 N HCl/EtOH

was added to break cells and turn the reaction product

(formazan) into a purple solution. The purple solution was

measured by ELISA plate reader (Labsystems Multiscan RC)

at 570 nm.

2.5. Morphological evaluation and neurite outgrowth assay

The morphology and neurite outgrowth of PC12 cell were

used to evaluate the bioactivity of NGF releasing from GEN

membrane. PC12 cells responded reversibly to NGF by

differentiation into the neuronal phenotype extension of

neurites. In this study, PC12 cells were cultured in the

transwell (Corning Incorporated, NY) system. The composites

as a source for the release of NGF were placed in the apical

chamber of the transwell system. PC12 cells were cultured in

the basal chamber. Therefore, as NGF were released via a

diffusion mechanism or during the degradation of the
composite, the bioactive NGF molecules in the medium could

induce the differentiation of PC12 cells. After 7 days, the

percentage of neurite-bearing cells was determined by counting

about 200 cells in random fields using a Nikon digital camera

and a computerized image analyzer. Neurite-bearing cells are

those with processes greater than or equal to the cell body

diameter [17,32].
2.6. Statistical analysis

All experiments were performed in a paired pattern and

replicated with statistically meaningful times. The differences

between various tested conditions were evaluated by the

paired t-test. The level of statistical significance is defined as

po0:05.
3. Results

3.1. The amount of NGF immobilized on GTG membrane

In the study, the NGF solution of different concen-
tration was used to immobilize the NGF molecules on
the GTG membrane. From interpolation method,
the amount of NGF immobilization was shown in
Fig. 3. As shown in Fig. 3, the amount of NGF
immobilized on the GTG membrane had no more
increase once the concentration was up to 50 ng/ml.
The curve (Fig. 3) is stepped into a plateau if
concentration higher than 50 ng/ml. The 50 ng/ml might
the optimum concentration for NGF immobilized onto
GTG membrane.
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Fig. 3. The amount of NGF immobilized on GTG membrane (n ¼ 5).
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3.2. NGF releasing

The amount of NGF released from GEN membrane
was analyzed by ELISA reader and the test extended for
60 days (Fig. 4). The burst releasing happened at the
first day about 16% in accumulative percentage. The
releasing rate was slow down thereafter. At the end of 30
days, 26.5% of the total NGF in average was released.
NGF was constantly released from GEN membrane and
could be traced with minimum neurite outgrowth
concentration even after 60 days. At end of the 60th
day, about 34% of the total NGF was released. The
releasing curve shows two distinctive parts with different
slope which reflects the two different releasing mechan-
isms. The daily releasing rate was schemed as Fig. 5. At
the first day, 13 ng/day of NGF in average was released
from GEN membrane. From day 2 to day 10, 1.35 ng/
day of NGF in average was released from the
membrane. After day 10, the minimum daily releasing
of NGF is 0.4 ng in average.
GEN GTG NGF Control
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5 *

*

*

*

T
ot

al
 P

ro
te

in
 (

m
g/

m
l)

 1 day

 3 days

 7 days

Fig. 6. Total cell protein test. It showed the effects of various

membranes on the protein content of PC12 cells after 1, 3, 7 days of

culture. In GEN and GTG groups, the PC12 cells protein contents

were a bit less than control group and NGF group.
3.3. Total protein analysis

Fig. 6 shows the total protein analysis after PC12 cell
cultured for 1, 3 and 7 days. At the first day, the total
protein content of GEN, GTG, NGF, and control
group is 1.38, 1.17, 1.52 and 1.68mg/ml in average,
respectively. The values showed no significant difference
based on statistical analysis. At the 3rd day, the
value for the four test groups is 2.04, 2.20, 2.71 and
2.85mg/ml, respectively. At day 7, the value for total
protein is 2.80, 2.70, 3.27 and 3.33mg/ml for the four
test groups, respectively. From the test results, there
were no statistic differences for all the test groups at the
first day. After cultured for 3 days and 7 days, the total
protein content of GEN and GTG groups were
significantly lower than that of NGF and control
groups.
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compared with NGF group and control group. The bioactivity of

NGF was maintained on the GEN membranes, as demonstrated by

neurite outgrowth in 56% of PC12 cells after stimulation with the

medium of NGF released.
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3.4. MTT assay

Fig. 7 shows the MTT assay for the four test groups
after cultured for 1, 3 and 7 days. At the first day, the
MTT value for GEN, GTG, NGF, and control group is
0.25, 0.21, 0.36, and 0.40, respectively. At the 3rd day,
the value for the 4 test groups is 0.44, 0.45, 0.52, and
0.53, respectively. At day 7, the value for the 4 test
groups is 0.52, 0.55, 0.67 and 0.63, respectively. From
the statistical analysis, MTT value for the test groups
has significant difference in each test time period. The
MTT value to each test group increases with the
cultured time. The MTT value of GEN and GTG is
much lower than that of the NGF and control group.

3.5. LDH leakage analysis

As an intracellular enzyme, LDH was released only
when cellular injury occurred. The leakage of LDH into
culture medium provides an accurate and sensitive
marker related with cell death [33]. As shown in the
Fig. 8, the LDH leakage has no significant difference
among 4 groups. The LDH concentration is in the range
of 2.57–3.98U/dl. There is no significant difference
among each group and test time period.

3.6. PC12 cells neurite outgrowth measurement

The neurite outgrowth of PC12 cells was used to
examine whether the released NGF kept its bioactivity
as supplement to promote neurite outgrowth. The
numbers of neurite-bearing cells were calculated with
image processing software. After cultured for 7 days,
about 56% and 61% of PC12 cells showed neurite
growth in GEN group and NGF group, respectively. In
the contrary, less than 5% of PC12 cells shows fiber
outgrowth in GTG and control group. As shown in
Fig. 9, the neurite outgrowth of PC12 cells showed great
difference between the groups with and without NGF.
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Fig. 7. The MTT-tetrazolium assay. After 1, 3, 7 days of PC12 cells

culture, the cell activities in GEN and GTG groups were a bit less than

control group and NGF group.
The bioactivity of NGF was maintained on the GEN
membranes, as demonstrated by neurite outgrowth in
56% of PC12 cells after stimulation with the medium of
NGF released.
4. Discussion

From the result of Fig. 3, the optimum NGF
concentration in soaking solution for NGF immobiliza-
tion was 50 ng/ml. The linking between NGF molecule
and gelatin molecule is through the carboxyl group and
amino group on the two molecules with the help of
carbodiimide (Fig. 1). Due to limited functional groups
on the two molecules, the number of NGF molecules
bound to gelatin molecules is limited as well so that the
number of NGF immobilized on the GTG membrane is
increasing with the NGF concentration of the soaking
solution at the first until 50 ng/ml and reach to a plateau
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thereafter. There was about 80.57 ng of NGF grafted on
the GTG membrane.
As shown in Figs. 4 and 5, the curve of NGF releasing

from the GEN membrane could be divided into a two
distinct parts with different slope. In the study, NGF
molecules bound to membrane with two mechanisms.
The one is physical adsorption based on electrostatic
attraction force between opposite charge residual groups
both on NGF and gelatin molecules. In the first part of
the curve, the NGF releasing from GEN membrane
showed an initial burst due to the physical adsorption
NGF dissociate from the membrane. The releasing is a
quick release and based on concentration gradient.
Basically, it follows the Fick’s law. The releasing
behavior will stop within relative short term once the
concentration gradient is disappeared. Mathematical
modeling of NGF diffusion through a rate-limiting
membrane has been well documented [34]. In the case of
slab geometry, NGF releasing in early time can be
described by the following equation [34]:

Mt

M1

¼ 4
Dt

pr2

� �1=2

, (1)

where Mt is the amount if NGF released in time t, M1

is the cumulative amount of drug released as time
approaches infinity, D is the diffusion coefficient of a
drug, p is 3.14, and r is the thickness of the device. The
thickness (r) of GEN membrane was about 160 mm.
Eq. (1) is an early time approximation which holds for
the release at the first days in this study. From curve
fitting in Fig. 4, the value of D, 0.0009, was figured out
by computer software. From the D value, we can predict
the amount of NGF releasing from the different
thickness of GEN membrane for the future applications.
In the second part of the curve in Figs. 4 and 5, the

releasing rate is much slower than the first part. As
shown in Fig. 1, the bonding between NGF molecules
and gelatin molecule is amide bond. The bonding will be
gradually disrupted by hydrolysis and enzymatic degra-
dation. We can expect the releasing behavior is more
close to degradation-controlled monolithic model. The
degradation is generally started from the membrane
surface. For surface-degrading systems, the kinetic
expression describing NGF releasing from the mem-
brane can be given by [34]

Mt

M1

¼
k0t

C0a
, (2)

where k0 is a rate constant, C0 is the uniform initial
concentration of NGF and a is the initial radius. From
our calculation, it is apparent that the membrane device
provides a zero-order NGF releasing at day 7 to day 60.
The NGF releasing at day 2 to day 7 was the overlapped
period between diffusion model and surface-degradation
model. From the study, about 66% of NGF will be
continuously released from the GEN membrane after 2
months. The rest of NGF molecules should expect to be
released from the GEN membrane at a rate as the slope
indicated on the second part of the curve (Fig. 4) based
on degradation-controlled model.
As previous report, effective NGF to stimulate PC12

cell neurite outgrowth is in the range of 0.1–50 ng/ml
[35,36]. As shown in Fig. 5, the minimum amount of
NGF releasing from the GEN membrane is about
0.4 ng. Therefore, the daily concentration of NGF
releasing from GEN membrane reached the effective
concentration to stimulate the neurite outgrowth.
From the result of LDH test (Fig. 8), GTG and GEN

membrane will not cause PC12 cells to death. The
glutaraldehyde cross-linked gelatin membrane treated
with 0.1 M glycine solution to block non-reacted
aldehyde group is believed to play an important role
to remove the toxicity. The NGF immobilization with
the help of carbodiimide also showed no toxicity to the
PC12 cell. However, the gelatin membrane turned to
more hydrophobic surface after cross-linked by alde-
hyde group. The hydrophobic surface of the membrane
might be resulted in poor cell adhesion. As shown in the
MTT test (Fig. 7), the GEN and GTG groups showed
lower OD value than that of the NGF and control
group. The total protein analysis has no statistical
difference at the first day but showed significant
different at the 3rd day and 7th day due to the value
of total protein analysis included death cell.
Nerve growth factor, the prototypical member of the

neurotrophin family, promoted the survival and neurite
outgrowth of neurons [37]. The events following NGF
binding to their respective receptors stems from research
on the response of NGF binding to PC 12 cells. PC 12
cells are derived from a rat pheochromocytoma cell line,
express trkA (tropomyosin receptor kinase) and p75
receptors, and respond to NGF by differentiating into
cells that resemble adult neurons [38,39]. As NGF
activation of trkA on PC 12 cells, additional down-
stream signaling with activation of SNT is involved in
neurite outgrowth [40]. In order to avoid NGF
deactivation, we kept the temperature for reaction at
4 1C during the process of NGF immobilization. Never-
theless, we still had to verify the bioactivity of NGF
after the procedures of immobilization. As we know, the
b-NGF subunit possesses all of the biological activity of
7S NGF molecule [35]. With the ELISA tests for the b-
NGF subunit, the biological activity of NGF molecules
which released in the medium could be confirmed.
Furthermore, as shown in the neurite outgrowth assay
(Fig. 9), there is no obvious neurite outgrowth in the
GTG and control group without the stimulation from
NGF molecules. In the contrary, NGF and GEN groups
all present a high ratio neurite outgrowth. The result
is in agreement with the previous founding that
NGF could promote the neurite outgrowth. NGF still
had the bioactivity to PC12 cells and the procedure of
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immobilizing NGF onto GTG membrane in this study
was reliable.
5. Conclusion

In this study, the NGF molecules were successfully
immobilized on the GTG membrane with the help of the
carbodiimide. After immobilized, the NGF molecules
can be released from the membrane at least for 60 days.
The releasing curve can be divided into two parts with
two releasing mechanisms. The one is based on
diffusion-controlled model due to dissociate from the
physical adsorption. The latter is believed to be surface-
degradation model. The GEN membrane is not harmful
to the PC12 cell and will not cause to death. The NGF
releasing from the membrane still keeps bioactivity that
promotes the neurite outgrowth of PC12 cell. In the
future, we believe that the GEN membrane is one of
potential material as nerve guidance channel to promote
axonal regeneration for injured peripheral nerve.
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