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a  b  s  t  r  a  c  t

Chitosan/poly(vinyl  alcohol)  (CS/PVA)  conjugated  nerve  growth  factor  (NGF)  scaffolds  for  potential  neu-
ral tissue  engineering  purposes  were  prepared  using  electrospinning.  NGF  was  incorporated  onto  the
electrospun  nanofibers  to mimic  the  biochemical  properties  of  the  neural  tissue.  Upon  current  protocol,
cell proliferation  significantly  imitates  by  ECM  surface  topography,  matrix  porosity,  surface  area,  and
chemical  structure  of  electrospun  scaffolds.  CS/PVA  conjugated  NGF  scaffolds  were  further  assessed  in
eywords:
eural tissue engineering
hitosan
oly(vinyl alcohol)
erve growth factor

terms of  attachment  and  proliferation  of SKNMC  and  U373  cell  lines.  The  thermodynamic  parameters  of
binding  of  NGF  on  CS/PVA  scaffolds  and  the NGF  releasing  rate  were  evaluated.  It  has  been  shown  that  the
electrospun  CS/PVA  conjugated  NGF  nanocomposite  fibers  possess  high  surface-area-to-volume  ratio  to
support  the  attachment  and  proliferation  rate  of  both  cell  types.

© 2011 Elsevier Ltd. All rights reserved.

lectrospinning

. Introduction

A major challenge in neural tissue engineering is to create an
lternative to the autograft by fabricating implantable scaffolds
apable of bridging long gaps that will produce results similar to
utograft without requiring the harvest of autologous donor tis-
ue. This strategy generally involves the expansion of cell lines in
itro, followed by seeding the cells onto a three-dimensional (3D)
iodegradable and biocompatible scaffold that provides structural
upport and can also act as a reservoir for bioactive molecules such
s growth factors. The scaffold gradually degrades with time to be
eplaced by newly grown tissue from the seeded cells (Archibald,
rarup, Shefner, Li, & Madison, 1991; Hoffman et al., 2004; Noble,
unro, Prasad, & Midha, 1998; Uebersax et al., 2007; Willerth &
akiyama-Elbert, 2007).
Nowadays, nanofibrous scaffolds are widely used for tissue engi-

eering applications due to the advantages including: (1) large
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∗∗ Corresponding author at: Pastour institute, 69, Pasteur Ave., Tehran 13164, Iran.
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144-8617/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2011.04.066
specific surface providing relatively high quantity of cell loading
per unit mass, (2) fine porous structure ensuring the accessibility
of active sites and high diffusivity necessary for cell attachment and
high proliferation rate, and (3) the macroscopic form of nanofibers
offering easy recoverability from growth media (Uebersax et al.,
2007). Currently, there are three techniques available for the fab-
rication of nanofibers: electrospinning, self-assembly, and phase
separation. Of these techniques, electrospinning is the most exten-
sively studied technique and has also demonstrated the most
promising results in terms of tissue engineering applications
(Huang, Ge, & Xu, 2007; Reneker & Chun, 1996). In the electro-
spinning process a high voltage DC electric potential is applied
between the end of a capillary tube and a collector. When the
applied electric field overcomes the surface tension of the droplet,
a charged jet of polymer solution is ejected and nanofibers are
collected on a target (Fong & Reneker, 2001; Frenot & Chronakis,
2003; Subbiah, Bhat, Tock, Parameswaran, & Ramkumar, 2005).
Fig. 1 illustrates the electrospinning set up. The availability of a
wide range of natural and synthetic biomaterials has broadened
the scope for development of nanofibrous scaffolds, using the elec-

trospinning. In the present study, chitosan (CS) and poly(vinyl
alcohol) (PVA) nanofibers have been exploited as scaffolds due to
their highly controllable chemical and physical properties (Drury
& Moony, 2003; Khademhosseini, Langer, Borenstein, & Vacanti,

dx.doi.org/10.1016/j.carbpol.2011.04.066
http://www.sciencedirect.com/science/journal/01448617
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mailto:motaghitalab@guilan.ac.ir
mailto:motaghitalab@yahoo.com
mailto:mashokrgozar@pasteur.ac.ir
dx.doi.org/10.1016/j.carbpol.2011.04.066


F. Mottaghitalab et al. / Carbohydrate

2
h
t
g
(
J
e
t
r
(
P
a
a
&
C
t
(
u
f
s
2
g
b
n
t
p
n

PVA as nanofiber matrix can be readily dissolved in aqueous
Fig. 1. Electrospinning set up.

006; Noble et al., 1998). CS is a natural cationic polysaccharide
aving hydroxyl and amino groups at the equatorial position in
he � (1,4)-linked d-glucosamine repeating units (Fig. 2a). It is
enerally obtained by N-deacetylation of chitin to varying extents
Chuachamsai, Lertviriyasawat, & Danwanichakul, 2008; Costa-
unior, Barbosa-Stacioli, Mansur, Vasconcelos, & Mansur, 2008). CS
xhibits properties which are important for biomedical applica-
ions such as non-toxicity, physiological inertness, hydrophilicity,
emarkable affinity to proteins, and high mechanical strength
Duan, Wu,  Li, Yuan, & Yao, 2007; Kumar, 2000; Kurita, 2001).
VA is a non-toxic, water soluble, biocompatible, and biodegrad-
ble synthetic polymer which has excellent electrospinnability and
lso high tensile strength (Fig. 2b) (Chuachamsai et al., 2008; Drury

 Moony, 2003; Dutta, Dutta, Chattopadhyaya, & Tripathi, 2004).
ombination of PVA and CS polymers could combine the advan-
age of easy processability of PVA with bio-functionalities of CS
Agarwal, Wendroff, & Greiner, 2008; Uebersax et al., 2007). The
se of these scaffolds for neural tissue engineering purposes is often
acilitated by specific conjugation of functional targeting molecules
uch as growth factors to the surface of nanofibers (Agarwal et al.,
008; Koh, Yong, Chan, & Ramakrishna, 2008). In this study, nerve
rowth factor (NGF) was used in combination with CS/PVA nanofi-
rous membranes to evaluate the potential of such scaffolds in
eural cell lines proliferation. NGF, one of the neurotrophic fac-

ors, has been shown to enhance peripheral nerve regeneration and
rotect neurons from injury-induced death in lesioned peripheral
erves. NGF plays a crucial role in sympathetic and sensory neuron

Fig. 2. Chemical structure of Chitosan an
 Polymers 86 (2011) 526– 535 527

survival and maintenance; to activate their downstream signaling
pathways, NGF has high affinity tyrosine kinase receptors, making
it a potentially effective therapeutic for the treatment of neurode-
generative disorders (Agarwal et al., 2008; Uebersax et al., 2007;
Willerth & Sakiyama-Elbert, 2007). This study aims to prepare and
comprehensively investigate the fiber diameter, porosity, physi-
cal and chemical properties of electrospun nanofibers composed
of CS/PVA blends. Moreover, cell viability was  also inspected in
order to evaluate the ability of these hybrids to support cell attach-
ment and proliferation. The significance of conjugating NGF with
electrospun CS/PVA nanofibers is also addressed.

2. Materials and methods

2.1. Preparation of CS/PVA nanofibrous scaffolds using
electrospinning

To fabricate chitosan nanofibrous membranes using the elec-
trospinning process, chitosan (powder, medium molecular weight,
degree of deacetylation, DD% = 80%, Sigma–Aldrich, USA) was  dis-
solved in aqueous acetic acid at room temperature with gentle
stirring for 2 h to form a 3 wt% homogenous solution. At the same
time, PVA (powder, degree of hydrolysis = 80%, degree of polymer-
ization, approximately 2500, Sigma–Aldrich, USA) was dissolved
in distilled water at 80 ◦C with gentle stirring for 4 h to form a
12 wt% homogenous solution. Then, the 3 wt% CS and 12 wt%  PVA
solutions were gently blended (weight ratio of 1/1.4) up to 1 h and
subsequently the air bubbles were totally removed. The reported
weight ratio was  selected based on two factors including ease of
electrospinnability and the nanofiber mechanical stability during
cell growth procedure (Shokrgozar, Mottaghitalab, Mottaghitalab,
& Farokhi, in press). The mixed solution was placed in a plas-
tic syringe with a 1-mm inner diameter metal needle which was
connected to a high voltage power supply. The grounded counter
electrode was connected to a collector. Characteristically, electro-
spinning was  performed at 20-kV voltage, 10 cm distance between
the needle tip and the collector. It usually took 5 h to obtain a suffi-
ciently thick membrane that could be detached from the collector.
media leading to scaffold instability. Therefore, CS/PVA nanofiber
samples were considered for the next steps using two different
approaches. In the first approach, the samples were used for NGF

d PVA (Chuachamsai et al., 2008).
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oading without further treatment. In the second approach, remov-
ng PVA and enhancing the nanofiber stability in aqueous media
hrough thermal treatment in 180 ◦C for 1 h was carried out. All
omposite samples were sterilized with �-irradiation for 30 min
rior to a subsequent cell culturing process.

.2. Preparation of NGF-loaded CS/PVA nanofibers

CS/PVA nanofibers were prepared as described above; NGF
NGF-� human, Sigma–Aldrich, USA) was dissolved in sterile
hosphate-buffered saline (PBS, pH 7.4) to make three different
oncentrations of 5%, 10%, and 20% of NGF solutions. The nanofi-
rous membranes were then immersed in NGF solutions for 24 h at
◦C for the conjugation process.

.3. The extraction of nanofibers

The extraction of samples for the indirect test was  carried out
ccording to the ISO 10993-5 states (Chew, Mi,  Hoke, & Leong,
007). Consequently, all membranes with the surface area of 1 cm2

ere soaked in 1 ml  of culture medium (RPMI 1640) in falcon tube
nd were incubated at 37 ◦C for 3, 7, and 14 days for cell viability
ssays.

.4. Cell cultures

U373-MG (Human glioblastoma-astrocytoma; National Cell
ank of Iran, NCBI) and SKNMC (Human neuroblastoma; National
ell Bank of Iran, NCBI) cell lines were cultured in RPMI
640 (Biowhittaker, Belgium) with 10% fetal bovine serum (FBS;
igma–Aldrich, USA) and were incubated at 37 ◦C with 5% CO2.
he cells were sub-cultured twice per week and were utilized for
etween 4 and 8 passages.

. Characterization

.1. Scanning electron microscopy (SEM) of nanofibers

The morphology of the electrospun CS/PVA nanofibers was
ssessed by scanning electron microscopy (SEM; Zeiss, Germany).
he microscope was attached to a dispersive energy spectrometer
EDS). The images were obtained using an accelerating volt-
ge of 20 kV. The deposited foil was cut into small pieces and
ttached to a brass stub with carbon tape. All samples were
hen coated with a gold sputtering device before being inves-
igated under the scanning electron microscope. The porosity
f CS/PVA nanofibers was  determined using image processing
Ziabari, Mottaghitalab, & Haghi, 2008a; Ziabari, Mottaghitalab, &
aghi, 2008b; Ziabari, Mottaghitalab, & Haghi, 2008c)  and fiber
iameter distribution was measured by adjusted distance trans-
orm method (Ramires, Romito, Cosentino, & Milella, 2001; Ziabari,

ottaghitalab, McGovern, & Haghi, 2007; Ziabari et al., 2008a,b,c;
iabari, Mottaghitalab, & Haghi, 2009) from the SEM micrographs.

.2. Raman spectroscopy

Raman spectroscopy was performed to monitor structural
hanges in CS/PVA nanocomposites directly without further label-
ng/modification or denaturing of the target. Raman images were
aken with an Almega Thermo Nicolet Dispersive Raman Spec-

rometer using a short working distance 100× objective and with
esolution of 4 cm−1. The laser source used was a second harmonic
32 nm of a Nd:YLF laser to avoid excessive fluorescence in the
aman signal.
 Polymers 86 (2011) 526– 535

3.3. Isothermal titration calorimetry (ITC)

ITC was  used to evaluate the interaction between NGF and CS
based on thermal effects to characterize energetic processes quan-
titatively (Saboury, 2006). The ITC experiments were performed
with a 4-channael commercial microcalorimetric system (Ther-
mal  activity monitor 2277, thermostatic, Sweden). Each channel
is a twin heat-conduction calorimeter where the heat-flow sen-
sor is a semiconducting thermopile (multi-junction thermocouple
plates) positioned between the vessel holders and the surround-
ing heat sink. The insertion vessel was  made from stainless steel.
NGF (5 mM)  was  injected using a Hamilton syringe into the calori-
metric titration vessel including a stirrer, which contained 2 ml
CS/PVA nanocomposites extraction solution (0.5 mM).  The heat of
NGF binding on CS was  measured with automatic cumulative injec-
tions. The thermal effect of each injection was calculated by the
“thermometric Digitam 3′′ software program.

3.4. NGF releasing study

NGF-conjugated CS/PVA nanocomposites were immersed in PBS
solution (pH 7.4) at 37 ◦C. At each time interval, the solution was
collected and replaced with fresh PBS. The collected PBS solutions
were stored in −20 ◦C for later analysis. The amount of NGF  in
collected PBS solution was measured using Sandwich ELISA fol-
lowing the manufacturer’s protocol. Firstly, flat-bottom 96-well
polystyrene plates (Nalge Nunc, Roskilde, Denmark) were coated
with 50 �l NGF capture antibody solution and the wells were
blocked with blocking solution containing a solution of 1% BSA
(w/v), 5% sucrose, 0.05% NaN3 in PBS (50 �l/well) for 2 h in 37 ◦C.
Secondly, 50 �l aliquots of NGF test solutions were added to each
well after washing the wells twice with TBST (PBS with 0.05%
Tween 20) and were incubated in room temperature for 2 h. Thirdly,
50 �l of Anti-NGF-HRP was added to each well and the sample
was  held for 2 h at room temperature. Finally, TMB  (3,3′,5,5′-
tetramethylbenzidine) was  added as substrate and re-incubated for
30 min  and the optical density was measured at 450 nm using an
ELISA reader.

3.5. Quantification of viable cells

The cell viability was evaluated using 3-[4,5-dimethyltriazol-2-
y1]-2,5-diphenyl tetrazolium bromide (MTT) as a substrate. Briefly,
2 × 104 cells were seeded on matrices within a 96-well plate.
The cells were incubated at 37 ◦C in humidified atmosphere con-
taining 5% CO2. After 24 h incubation, the culture medium was
replaced with 100 �l/well extraction solution of nanofibrous mem-
branes and incubated at 37 ◦C and 5% CO2 for 24 h. Finally, the
solution extracted from the membranes was removed carefully
and was  replaced with 100 �l/well MTT  solution (Sigma–Aldrich,
USA) and re-incubated for 4 h. After that, isopropanol solution
(Sigma–Aldrich, USA) was added to the plates in order to dis-
solve the formazan crystals and was incubated for more 15 min.
After slow shaking for an extra 15 min, the absorbance was  mea-
sured at 570 nm using ELISA reader. Moreover, TPS (Tissue Culture
Polystyrene) and CS/PVA nanocomposites without NGF were used
as control groups in order to evaluate the potential of composite
samples in cell growth and proliferation.

3.6. Cell attachment study

In order to evaluate the attachment of the cell on CS/PVA con-

jugated NGF nanofibrous membranes, 2 × 104 cells/sample were
seeded on the surface of matrices containing different percentages
of NGF under the sterile condition. To make a primary attachment,
the cells were seeded on the surfaces of membranes under the
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lightest amount of the culture medium and standard cell culture
onditions for 4 h. After 4 h, 2 ml  RPMI 1640 supplemented with
0% FBS was added to each well of a 24-well culture plate and
hen the plates were incubated at 37 ◦C and 5% CO2 for 1,3,7, and
4 days. The culture medium was changed every three days. Two
ontrol groups were considered: the composites without NGF as
omposite control (positive control) and TPS as negative control.
fter the time intervals, the cells were detached from substrates
ith 0.25% trypsin/EDTA (Sigma, UK) in PBS for 5 min  at 37 ◦C. The

ells were then washed using the culture medium. After preparing
 mixture of cell suspension with 0.2% trypan blue solution (1:1;
/v) the count of viable cells were gauged by a light microscope
Zeiss, Germany). CS/PVA nanocomposites without NGF were used
s composite control.

.7. Scanning electron microscopy (SEM) of nanocomposites
ultured with cells

The morphology of proliferating cell on nanocomposites was
tudied using SEM. The U373 and SKNMC cells at a density of 2 × 104

ere seeded on the surface of the nanocomposites in the 24-well
ulture plate. The plates were incubated at 37 ◦C with 5% CO2 for 7
ays. After 7 days, Samples were fixed in 4% paraformaldehyde for
5 min  and dehydrated with graded concentration (50–100% v/v)
f ethanol. Subsequently, they were kept in a hood for air drying
nd used for SEM observation.

.8. Statistical analysis

All of the quantitative data were expressed as means ± standard
eviation. Statistical comparisons were performed using one-way
NOVA with SPSS 16.0 (SPSS, USA). P values of less than 0.05 were
onsidered statistically significant.

. Results

.1. Scanning electron microscopy (SEM)

Fig. 3a shows the SEM micrograph of CS/PVA nanofibers. The
cquired image represents a very narrow size distribution for
he CS/PVA nanofiber which confirms the formation of uniform
nd continuous web of nanofiber necessary for homogenous cell
rowth. There were also no heterogeneities in the web of nanofiber
egarding to insolubility, immiscibility, and phase segregation.
ighly uniform and optically transparent films were obtained.
ig. 3b shows the PSD curve. It is quite trivial that the ratio area
f fibers to total area increases as the electrospun webs get denser,
hus lowering the porosity to the amount of 54.96 nm.  It is seen that
ecreasing the porosity, O50 and O95 decrease. Cu also decreases
ith respect to porosity that is, increasing the uniformity of the
ores. The number of pores decreases with the porosity as previ-
usly reported (Engel, Michiardi, Navarro, Lacroix, & Planell, 2007;
iabari et al., 2008a,b,c).  The diameter distribution of typical elec-
rospun nanofiber mats is also shown in Fig. 3c. The curved line
ver the histogram corresponds to the fitted normal distribution.
pplying the measurement algorithm on binary SEM image gives

 mean and standard deviation of nanofiber diameter, respectively
qual to 273 nm and 87 nm.  The range of nanofiber diameter and
ts distribution used in current study produce a robust and quite
table 3D scaffold.

.2. Raman spectroscopy
The Raman signature attributed to CS/PVA composite nanofiber
Fig. 4) shows a combination of enhanced spectra with significant
aman shift for individual CS and PVA. The Raman spectrum of pure
 Polymers 86 (2011) 526– 535 529

chitosan enhances peaks at 1356 cm−1 (NHCOCH3) and at about
1566 cm−1 for the in plane deformation of NH2 group (Vasconcelos,
Fávere, Gonç alves, & Laranjeira, 2007). The Raman spectrum of pure
PVA showed the absorption peaks at about 3100–3300 cm−1 for
OH group and at about 1082 for the C O group. In addition the
Raman signature of pure PVA shows strong peak of CH2 deforma-
tion and OH–CH (secondary alcohol association band, respectively
at 1440 and 1420). It can be seen that the spectra of linear PVA
shows a series of medium intensity bands between 1160 and
1050 cm−1 which are clearly assigned to C O stretch of secondary
alcohols on the PVA backbone. In addition there is a weak band
at 1050–1000 cm−1 attributable to the C O stretch of primary
alcohols on the ends of the polymer chains. After the addition of
85% PVA to give the CS/PVA composite, the absorption peak at
1635 cm−1 (NHCOCH3) and at about 1566 cm−1 for the NH2 group
decreased but the absorption peak at 1169 cm−1 for the C–O–C
group increased. Also, the intrinsic (CH2) stretch band of for pure
PVA enhances the Raman shift at 3045 cm−1 (Gauthiera et al., 2004).
High intensity peak at 1800 cm−1 are assigned to the C O group
which is mostly due to the amide group of chitin remaining after
deacetylation in chitosan structure. A few medium intensity peaks
enhanced between 2800 and 3000 cm−1 can be also be attributed
to the C–H bond present in both CS and PVA structure.

4.3. ITC

The heats of the macromolecules and ligands interactions (q) in
the aqueous solvent systems can be reproduced by the following
equation (O’Brien, Chowdhry, & Ladbury, 2001; Rezaei Behbehani
& Bull, 2005; Rezaei Behbehani, Divsalar, Bagheri, & Saboury, 2008;
Saboury, 2006; Schmitt, Sanchez, Desobry, & Hardy, 1998).

q = qmaxx′
B − ı�

A(x′
ALA + x′

BLB) − (ı�
B − ı�

A)(x′
ALA + x′

BLB)x′
B (1)

The parameters ı�
A = (˛n + ˇN)�

A and ı�
B = (˛n + ˇN)�

B are the
indexes of the NGF stability as a result of interaction with CS in
the low and high CS concentrations, respectively, with an resulting
from the formation of a cavity wherein n solvent molecules become
the nearest neighbors of the solute and ˇN reflecting the enthalpy
change from strengthening or weakening of solvent–solvent bonds
of N solvent molecules (N ≥ n) around the cavity (  ̌ < 0 indicates a
net strengthening of solvent–solvent bonds). The constants  ̨ and

 ̌ represent the fraction of the enthalpy of water + CS interaction
associated with the cavity formation or restructuring, respectively.
x′

B can be expressed as follow:

x′
B = pxB

xA + pxB
= v

g
(2)

where xB is the fraction of the CS needed for saturation of the bind-
ing sites, and xA = 1 − xB is the fraction of unbounded CS. We  can
express xB fractions, as the total CS concentrations divided by the
maximum concentration of the CS upon saturation of all NGF as
follow:

�B = [CS]T

[CS]max

xA = 1 − xB (3)

where [CS]T is the total concentration of CS and [CS]max is the maxi-
mum  concentration of the CS upon saturation of all NGF. In general,

there will be “g” sites for binding of CS per NGF molecule and � is
defined as the average moles of bound CS per mole of total NGF. LA
and LB are the relative contributions of unbound and bound CS to
the enthalpies of dilution in with the exclusion of NGF and can be
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ig. 3. (a) Scanning electron micrographs of: electrospun CS/PVA nanofibers at 20
istribution histogram for electrospun CS/PVA nanofiber membranes.

alculated from the enthalpies of dilution of CS in buffer, �Hdilut,
s follows: (

∂�H
) (

∂�H
)

A=�Hdilut+xB
dilut

∂xB
LB=�Hdilut−xA

dilut

∂xB
(4)

The heats of NGF and CS interactions were fitted to Eq. (1) over
he entire CS concentrations. In the procedure, the only adjustable

Fig. 4. Raman spectra of PVA nanofiber 
agnification. (b) PSD curve of electrospun CS/PVA nanofiber membranes. (c) Size

parameter (p) was changed until the best agreement between the
experimental and calculated data was approached. (˛n + ˇN)� and
ı�

B parameters have been also optimized to fit the data. The opti-

mized (˛n + ˇN)� and ı�

B values are recovered from the coefficients
of the second and third terms of Eq. (1).  The small relative stan-
dard coefficient errors and the high r2 values (0.9999) support the
method. The binding parameters for NGF and chitosan interactions

prior and after chitosan addition.
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Fig. 5. The heat of NGF binding with chitosan: indicating that in the low and
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igh  concentrations of the chitosan, the NGF structure is stabilized, resulting in an
ncrease in its biological activity.

ecovered from Eq. (1) are listed in Table 1. (˛n + ˇN)� value for NGF
nd CS interaction in first binding site are positive, indicating that in
he low concentrations of the CS, the NGF structure was stabilized,
esulting in an increase in its biological activity. The negative value
f ı�

B in second binding site indicates that CS destabilizes the NGF
n the high CS concentration. As there are two groups of binding
ites on NGF, we have introduced the following empirical equation
hich is the best approach for fitting such a complicated system

(qmax 1 − q)
qmax 1

M0 + (qmax 2 − q)
(qmax 2 − qmax 1)

M0

= (qmax 1 − q)
q

L0
1
g1

− k1

g1
+ (qmax 2 − qmax 1 − q)

F(qmax 2 − qmax 1) − q
L0

1
g2

− k2

g2
(5)

here the F parameter can be defined as follows:

 = q

qmax 1 + qmax 2
(6)

A non-linear least squares computer program has been devel-
ped to fit data in Eq. (5).  The best correlation coefficient
R2 ≈ 1) and the least standard deviations (SD ≈ 10−6 or better)
re good support for the use of Eq. (5).  The binding parame-
ers recovered from Eq. (5) (K1, K2, g1 and g2) were listed in
able 1. The curve in Fig. 5 shows the conjugation between NGF
nd chitosan. Also, the association constants calculated for the
GF-CS suggest high affinity CS-NGF binding, compared to the
ther strong ligand–macromolecule complexes (Divsalar, Bagheri,
aboury, Mansoori-Torshizi, & Amani, 2009). Therefore, the pre-

ared scaffold would be an ideal structure for further release
tudies.

able 1
inding parameters for chitosan and NGF interaction. p = 1 indicates that the binding

s  non-cooperative in two  groups of binding sites. The positive value of (˛n + ˇN)�

ndicate that the stability of NGF been increased as a result of its interaction with
hitosan.

Parameters First binding sites Second binding sites

p 1 1
gi 2.000 ± 0.001 6.000 ± 0.002
Kd/mM  270.200 ± 0.123 749.000 ± 0.334
qmax/�J −249.400 ± 0.708 −492.300 ± 1.399
(˛n  + ˇN)� 1.66 ± 0.04 –
(˛n + ˇN)� – –0.66 ± 0.03
Fig. 6. (a) The NGF releasing curve. (b) In vitro accumulative release (%) of NGF from
CS/PVA nanocomposites, 1 cm × 1 cm.

4.4. NGF release study

The amount of NGF released from CS/PVA nanofibrous
membranes was  analyzed by Sandwich ELISA (enzyme-linked
immunosorbent assay) and the test extended for 30 days. The max-
imum release was  about 55% in the 10th day. At the end of day 30,
78% of the total NGF was  released. The releasing curve shows two
distinct parts with different slopes which reflects the two different
releasing mechanisms. The daily release rates are shown in Fig. 6a.
At the first 5 days, 24% NGF in average was released from CS/PVA
matrices and reached to 35% in average in day 10. As are shown in
Fig. 6b, the percentage of cumulative release of NGF from CS/PVA
membranes at the first 5 days is about 26% and reached to about 60%
in average in the 10th day. After this time, the amount of released
NGF was  approximately constant.

4.5. Quantification of viable cell

Cell viability was measured using the MTT  assay which repre-
sents the active mitochondrial enzymes in a cell capable of reducing
MTT. As shown in Fig. 7, CS/PVA nanocomposites exhibited compa-
rable biocompatibility. In general, the proliferation rate of SKNMC
and U373 cell lines in nanocomposite extraction solutions with
different percentages of NGF was  similar to negative (TPS) and pos-
itive (composite without NGF) control groups. Although, the result
showed that the above cell lines have higher viability on a num-
ber of CS/PVA nanocomposites with different characteristics. For
instance, in the case of SKNMC cell lines, the samples with 5% and
10% NGF in days 7 and 14 had higher proliferation in comparison
to TPS and the composite control. Correspondingly, in the regard-
ing of U373 cell lines, this situation only took place in day 7 for
nanocomposite samples with 10% NGF (P < 0.05).
4.6. Cell attachment study

Adhesion of cells to biomaterials is a major factor for their bio-
compatibility and it is postulated that the more compatible the
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Fig. 7. MTT  assay results of the SKNMC and U373 cell lines on CS/PVA nanocomposites at various incubation times and different treatment conditions. CS/PVA nanocomposites
without NGF were considered as composite control and tissue culture polystyrene as negative control. (a) Cell proliferation of SKNMC on CS/PVA nanocomposites without
treatment. (b) Cell proliferation SKNMC on thermal treated CS/PVA nanocomposites. (c) Cell proliferation of U373 on CS/PVA nanocomposites without treatment. (d) Cell
proliferation of U373 on thermal treated CS/PVA nanocomposites. *P < 0.05 (compared to the control groups).

Fig. 8. Attachment of the SKNMC and U373 cell lines on CS/PVA nanocomposites at various incubation times and different treatment conditions. CS/PVA nanocomposites
without NGF were considered as composite control. (a) Cell attachment of SKNMC on CS/PVA nanocomposites without treatment. (b) Cell attachment of SKNMC on ther-
mal  treated CS/PVA nanocomposites. (c) Cell attachment of U373 on CS/PVA nanocomposites without treatment. (d) Cell attachment of U373 on thermal treated CS/PVA
nanocomposites. *P < 0.05 (compared to the composite control groups).
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F. Mottaghitalab et al. / Carboh

urface, the greater the amount of cell attaching. Fig. 8 displays
he adhesion of SKNMC and U373 cell lines on electrospun CS/PVA
anocomposites with different characteristics, as well as function
f culture time. As are shown in Fig. 8, the cells attached to all
he substrates with increasing numbers from day 1 to day 14. It
as observed that SKNMC and U373 cell lines could have higher

dhesion and proliferation on CS/PVA conjugated NGF nanocom-
osites in comparison to positive control. Among the samples,
anocomposites with 5% and 10% NGF could enhance proliferation
nd physical attachment of cells higher than both control groups.
owever, the cells cultured on the samples with 20% NGF had lower
roliferation rate than other nanocomposites.

.7. Scanning electron microscopy (SEM) of nanocomposites
ultured with cells

SEM studies were performed on SKNMC and U373 cells attached
o the CS/PVA nanocomposites. As can be seen in Fig. 9, electrospun
anofibers had porous surfaces with appropriate pore size which
ermit the cells to adhere to the surface of the nanocomposites
ith suitable morphology. The permeability in CS/PVA nanofibrous
embranes is high, allowing the necessary nutrients to reach the

eeded cells and thus, high-quality proliferation of both types of
ells were observed. It is indicated that the cells could normally be
nitted in CS/PVA meshes and created a supporting scaffolds which
llow the formation of bio-hybrid tissue that acts as the structural
nd functional analogue of the original tissue.

. Discussion

The spinnability of chitosan to form pure and robust nanofibers
hrough the electrospinning process is an extremely challenging
rea mostly due to polycationic character in an acidic aqueous solu-
ion and presence of amino groups in its backbone which increases
he surface tension of the solution (Fig. 2b). High electrical force is
hus required and particles are often formed during the electrospin-
ing process, probably as a result of the repulsive forces between

onic groups in the CS backbone in acidic solution (Drury & Moony,
003; Krajewska, 2004; Mansur, Costa-Junior, Mansur, & Barbosa-
tancioli, 2009). Among several attempts for preparation of CS
on-woven mat  by the electrospinning technique only one group
as able to produce CS nanofibers from acetic acid solution (Rboldi,

ampaolesi, Neuenschwander, Cossu, & Mantero, 2005; Shan Zhou,
hi Yang, & Nie, 2007). The fabricated scaffold, however, did not
ave the structure to hold and consequently propagate nerve cells.
reliminary results (not shown here) conducted us toward using

 supporting biocompatible polymer to resolve current challenge.
oly vinyl alcohol (PVA) is one of promising candidate to make a
avorable blend with CS for the cell culture compared to the pure
VA (Berger, Lassner, & Schaller, 1994; Huang et al., 2007). Vari-
us aqueous solutions of CS/PVA were prepared, and finally, the
pinning solution with a ratio of 15/85 (CS/PVA) retained excellent
tructural integrity in water.

It is well known that in cell-seeded scaffolds, the response of the
ells is affected by the physiochemical parameters of the scaffold,
uch as surface porosity, diameter distribution, and chemical com-
osition (Engel et al., 2007; Gauthiera et al., 2004; Vasconcelos et al.,
007; Ziabari et al., 2008a,b,c).  Most neural cells have sizes on the
cale of microns and thus larger pore sizes are needed to allow for
ellular infiltration into scaffolds (Ansselin, Fink, & Davey, 1997;
rchibald et al., 1991; Noble et al., 1998; Willerth & Sakiyama-

lbert, 2007).

Chemically crosslinked CS/PVA hydrogels with 100–200 �m
ange size had the ability to support VERO cells attachment and was
apable of promoting cellular proliferation (Mansur et al., 2009).
 Polymers 86 (2011) 526– 535 533

However, in recent years a great deal of research has focused on
developing fibers with smaller diameters, with the aim of increas-
ing surface area (Agarwal et al., 2008; Chew et al., 2007; Huang et al.,
2007; Khademhosseini et al., 2006). The specific characteristics of
nanofibers prepared in this study as can be seen in Fig. 3b have a
high surface area and highly interconnected porous architectures.
They could facilitate the colonization of both cell lines in the scaf-
fold and the efficient exchange of nutrients and metabolic waste
between the scaffold and its environment. In addition, the ability
of electrospinning process for fiber fabrication in nanoscale (Fig. 3c)
may strongly mimics the size scale of fibrous proteins found in nat-
ural ECM. In this case, both cell lines were competent to infiltrate
into the stable 3D scaffold based on CS/PVA.

Based on Raman spectrum (Fig. 4), the presence of C O group in
CS/PVA blends has intensified the peak enhanced in 1800 cm−1 due
to amide group of chitin remained after deacetylation in chitosan
structure. A few medium intensity peaks also enhance between
2800 and 3000 cm−1 that could be attributed to C–H bond present
in both CS and PVA structure. Therefore, it can be suggested that the
blended polymeric nanofibers could be structured to generate the
desired chemical functionality in robust and highly stable scaffolds
for consequent cell culturing processes.

As is shown in Table 1, the p = 1 indicates that the binding of
CS to NGF is non-cooperative in two groups of binding sites. The
positive value of (˛n + ˇN)� indicate that the stability of NGF has
been increased as a result of its interaction with chitosan. Also, high
values of binding constants (see Table 1) represent the high affin-
ity of chitosan for NGF. A large network of interconnected pores
and a high surface area of electrospun nanofiber encourages the
in growth tissue to provide local and constant in vitro release of
NGF from CS/PVA nanocomposite fibers. The study of release pro-
cess allows us to understand how NGF cooperates in proliferation
process. Two  distinct parts were observed in NGF releasing curve
(Fig. 6). It is suggested that the initial release of NGF occurs due
to the releasing of localized NGF on the surface of the CS/PVA
membranes. Subsequent NGF release appears through and con-
trol by diffusion process (Chew et al., 2007; Drury & Moony, 2003;
Uebersax et al., 2007). It is recommended that using the design
adopted in this study for scaffold fabrication, the increase in the
surface area provided by the electrospun CS/PVA nanofibers con-
jugated with NGF for cellular in-growth appears to be the more
dominant factor in enhancing neural cells growth and proliferation
as compared to CS/PVA matrices without NGF. It is well established
that NGF regulates axonal growth in sensory neurons, both regen-
erative growth in response to injury and collateral sprouting of
uninjured nerve terminals (Ansselin et al., 1997; Diamond, Holmes,
& Coughlin, 1992; Kimpinski, Campenot, & Mearow, 1997; Lindsay,
1998).

Furthermore, cytotoxicity tests using cell cultures have been
applied as the first step in identifying active compounds and for
bio-safety testing. The results from cell viability assays as are shown
in Fig. 7, the ability of CS/PVA matrices to support cell viability was
verified, where the whole set of nanofibrous membranes evaluated
exhibited comparable biocompatibility where the cellular prolifer-
ation rates of both cell lines were similar or even higher that TPS
and control groups. Beyond that, cell proliferation was  assessed
via the adhesion and spreading test and the general morphology
was  observed by SEM. These findings could be attributed to the
potential of NGF to promote cellular in-growth. It can be noted
that the SKNMC and U373 cell lines seeded on the matrix with the
good adhesion and spreading morphology required for these cell
lines (Fig. 8). Since cellular attachment, adhesion, and spreading

belong to the first phase of cell/material interactions, the quality
of this phase will influence the proliferation of cells on biomate-
rial surfaces (Bhattarai et al., 2004). Based on SEM results obtained
in this study (Fig. 9a and b), one may  attribute the SKNMC and
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Fig. 9. Scanning electron micrographs of cells proliferated on CS/PVA nan

373 cell spreading and adhesion verified on the CS/PVA matri-
es to be reliable proof of biocompatibility and non-cytotoxicity of
amples. From the results it could be understood that the potential
f CS/PVA nanofibrous membranes containing 10% NGF concentra-
ion has a greater effect on cellular proliferation in comparison with
S/PVA nanofibrous membranes with 5% and 20% concentrations.
owering the NGF release rate in days 3 and 14 has decreased the
mount of proliferated cells in these days but in day 7 the prolifera-
ion rate of cells was higher due to the burst release of NGF in days
–10. It should be noticed that CS/PVA nanofibrous membranes
ithout NGF, could promote cellular proliferation at the same rate

f negative control group (TSP) and the number of cells prolifer-
ted on CS/PVA nanofibrous membranes conjugated with NGF was
pproximately similar to the control group.

Finally, it is demonstrated that CS/PVA nanofibrous membranes
onjugated with NGF have considerable biocompatibility without
xerting any significant cytotoxic effects which could be used as
otential biomaterials for neural tissue engineering applications.

. Conclusion

Chitosan/poly(vinyl alcohol)-based nanofibers were success-
ully prepared via electrospinning technique. These nanocompos-
tes provide an optimal microenvironment in terms of porosity,

olecular construction, and fiber diameter for the SKNMC and
373 cell lines to maintain relatively high biological activity and

tability. To improve the electrospun system, NGF was conju-
ated to CS/PVA nanocomposites as biochemical cue to promote
he survival, growth, and proliferation of both cell lines. More-
ver, cytocompatibility, cell viability and preliminary bioactivity
ssays have given important evidence that all systems evaluated
re non-toxic, bio-tolerant and potentially biocompatible. In sum-
ary, these novel functional nanocomposites based on CS/PVA

onjugated NGF membranes have broadened the number of choices
f biomaterials to be potentially used in neural tissue engineer-
ng. Nevertheless, once optimization of the scaffold was  reached
n terms of composition and structure, bio-activation with growth
actors were envisaged.
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