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Abstract

Background and Objective: Biomaterials and nanomaterials have generated a great opportunity in regenerative
medicine. Neurological disorders can result in permanent and severe derangement in motor and sensory
functions. This study was conducted to examine the effects of selenium nanoparticles (Se NPs) as a chemical
inducer for differentiation of PC12 cells into sympathetic-like neurons characterized by neurite outgrowth.

Materials and Methods: Size, surface charge, the shape of Se NPs and the morphology of hydrogels were
characterized by dynamic light scattering (DLS), zeta sizer, transmission electron microscopy (TEM) and
scanning electron microscopy (SEM), respectively. DAPI staining, RT-PCR and western blot assays were used
to evaluate cell attachment and mRNA and protein levels of neuronal markers, respectively.

Results: The hydrodynamic size of Se NPs was about 33.55 nm and their surface charge was shifted from -24 to
+3.4 mV. The morphological characterization demonstrated monodisperse spherical particles after coating with
BSA. SEM images demonstrated that chitosan hydrogel containing Se NPs has suitable pore sizes for penetration
of cells. DAPI staining and live/dead assay demonstrated the ability of cell attachment and biocompatibility of
hydrogel, respectively. RT-PCR and western blot assays showed that neurite extension of differentiated PC12
cells can be linked to significantly increased mRNA levels of Map2, B-tubulin, increased protein levels of
neurofilament-200 (NF200) as neuronal markers and decreased protein levels of ki67 protein as a proliferation
marker.

Conclusion: Collectively, our findings show that Se NPs can act as a chemical inducer for the differentiation of
PC12 cells into sympathetic-like neurons in chitosan hydrogels Key words: Sodium arsenite, Oxidative damage,
Seizure, Pentylenetetrazole
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1. Introduction

several drawbacks including the possibility of a
mismatch between donor and recipient nerves, pain,
scar formation, lack and limited availability of donor
tissue, and a necessity for additional surgery to
provide the donor nerve (7,8). To overcome these
limitations, different biomaterials and nanomaterials
have been introduced by researchers (9,10). Chitosan

wing to the inadequate intrinsic
regenerative ability of the nervous
system, especially the central nervous
system (CNS), neurological disorders
might result in permanent and severe
derangement in motor and sensory

functions (1-3). Although peripheral nerves might be
able to regenerate after injury, it is not efficient in the
case of the nerve damage with long distance (4-6).
Though the gold standard treatment for peripheral
nerve injury is autologous nerve grafting, it has

is a natural cationic polysaccharide polymer that can
be formed by the alkaline N-deacetylation of chitin
and is present in the exoskeletons of insects. The
unique properties of chitosan such as excellent
biocompatibility, facile production, antibacterial, and
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antimicrobial activity make it a good candidate for
nerve tissue engineering purposes (11, 12). It has been
reported that selenium is an essential trace element to
human health that can participate in reinforcement of
endogenous antioxidant system and regulation of
neurogenesis (13, 14).

On the other hand, selenium nanoparticles (Se NPs)
have been known as promising tools for fighting
against neurological disorders such as Alzheimer’s
disease by suppressing amyloid-f aggregation (15).
Currently, it has been reported that Se NPs can act as
osteogenic  chemical  inducers and  improve
differentiation of mesenchymal stem cells (MSCs)
into osteoblasts (16). Here, we went on to design a
chitosan hydrogel containing Se NPs and evaluate its
effects on the behavior of PC12 cells and their
differentiation  into  sympathetic-like  neurons
characterized by neurite outgrowth.

2. Materials and Methods

2.1. Synthesis of Se NPs

Initially, 1800 pL of 0.1 M selenious acid 98%
(Sigma-Aldrich) was added to 10 mL of deionized (DI)
water containing 25 mg/mL of BSA under continuous
stirring. In the next step, 3 mL of aqueous 0.1 M
ascorbic acid solution (A92902, Sigma-Aldrich) was
added dropwise. Color change from colorless to pale
yellow, then yellow, and finally into the orange-red
confirmed synthesis of Se NPs.

2.2. Characterizations of nanoparticles

A Nano-ZS instrument (Malvern Zeta sizer Nano
ZS90, Worcestershire, UK) was used to determine the
size distribution and zeta potential of the Se NPs.
Likewise, the morphology and stability of Se NPs
were evaluated by transmission electron microscopy
(TEM, H-7650) at an accelerating voltage of 80 kV. In
order to prepare samples for TEM, a droplet of diluted
nanoparticles was dropped onto carbon-coated copper
grids and then samples were dried at room
temperature for several days.

2.3. Preparation of hydrogels

Initially to obtain a pale yellow viscous chitosan
solution, 1.5 g of chitosan was dissolved in 20.0 mL
of 2.0% aqueous acetic acid under continuous stirring
at room temperature for overnight. In order to provide
a uniform dispersion of solution and to hamper
aggregation during stirring, several drops of 0.5%
tween-80 were added to the resulting solution. In the
next step, 1.0 mL of 0.1% aqueous glutaraldehyde
solution was added and samples were dried overnight
at room temperature to obtain cross-linked chitosan
hydrogels. In the case of hydrogels containing
particles, 250 pl of Se NPs (250 pg/mL) was added to

pale yellow viscous chitosan solution 30 min before
the addition of 0.1% aqueous glutaraldehyde solution.

2.4. Characterization of hydrogels containing
Se NPs

The morphology of the scaffolds was investigated by
scanning electron microscopy (SEM AIS2100, Seron
Technology, South Korea). In order to prepare
samples, they were sputter coated with gold at an
accelerating voltage of 20 kV.

2.5. Cell culture

Cells were counted before each experiment to provide

the required cell density. PC12 cells were obtained
from Pasteur Institute of Iran and cultured in RPMI
1640 medium containing 10% fetal calf serum
(Gibco), 1% penicillin-streptomycin at 37°C in a
humidified 5% CO2 atmosphere. An equal amount of
cells was loaded on hydrogels after 2-4 passages.

2.6. Cell adhesion

To evaluate the number of attached cells on the
surface of hydrogel, nucleus staining by 4', 6-
diamidino-2-phenylindole (DAPI, Sigma) was used.
First, 2x104 cells were seed on hydrogels
(0.5%0.5cm2). After 48 h, PC12 cells were stained
by DAPI, then washed with PBS and were visualized
under fluorescence microscopy (Nikon Eclipse 230
80i).

2.7. Cell viability

Five days after cell culture (2 x 104 cells/cm2) on the
hydrogels, they were washed with PBS and incubated
in calcein AM and ethidium homodimer solution
according to the manufacturer’s instructions. Then,
cells were washed with phosphate buffer saline (PBS)
for another time and were visualized under
fluorescence microscopy (Nikon Eclipse 230 80i). The
color of live cells was green whereas the color of dead
cells was red.

2.8. Real time PCR

Briefly, total RNAs were extracted using TRIzol
(Invitrogen) and then were reverse transcribed to
produce single-strand cDNA by a Dart cDNA kit
(EURx Company, Poland) according to the
manufacturer’s protocol. SYBR Premix Ex Taq Il
(Takara, Japan) was used to detect PCR products.
Temperature cycling was 94°C for 30 s, 56°C for 30 s,
and 68°C for 1 min and repeated for 45 cycles.
Relative changes in gene expression were calculated
based on the 2— AACT method. Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used as an
internal control. Primers used in this study were Map2
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(F) CAAAGTTTATGGGGAGAAAAGGGA, Map2
(R) CAAGGGCAATAGAATCAAGGCAAG; B-
tubulin (F) CCAGCGGCAACTATGTAGG, B-tubulin
(R) CACCACTCTGACCAAAGATAAAG; GAPDH
(F) AGTTCAACGGCACAGTCAAG, GAPDH (R)
TACTCAGCACCAGCATCACC.

2.9. Western blot assay

Briefly, samples were homogenized in RIPA buffer
(protease and phosphatase inhibitor) and after
centrifugation at 13,000 g for 20 min, the total protein
concentrations were measured by the Nanodrop
equipment (NANODROP OneC, Thermo Scientific).
After loading the equal amounts of proteins (50 ug)
into the electrophoresis chamber in 10-15 % SDS-
PAGE, the separated soluble proteins were transferred
onto PVDF membrane. In the next step, non-specific
sites were blocked utilizing a fresh blocking buffer
containing 0.1 % Tween-20, 5 % BSA, and Tris-
buffered saline (pH 7.4). Then, the membranes were
incubated with the primary antibodies including Anti-
Ki-67 Antibody (1:500, Bosterbio, USA) and Anti-
NF200 antibody (1:1000, MyBioSource, USA)
followed by anti-rabbit 1gG peroxidase-conjugated
secondary antibody (1:3000, Cell Signaling
Technology, Danvers, MA, USA) for 1h.
Chemiluminescent HRP substrate (Millipore) was
used as a detector of immunoreactivity and finally, the
membranes were exposed to Kodak X-OMAT films
for 5 min. Internal control for western blot assay was
B-actin  (1:1000, pB-Actin Antibody #4967, Cell
Signaling Technology). The ratio expression of each
protein to the expression of the p-actin was
determined using Alpha Ease ® FC Imaging System
based on their optical densities.

2.10. Statistical analysis

Data were expressed as means * standard deviation
(SD). Analysis of data was performed utilizing
GraphPad Prism-5 statistic software (LaJolla, CA,
USA). Two-tailed student’s t-test was served to
analyze the difference between the two groups. Values
of P < 0.05 were accepted to be significant in all

Cases.
3. Results

3.1. Characterization of Se NPs

To characterize the size distribution, surface charge
and morphology of particles, various spectroscopic
and microscopic methods were applied. As shown in
Figure 1A, DLS demonstrated that the hydrodynamic
size of particles was 33.55 nm. Likewise, zeta sizer
showed that surface charge of bare nanoparticle was -
24 mV that was shifted to +3.4 after coating with
BSA. As depicted in Figure 1B and 1C, TEM images

demonstrated that bare Se NPs were aggregated owing
to their high surface free energy. Monodisperse
spherical particles with high stability were observed
after coating with BSA.
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Figure 1. Characterization of Se NPs. A) The
hydrodynamic size of Se NPs. TEM images of B) bare
and C) BSA coated Se NPs.

3.2. Effects of Se NPs in two-dimensional
microenvironment on the behavior of PC12
cells

Five days after treatment with 250 pug/mL dose of Se
NPs, PC12 cells were spread out and neurite
outgrowth was found that was not significant
compared to control (Figures 2A and 2B). Ten days
after treatment with 250 pg/mL dose of Se NPs,
neuron-like PC12 cells were spread out and significant
promotion of neurite outgrowth was found compared
to control (Figures 2C and 2D).
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Figure 2. The behavior of PC12 cells after post-treatment
with 250 pg/mL dose of Se NPs. A) Control after 5 days, B)
5 days after post-treatment with 250 pg/mL dose of Se NPs.
C) Control after 10 days and D) 10 days after post-treatment
with 250 pg/mL dose of Se NPs (***P<0.001 vs. control
after 10 days).

3.3. Characterization of hydrogels

SEM images showed that hydrogels containing Se
NPs have porous structures with interconnected holes,
indicating the possibility for penetration, attachment,
and growth of cells (Figure 3).
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Figure 3. Characterization of hydrogels. SEM images
confirmed that chitosan hydrogels containing Se NPs are
porous structures with suitable pore sizes for cell
penetration, migration, and attachment.

3.4. Cell attachment

DAPI staining showed that PC12 cells could attach to
the hydrogels containing Se NPs after 48 h of cell
seeding. These results demonstrated that the pore sizes
of hydrogel were suitable and cells can penetrate into
the structure of hydrogel (Figure 4).

Figure 4. Evaluation of cell adhesion. DAPI staining
showed that chitosan hydrogels containing Se NPs are
suitable structures for cell attachment (Scale bar: 200 pm).
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3.5. Cell viability

A live/ dead assay kit was used to determine the
viability of cells within hydrogels. Cells that lost
membrane integrity and were not viable stained red
whereas the viable cells stained green. As shown in
Figures 5A and 5B, dead cells were low in both
hydrogels and hydrogels containing Se NPs and no
significant differences were found between the two
groups (Figure 5).
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Figure 5. Viability of PC12 cells after 48 h. A) Control, B)
chitosan hydrogels containing Se NPs. There were no significant
differences between two groups (green: live cells; red: dead cells).
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3.6. The expression of neural markers

Fluorescence images of PC12 cells on the chitosan
hydrogels containing Se NPs showed that these
structures decreased proliferation and enhanced
differentiation (Figures 6A and 6B). To confirm that
chitosan hydrogels containing Se NPs can contribute
to the differentiation of PC12 cells into sympathetic-
like neurons, the mRNA levels of neuronal markers
such as Map2 and B-tubulin were measured by RT-
PCR assay. As depicted in Figures 6C and 6D, the
expression of both markers significantly increased in
cells seeded into chitosan hydrogels containing Se
NPs compared to control. To approve the findings of
RT-PCR assay, we also performed western blot assay
to evaluate protein expressions of NF200 as a
neuronal differentiation marker and ki67 as a
proliferation marker. Western blot analysis showed
that the expression of NF200 was significantly
increased in cells seeded into hydrogels containing Se
NPs compared to control, while Kki67 protein
demonstrated a significantly lower expression in cells
seeded into chitosan hydrogels containing Se NPs as
compared to control (Figure 6E).
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Figure 6. The effects of Se NPs on the proliferation and differentiation markers into the structure of chitosan hydrogels.
Fluorescence images of A) control and B) chitosan hydrogels containing Se NPs. The mRNA levels of neuronal markers
including C) Map2 (** P<0.01 vs. control) and D) B-tubulin (*** P<0.001 vs. control). E) The protein levels of neuronal
differentiation markers (NF200) and proliferation markers (ki67 protein) (** P<0.01 vs. control). NPs.
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4. Discussion

Unlike many other scaffolds that need expensive
and laborious fabrication techniques, we designed a
hydrogel containing Se NPs from chitosan, an
inexpensive polymer, for nervous tissue engineering
purposes. Here, we fabricated chitosan hydrogels
without and with Se NPs to examine the effects of
these nanoparticles on behaviors of PC12 cells such as
viability, proliferation, and differentiation in the
absence of nerve growth factor (NGF). Chitosan was
chosen to prepare hydrogels because it is a
biocompatible polymer with anti-bacterial effects that
can be used as a nanocarrier for nerve growth factors
(17-20). Many previous studies have shown that Se
NPs affect cell behavior under different pathological
conditions owing to their antioxidant properties (21,
22). It has been reported that Se NPs possess a 7-fold
lower acute toxicity than sodium selenite in mice and
their biocompatibility is more than other compounds
of selenium. Likewise, Se NPs with a diameter of less
than 100 nm possess more antioxidant properties and
have extensively used as food additives, antimicrobial
and anticancer agents (23-25). In keeping with these
previous studies, our findings showed that the size of
Se NPs was 33.55 nm which indicates they possess
suitable antioxidant and physicochemical properties.
A previous study has shown that positive surface
charge of Se NPs improved cellular uptake and their
efficiency for the treatment of cancer cells in vitro
(26). In agreement with this study, our findings
showed that the coating of Se NPs with BSA
increased their stability and shifted their surface
charge from negative to positive. It is well
documented that Se NPs can act as chemical inducer
and can improve the differentiation of MSCs into
osteoblasts. Moreover, it has been recognized that Se
NPs can cross the blood-brain barrier (BBB) and exert
positive effects on the nerve system by suppressing
the generation of reactive oxygen species (ROS) (27).

To examine if Se NPs can affect the behavior of
PC12 cells, we added it to cell culture flask and found
it strongly stimulated neurite growth and inhibited cell
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