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differentiation of neural stem cells in vitro 
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Abstract OBJECTIVE: Successful neural stem cells (NSCs) therapies require the controlled 
differentiation of NSCs into neurons. Porous chitosan scaffold was explored if it 
promoted neuronal differentiation of NSCs in the presence of nerve growth factor 
(NGF) in 3-dimensional (3-D) culture. 
METHODS: Chitosan scaffold was made by the freeze-drying technique. NSCs 
were cultured under four different conditions: on flat cover slips (2-D structure) 
in media with or without NGF, and on chitosan scaffold (3-D structure) in media 
with or without NGF. Immunohistochemical staining was used to observe multi-
directional differentiation of cultured NSCs. Photomicrographs were taken and 
analyzed for cell number, soma size, and neuronal process length. 
RESULTS: The porosity index of chitosan scaffold was around 90% and the diam-
eter of pores was 50–350 μm. NSCs could differentiate into neurons, astrocytes, 
and oligodendrocytes under all culture conditions. The rank efficacy for neuronal 
differentiation was 3-D culture with NGF group > 3-D culture without NGF group 
> 2-D culture with NGF group > 2-D culture without NGF group. 
CONCLUSION: The results suggest that the combination of chitosan scaffold and 
NGF exerts a synergistic effect on neuronal differentiation of NSCs, a requirement 
for successful integration into the damaged central nervous system.

INTRODUCTION

Neural stem cells (NSCs) have the potential for 
proliferation, migration, and differentiation into 
different neuronal lineages, including neurons, 
astrocytes, and oligodendrocytes. However, most 
transplanted NSCs differentiate into astrocytes, 
which weakens the functional impact of implanta-
tion (Han et al. 2002).

Tissue engineering utilizes 3-dimensional (3-D) 
biomaterial scaffolds to support the proliferation, 
migration, and differentiation of progenitor cells. 
Scaffolds ideally guide progenitor cell migra-

tion and stimulate expansion and differentiation 
(Andersson & van den Berg 2004). The properties 
that determine scaffold efficacy include biocom-
patibility, porosity, pore size, surface properties, 
pH, surface charge, biodegradability, and ideally, 
the ability to recruit progenitor cells (Wiesmann 
et al. 2004). Chitosan is a biodegradable polyglu-
cosamine chitin derivative that has low toxicity, is 
inexpensive, and has characteristics that assist in 
nerve repair (Cheng et al. 2007). 

NSCs derived from various sources release a 
myriad of neurotrophic factors, including nerve 
growth factor (NGF), brain derived neurotrophic 
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factor (BDNF), and glial-derived neurotrophic factor 
(GDNF) (Llado et al. 2004; Lu et al. 2003). Growth fac-
tors that stimulate progenitor cell signaling cascades 
enhance proliferation and differentiation (Muschler et 
al. 2004). NGF can enhance the survival of NSCs and 
promote differentiation into neurons (Longhi et al. 
2004). In the present study, we fabricated porous chito-
san scaffolds by the freezing-drying technique (Whang 
et al. 1999). NSCs derived from the cortices of fetal 
rats were cultured on scaffolds with NGF to investigate 
whether this combination can enhance the differentia-
tion of NSCs into neurons.

MATERIALS AND METHODS

Preparation of porous chitosan scaffold

Porous chitosan scaffolds were fabricated by the freeze-
drying technique. In brief, chitosan (Sigma) was dis-
solved in acetic acid (1%, v/v) at 2% (w/v) and pipetted 
into 24-well culture plates at 1 ml/well. Treated plates 
were maintained in a refrigerator at 4 °C for 6 h. The 
plates were then frozen at –20 °C for 12 h and lyophi-
lized in a freeze-dryer at –60 °C for 24 h. After neu-
tralization with NaOH solution (0.1 M), scaffolds were 
rinsed with distilled water, dried at room temperature, 
sterilized with alcohol (70%, v/v), rinsed with physi-
ological saline solution, and irradiated by a viltalight 
lamp for 20 min before culturing NSCs.

Detecting the characterization of porous chitosan scaffold 

Detecting the porosity of porous chitosan scaffold
The porosity of chitosan scaffold was detected by anhy-
drous ethanol substitution method (Hsu et al. 1997). 
A sample of freeze-dried chitosan was immersed in a 
graduated cylinder containing a known volume (V1) of 
anhydrous ethanol. Air was removed from the cylinder 
by a series of brief evacuation-repressurization cycles to 
force liquid into the void volume of the scaffold. Cycling 
was continued until no air bubbles were seen emerg-
ing from the chitosan. The volume difference recorded 
(V2 − V1) represented the volume of chitosan only. 
The liquid impregnated chitosan was then removed 
from the cylinder and the new volume (V3) recorded. 
The quantity (V1 − V3) or the volume of liquid held 
by the scaffold was accepted as the void volume. Thus, 
the chitosan scaffold porosity (ps) can be expressed as 
ps = (V1 − V3)/( V2 − V3). 

Detecting the pore size of porous chitosan scaffold
Fifteen micrometer sections were obtained from chito-
san samples using a cryostat (Leica CM1900, Germany) 
and thaw-mounted onto gelatin covered slides. Sections 
were observed by microscopy and the pore average 
diameter was quantified by JD-801 morphology soft-
ware (Nanking, China). 

Isolation and culture of NSCs

Cerebral cortical NSCs were prepared from pregnant 
Sprague-Dawley rat embryos on E14–15 as described 
previously (Zhang et al. 2007). Briefly, rat embryonic 
cerebral tissue was dissociated into a cell suspension by 
0.25% trypsin digestion. Cell number and viability were 
determined by staining a small volume of cell suspen-
sion with 0.4% trypan blue. The cell suspension was 
then maintained at a density of 4×104 cells/ml in Dul-
becco’ Modified Eagle’ Medium (DMEM) plus Ham’s 
F12 medium (1:1, v/v) and supplemented with 2% B27, 
10 ng/ml EGF, and 10 ng/ml basic fibroblast growth 
factor (bFGF). Cells were incubated at 37 ºC in a 95% 
air /5% CO2 humidified atmosphere and split every 7–8 
d by dissociation of bulk neurospheres with 0.05% tryp-
sin. Neurospheres were characterized by immunocyto-
chemistry against anti-BrdU antibody (1:400, Roche, 
Germany) or anti-nestin antibody (1:100, Chemicon) 
as described previously.

After four passages, NSCs (1×105 cells/ml) from 
these neurospheres were cultured for 14 d on chito-
san scaffolds (3-D structure) in 24-well plates con-
taining serum-free medium or serum-free medium 
supplemented with 5% NGF (Roche, Germany). As the 
control, NSCs were plated onto poly-D-lysine coated 
cover slips (2-D structure) in 24-well plates containing 
serum-free medium or serum-free medium supple-
mented with 5% NGF. 

Immunocytochemistry

After 14 d in culture, cells cultured on poly-D-lysine 
coated cover slips were fixed with 4% paraformalde-
hyde (PFA) in 0.1 M phosphate buffer (PB) for 1 h. Cells 
cultured on chitosan scaffolds were fixed with 4% PFA 
in 0.1 M PB for 1 h, then 15-μm sections were obtained 
using a cryostat and thaw-mounted onto gelatin covered 
slides. Cells or sections were blocked in 5% goat serum 
for 30 min at room temperature and then incubated 
for 12 h at room temperature with primary antibodies. 
After washing three times in phosphate buffered saline 
(PBS), the cells or sections were incubated in second-
ary antibodies for 6 h at room temperature. Antibod-
ies were as follows: the primary monoclonal antibodies 
were against mouse microtubule associated proteins-2 
(anti-MAP-2, 1:200, Chemicon), mouse glial fibrillary 
acidic protein (anti-GFAP, 1:200, Sigma), and mouse 
2’,3’-cyclic nucleotide 3’-phosphodiesterase (anti-CNP, 
1:200, Sigma). Secondary antibodies were Alexa Fluor 
568-conjugated (red) goat anti-mouse IgG (1:500, Invi-
trogen) or FITC-conjugated (green) goat anti-mouse 
IgG (1:200, Millipore). Cell nuclei were counter-stained 
with Hoechst33342 for 30 min at room temperature. 
Immunopositive cells were observed using a fluores-
cent microscope. Photomicrographs were taken and 
analyzed for cell phenotype, number, soma size, and 
neuronal process length.
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Statistical analysis

Images were analyzed by Leica Qwin image processing 
and analysis software (Leica imaging System, Cam-
bridge, UK). Statistical analysis was performed using 
statistics package for social science 16.0 (SPSS 16.0). 
Data were presented as mean ± standard deviation 
(M ± SD). Statistical comparisons were performed using 
one-way analysis of variance (ANOVA) and differences 
at p<0.05 were considered statistically significant.

RESULTS

Characterization of porous chitosan scaffold

Porous chitosan scaffold is a circular cylinder, height 
with 0.08 cm and area of undersurface with 0.02 cm2. 
The porosity of freeze-dried chitosan was about 90% 
as determined by anhydrous ethanol substitution, and 
most pores had a diameter ranging from 50–350 μm 
(Figure 1). Thus, freeze-dried chitosan formed a porous 
scaffold structure with pores large enough for cell 
migration, growth, and axonal pathfinding.

Multi-directional differentiation of cultured NSCs 

NSCs derived from cerebral cortical of E14–15 rat 
embryos were nestin and BrdU positive (Figure 2A). 
NSCs were cultured under the four conditions outlined 
in materials and methods. After 14 d in culture, NSCs 
exhibited multi-directional differentiation (Figure 2B). 
MAP-2 positive neurons, GFAP positive astrocytes, and 
CNP positive oligodendrocytes were observed under 
the four conditions. 

Neuronal differentiation of NSCs 
cultured in different media

In the present study, we observed neuronal differen-
tiation of NSCs cultured in four different conditions. 
NSCs that were plated onto poly-D-lysine-coated cover 
slips (2-D structure) in serum-free medium without 
NGF differentiated a small number of MAP-2 positive 
neurons with small bodies and very short processes. 
When NSCs were plated onto poly-D-lysine coated 

Figure 1. A thin slice of freeze-dried chitosan scaffold. Chitosan 
formed a sponge-like 3-dimensional structure that was highly 
porous. Pores ranged from 50-350 μm wide. Scale bar, 200 μm.

Figure 2. Multi-directional differentiation of NSCs derived from cerebral cortical of E14-15 rat embryos. (A) NSCs (left, bright field) 
were detected by nestin (middle) and BrdU antibody (right). Scale bar, 100 μm. (B) NSCs differentiated into MAP-2 positive 
neurons, GFAP positive astrocytes, and CNP positive oligodendrocytes. Scale bar, 20 μm.
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Figure 3. Neuronal differentiation of NSCs cultured in four different 
media were observed by MAP-2 (red) and Hoechst (blue) 
immunostaining. Arrows denote the MAP-2 and Hoechst double 
positive cells. (A): In flat 2-D culture without NGF group, neurons 
(MAP-2 positive cells, red) were rare. The few neurons had small 
bodies and very short processes. Neurons in 2-D culture with NGF 
group had large soma and short processes. Neurons had large 
soma and long processes when grown on 3-D culture without 
NGF. In 3-D culture with NGF group, the combination of chitosan 
scaffolds and NGF exerted a synergistic effect on neuronal soma 
size and process length. Scale bar, 20 μm. (B): A statistic diagram 
for percentage of MAP-2 positive neurons. (C): A statistic diagram 
for area of MAP-2 positive neurons. (D): A statistic diagram for 
perimeter of MAP-2 positive neurons. *p<0.05, vs. 2-D culture 
without NGF group; Δp<0.05, vs. 2-D culture with NGF group; 
#p<0.05 vs. 3-D culture without NGF group.
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cover slips in serum-free medium supplemented with 
5% NGF, MAP-2 positive cells were more numerous 
and had larger soma. Neuronal processes, however, 
were still under development. In contrast, many more 
MAP-2 positive cells with large soma and extensive 
processes were found in the two chitosan scaffold (3-D 
structure) culture groups (Figure 3A). The percentage 
of MAP-2 positive cells cultured on scaffolds with NGF 
was significantly higher than on scaffold culture with-
out NGF. The average neuronal cell body area and cell 
perimeter in the scaffold with NGF culture were sig-
nificantly higher than in scaffold culture without NGF. 
Neurons under both scaffold cultures had far larger cell 
bodies and longer processes than those observed in 2-D 
cultures with or without NGF (Figure 3B,C,D). In sum, 
these results showed that porous chitosan scaffold sig-
nificantly enhanced neuronal differentiation compared 
to conventional 2-D cultures, and porous chitosan 
scaffold with exogenous NGF synergistically enhanced 
neuronal differentiation.

DISCUSSION

Most central nervous system (CNS) diseases are caused 
by the progressive loss of function and eventual death of 
neurons. Stem cell therapy provides a potential method 
for replacing neurons lost by injury or disease. To realize 
efficient stem cell therapy, the transplanted NSCs must 
differentiate into the desired phenotypes (Caldwell et 
al. 2001). However, the poor survival, migration, and 
the partial differentiation of transplanted NSCs limits 
the therapeutic effect (Cao et al. 2002). The factors 
responsible for the proliferation, migration, and differ-
entiation of NSCs have been the focus of intense inves-
tigation to determine optimal conditions for deriving 
functionally integrated neurons after stem cell therapy 
(Cameron et al. 1998). In our study, the rank efficacy 
for neuronal differentiation of NSCs was 3-D culture 
with NGF group > 3-D culture without NGF group > 
2-D culture with NGF group > 2-D culture without 
NGF group. Our results indicate that porous chitosan 
scaffolds have good NSCs biocompatibility, and the 
chitosan scaffolds with NGF exert a synergistic effect 
on the differentiation of NSCs into neurons with a mor-
phologically mature phenotype.

This study is part of a larger program to evaluate the 
utility of various chitosan scaffold configurations with 
NGF for the effective differentiation of NSCs. Surpris-
ingly, more neurons were observed in cultures of NSCs 
grown on chitosan scaffolds without NGF than on flat 
substrate with NGF, underscoring the growth-permis-
sive properties of chitosan. The microenvironment is a 
major influence on the differentiation of NSCs. Axonal 
targets and surrounding supporting cells release neuro-
trophic factors and cytokines that modulate differentia-
tion by activating a number of signaling cascades (Dodla 
et al. 2010). The extracellular matrix is composed of a 
variety of permissive and non-permissive substrates 

that can promote differentiation, process formation, 
and guide axons to their targets (Young et al. 2000). 
Chitosan is a linear polyglucosamine that forms porous 
scaffolds after freeze-drying. Chitosan is derived from 
natural chitin and possesses good biocompatibility, 
biodegradability, and low toxicity. In addition, chitosan 
can be fabricated in films (Cheng et al. 2007), porous 
scaffolds (Bithell & Williams 2005), and tubes (Li et al. 
2009) to guide tissue architecture. In fact, chitosan is 
a widely used biomaterial in nerve tissue engineering. 
The porosity and pore size of porous chitosan scaffold 
can be controlled by chitosan concentration and tem-
perature of freeze-drying. The freeze-drying method 
employed here yielded a sponge-like scaffold with a 
porosity of about 90% and pore diameters ranging 
50–350 μm. The somal diameter of NSCs derived from 
fetal rat cortex range from 6–12 μm and grow to less 
than 70 μm in diameter, so the pore size is compatible 
with cell migration, axonal growth, and elaboration of 
dendrites. Chitosan scaffolds provide an environment 
that support the survival, migration, and differentiation 
of NSCs in 3-D structure.

Cell-cell interactions might play an important role 
in controlling NSCs differentiation when seeded onto 
2-D surfaces (Wang et al. 2010; Young et al. 2000). 
Indeed, cell survival and differentiation are greatly 
influenced by cell density in culture, possibly because 
adjacent cells can maintain local elevations of growth 
factors (Young et al. 2000). In addition to growth fac-
tors, the topology of chitosan (film, tube, or porous) 
determines the phenotype of differentiated NSCs. 
However, particular combinations of chitosan forms 
and growth factors exert effects not readily predicted 
by each condition separatel. In our study, porous chito-
san scaffolds without NGF was superior to 2-D culture 
with NGF. The reason for this has not been determined, 
but may relate to cell density. When NSCs were seeded 
on 3-D scaffolds, cells could enter into the pores, pos-
sibly through capillary action, and adhered on the scaf-
fold walls. The complex 3-D structure provided more 
space and surface area for cell proliferation, migration, 
and differentiation, while still maintaining relatively in 
close proximity and high cell density. 

BDNF (Zhao et al. 2004), NGF (Longhi et al. 2004) 
and neurotrophin-3 (NT-3) (Park et al. 2006) all 
increased the survival of NSCs and promoted neuro-
nal differentiation. Chitosan conjugated to a variety 
of growth factors could dynamically regulate and fine 
tune the cellular composition of the tissue (Reimers et 
al. 2008). In the current study, combining NGF with 
porous chitosan scaffold exerted a synergistic effect on 
neuronal differentiation, possibly because cells have 
access to more NGF in 3-D culture. These results sug-
gest that NGF combined with porous chitosan scaffold 
may be suited to induce neuronal differentiation of 
NSCs on a large scale, providing a promising method 
for neural repair following CNS injury.
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