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The mammalian central nervous system has a limited ability for self-repair under injury conditions. The
treatment of nerve injuries has been revolutionised with the development of tissue engineering
techniques. However, the lack of bioactivity has severely restricted the application of biodegradable
implants for neurogenesis. Therefore, surface modification of biomaterials is crucial to improve their
bioactivity and promote endogenous repair mechanisms for nerve regeneration. Insulin-like growth
factor 1 (IGF-1) is a growth factor for neuroprotection and neurogenesis. In this study, IGF-1 was
successfully immobilised on graphene oxide (GO)-incorporated poly(lactic-co-glycolic acid) (PLGA)
biodegradable electrospun nanofibres. For the in vitro investigation, neural stem cells (NSCs) were
cultured on different nanofibres to observe various cellular activities. GO enhanced NSC survival under
H,O, pre-treatment and neuronal differentiation to some extent. More importantly, the immobilisation
of IGF-1 onto the PLGA/GO nanofibres resulted in significantly increased NSC survival, proliferation, and
differentiation. Findings from this study revealed that using PLGA/GO electrospun nanofibres to
immobilise IGF-1 has excellent potential for the enhancement of the neuroprotective and neurogenic

Received 9th December 2018
Accepted 4th March 2019

DOI: 10.1039/c8ral0103e

Open Access Article. Published on 12 March 2019. Downloaded on 2/13/2026 4:51:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances effects of nerve implants.

1 Introduction

Nerve injury is a common global health problem that can
significantly affect the quality of life of patients and remains
one of the most challenging clinical problems." Although
endogenous neural stem cells (NSCs) are immediately activated
after nerve injury and migrate towards the lesioned site, the
hostile pathological microenvironment is unfavourable for
endogenous NSC survival, proliferation and differentiation due
to inflammation, reactive oxygen species (ROS) overproduction,
cystic cavitation, and the presence of growth-inhibiting mole-
cules in myelin.>* Therefore, the use of biomaterial scaffolds
and growth factor combinations could be a promising strategy
for nerve repair and regeneration.>®

Biodegradable polymers have been widely used to prepare
tissue engineering scaffolds due to their versatile properties.
Synthetic biodegradable polymers, such as poly(lactic-co-
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glycolic acid) (PLGA), alone or combined with other active
factors have been extensively studied for tissue engineering
because these polymers possess excellent mechanical proper-
ties, low immunogenicity and toxicity, and an adjustable
degradation rate.”® However, the hydrophobic surfaces of PLGA
do not promote cell adhesion, and PLGA does not have bioac-
tivity on neurogenesis. One strategy to overcome this problem is
surface modification by incorporating cell growth factors into
the scaffolds. There are various growth factors, such as insulin-
like growth factor 1 (IGF-1), epidermal growth factor (EGF) and
neural growth factor (NGF), that are associated with neuro-
genesis.”*" IGF-I influences a wide range of physiological
functions, including growth, differentiation, and metabolism.
IGF-1 is a mitogenic factor that substantially enhances NSC
proliferation both in vitro and in vivo.”»** A previous study has
shown that IGF-1 promotes the proliferation of NSCs by inter-
acting with the insulin-like growth factor 1 receptor (IGF-1R),
which may activate the PI3K/AKT and MAP kinase pathways.*
The IGF/IGFR system regulates the differentiation of neurons,
astrocytes, and oligodendrocytes generated from NSCs in
embryonic and adult brains.**® In addition, IGF is also involved
in the regulation of NSC migration, which is mediated by the
activation of the PI3K pathway and by phosphorylation of the
reelin signal transducer.” Previous studies have also
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demonstrated that IGF-I promotes cell survival by inhibiting
apoptosis, ROS overproduction, and DNA damage.'**° This
finding suggests that IGF has an evident neuroprotective effect,
which is very important for neurogenesis after nerve injury.

Electrospun nanofibres are among the most commonly used
scaffolds and are believed to improve the microenvironment
and nerve regeneration after nerve injury by combining thera-
peutic drugs. The conventional procedure of combining growth
factors into polymer materials involves blending growth factors
directly into the polymer materials during nanofibre produc-
tion. However, since the production of polymer materials
requires the use of organic solvents, the bioactivity of proteins
such as growth factors is decreased or damaged. Recently, some
new procedures for the steady immobilisation of growth factors
have attracted great interest. Graphene oxide (GO) nanosheets,
which are two-dimensional (2D) sheets of sp>-hybridized carbon
atoms joined by covalent bonds to form a two-dimensional
hexagonal lattice, have garnered significant attention. Because
of its superlative physicochemical properties, such as hydro-
philic functional groups, low toxicity, exceptional biocompati-
bility and large loading capacity, GO has great application
potential in the field of neuroscience.” GO could stimulate the
differentiation of NSCs into neurons and oligodendrocytes.”***
Neuronal axonal regeneration and orientation have also been
improved on the GO substrate, which was useful for building
new neural connections.”*** Furthermore, GO is composed of
hydrophobic  domains in the core region and ionized groups
along the edges. These characteristics enhance its binding
affinity with proteins via hydrophobic and electrostatic inter-
actions. A recent study showed that graphene-polymer
composites efficiently adsorb the growth factor BMP-2 and
repair bone defects.* Therefore, GO can not only deliver growth
factors but also protect their biological activity. The electrical
properties of GO are also beneficial to NSC neuronal differen-
tiation and axonal regeneration.

Thus, in this study, we reported graphene oxide-
incorporated PLGA nanofibre membranes with immobilised
IGF to enhance NSC bioactivity. The PLGA/GO nanofibre
membrane was produced by an emulsion-solvent evaporation
method, and IGF-1 was immobilised on the surface of the
membrane by immersing the biomaterial in solutions of IGF-1
with different concentrations. The survival, proliferation, and
differentiation of NSCs on the nanofibres were investigated.
This study not only provided a potential biomaterial for nerve
repair but also contributed to improving the understanding of
the biological applications of engineered graphene-based
nanomaterials.

2 Materials and methods

2.1 Materials

Poly(lactide-co-glycolide) (PLGA, M,, = 70 000 g mol ') with
a lactic acid-glycolic acid ratio of 80 : 20 was purchased from
Changchun Sino Biomaterials Co., Ltd, China. IGF-1 was
purchased from PeproTech (USA). GO was purchased from

Chengdu Organic Chemicals Co., Ltd., China (thickness: 0.55-
1.2 nm; diameter: 0.5-3 pm). 3-(4,5-Dimethyl-2-thiazolyl)-2,5-
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diphenyl-2-H-tetrazolium bromide (MTT) and 1,1,1,3,3,3-hexa-
fluoroisopropanol (HFIP) were purchased from Sigma-Aldrich
(USA). Cetylpyridinium chloride (CPC) was purchased from
Aladdin Chemistry Co., Ltd, China. NSC culture media
components were purchased from Gibco (USA). Reagents for
cell experiments were purchased from Gibco (USA).

2.2 Fabrication of graphene oxide-incorporated PLGA
electrospun nanofibres

Graphene oxide-incorporated PLGA electrospun nanofibres
were fabricated by electrospinning. Briefly, 10 mg GO was added
into 1 ml HFIP to prepare a GO suspension, and 190 mg PLGA
was dissolved in 9 ml HFIP to prepare a PLGA solution. Then,
the GO suspension was dropped into the PLGA solution, and the
resulting solution was gently stirred overnight at room
temperature to obtain a homogenous suspension. PLGA
without the addition of GO served as a control group. An elec-
trospinning setup was employed to convert the mixed solution
to mats. The electrospinning parameters were as follows:
applied voltage: 40 kV; air gap distance: 20 cm; inner diameter
of spinneret: 0.4 mm; flow rate of the solution: 0.07-0.10
ml min~". The collected mats were dried in vacuum at room
temperature for approximately 48 h to remove the residual
solvent.

2.3 Characterization of the electrospun nanofibres

The surface morphology and topography of the nanofibres were
examined by a scanning electron microscope (SEM, XL 30
ESEM-FEG, FEI). X-ray diffraction (XRD, D8 ADVANCE, Ger-
many) was employed to determine the elemental composition
of the electrospun nanofibres. A static water contact angle was
used to evaluate the surface wettability of the nanofibres using
the sessile drop method on a contact angle system (VCA 2000,
AST).

2.4 Immobilisation and determination of IGF-1 on the
electrospun nanofibres

The graphene oxide-incorporated PLGA and PLGA electrospun
nanofibres were cut to a suitable size and placed in a 24-well
plate. IGF-1 (10, 100, and 500 ng ml~ ') in phosphate buffer
saline (PBS) was added to each well for 4 h with continuous
shaking by an oscillator at room temperature. The nanofibres
were then washed with distilled water three times and stored for
further study. The binding efficiency and release profiles of IGF-
1 were identified by an enzyme-linked immunosorbent assay
(ELISA). One millilitre of IGF-1 (500 ng ml~") was added to a 24-
well plate. The supernatants were collected, and then IGF-1-
immobilised nanofibres were washed with PBS three times.
The washing liquid was collected and mixed with the previously
collected supernatants. The amount of IGF-1 in the obtained
combined solution was evaluated with an ELISA kit according to
the manufacturer's instructions using a microplate reader
(Tecan Infinite M200). All the experiments were performed in
triplicate, and the quantitative values were expressed as the
average + standard deviation.

This journal is © The Royal Society of Chemistry 2019
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Table 1 List of genes and primer nucleotide sequences

Gene Primer sequence (5'-3')
Nestin F AAAGTTCCAGCTGGCTGTGG;
R TCCAGCTTGGGGTCCTGAAA
TUJ-1 F GATCGGAGCCAAGTTCTG;
R GTCCATCGTCCCAGGTTC
GFAP F GCAGACCTTCTCCAACCTG;
R ACTCCTTAATGACCTCTCCATC
GAPDH F TCGCCAGCCGAGCCA;

R CCTTGACGGTGCCATGGAAT

2.5 Neural stems cells culture

Neural stem cells were isolated from the cerebral cortex of
embryonic mice (E11.5) as previously described.>® Dissociated
cells were cultured in defined medium, purified at a density of
50 000 cells per cm” in T25 culture flasks (Corning, NY, USA)
and incubated at 37 °C in a 5% CO, humidified incubator. The
culture media was changed every other day, and the cells were
passaged when the size of the largest neurosphere exceeded 300
pm in diameter. Adherent cells were discarded to obtain puri-
fied neural stem cells, and suspended neurospheres were
collected by centrifugation, mechanically dissociated as single
cells in a new T25 culture flask at a density of 50 000 cells per
cm? and prepared for further study.

2.6 Cell survival assays

A CCK-8 assay was used to determine NSC cell viability
according to the manufacturer's instructions. NSCs cultured on
different nanofibres were exposed to 100 uM H,O, for 24 h.
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Then, the existing medium in every well was removed and
replaced with 110 ul of CCK-8 solution (10 ul CCK-8 reagent and
100 pl DMEM with supplements), followed by incubation at
37 °C for 3 h. The supernatants were transferred to a new 96-well
plate after incubation, and the absorbance of the coloured
solution was measured using a microplate reader at a wave-
length of 450 nm (the maximum absorption wavelength of
formazan).

2.7 Cell proliferation assays

Cell proliferation was assessed by an MTT assay at 1, 3 and 7 days.
Before cell seeding, the nanofibres were placed in a culture plate
and incubated in 2 ml of 10 ng ml~" poly-p-lysine (PDL, Sigma,
USA) solution overnight in an incubator to ensure cell adhesion.
Then, NSCs were seeded at a density of 30 000 cells per cm® and
cultured in defined medium. Then, 100 ul of MTT (Sigma) stock
solution in PBS (5 mg ml~") was added to each well, and the cells
were incubated at 37 °C for an additional 4 h. Then, the medium
was removed, and 750 pl of acidified isopropanol (2 ml of 0.04 N
hydrochloric acid (HCI) in 100 ml of isopropanol) was added to
each well to dissolve the formazan crystals. The optical density
(OD) was measured at a wavelength of 540 nm on a full-
wavelength microplate reader (Infinite M200, TECAN).

2.8 Immunofluorescence staining

To identify and evaluate the differentiation of NSCs, immuno-
fluorescence staining was performed. The culture medium was
discarded, and the cells were rinsed with PBS and fixed with 4%
formaldehyde for 30 min. Triton X-100 solution and normal
goat serum were used as permeabilization and blocking agents,

:
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Fig.1 SEM images of PLGA (A), PLGA/GO (B) and PLGA/GO/IGF (C) nanofibres. Bar lengths are 5 um. (D) The fibre diameter of the nanofibres.

*p<0.05 n=4.
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Fig. 2 XRD patterns of GO (A) and the electrospun nanofibres (B).

respectively. Then, primary antibodies, including Nestin as
a marker for NSCs (1 : 150 dilution; Santa Cruz, Germany), TUJ-
1 as a marker for neurons (1 : 100 dilution; Millipore, Germany),
and GFAP as a marker for astrocytic differentiation of NSCs
(1 : 150 dilution, Millipore, Germany), were used. Subsequently,
the samples were washed with PBS three times, followed by
incubation in fluorescein isothiocyanate (FITC)-labelled
secondary antibodies (1 : 500 dilution, Abcam) under ambient
temperature in the dark for 60 min. Finally, cell nuclei were
stained with 4’,6-diamidino-2-phenylindole (DAPI) for 1 min.
Images were acquired on a confocal laser scanning microscope
(LSM 780, ZEISS).

2.9 Quantitative real-time PCR analysis

NSC differentiation on electrospun nanofibres was assessed by
gene expression using real-time polymerase chain reaction (RT-
PCR) on day 7. The total RNA concentration and purity were
detected by a Nanodrop system (Tecan M200). First-strand
c¢DNA was synthesized by reverse transcriptase as described in
the M-MLV manual (Promega). Gene-specific primers were
designed using Beacon 5.0 primer design software. The speci-
ficity of oligonucleotides was verified by BLASTN® (Basic Local
Alignment Search Tool) against the mouse RefSeq RNA data-
base at NCBI. All samples were analysed in triplicate in 8-striped
optical tubes (Axygen) using a qPCR SYBR Green Mix Kit (Stra-
tagene). PCR amplification was performed as follows: initial
heating at 95 °C for 10 min, followed by 40 cycles at 95 °C for
30 s, 58 °C for 60 s, and 72 °C for 60 s. Each gene expression
value was normalized to that of the housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The
results were reported as the relative gene expression. The genes
and primer information is shown in Table 1.

2.10 Statistical analysis

All quantitative data were analysed with OriginPro 8.0 software
(Origin Lab Corporation, USA) and presented as the mean +
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standard deviation. Statistical differences were analysed by one-
way analysis of variance (ANOVA). A p-value of p < 0.05 was
considered statistically significant.

3 Results and discussion
3.1 Surface characterization of electrospun nanofibres

The microstructure and the average fibre diameter of the PLGA,
PLGA/GO and PLGA/GO/IGF-1 (100 ng ml ') electrospun
nanofibres were observed by SEM. As shown in Fig. 1A, pure
PLGA fibres with diameters of 1483.5 £ 248.6 nm were formed
with a random orientation. There was a significant decrease in
the electrospun fibre diameter for the PLGA/GO and PLGA/GO/
IGF nanofibres compared to the pure PLGA nanofibres (p < 0.05,
Fig. 1D). The fibre diameters of the PLGA/GO and PLGA/GO/IGF
nanofibres were 1060.2 + 159.6 and 971.8 + 252.5 nm, respec-
tively, without significant differences between these two groups
(p > 0.05, Fig. 1D). The decrease in the fibre diameter was likely
due to the change in the solution conductivity and viscosity
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Fig. 3 Water contact angles of pure PLGA nanofibres (A) and PLGA/
GO nanofibres (B).
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trospun nanofibres. * p < 0.05; n = 3.

caused by the GO. The porous structure and diameter of the
nanofibrous matrices were similar to the topological structure
and therefore could be favourable for nutrient-waste exchange
and cell growth. The XRD patterns of GO and the electrospun
nanofibres are shown in Fig. 2. The GO pattern showed a char-
acteristic peak at 26 = 12°, and the interlayer spacing was
approximately 0.80 nm, which is the typical separation of
layered GO. The XRD patterns of the PLGA/GO nanofibres
exhibited a similar diffraction peak at 20 = 12°. These results
suggested that GO was exposed on the surface of the nanofibres.
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(A) Binding efficiency of IGF-1 to PLGA and PLGA/GO electrospun nanofibres. (B) IGF-1 release profile from PLGA and PLGA/GO elec-

3.2 Contact angle analysis

The hydrophilicity of materials plays an essential role in cell
interactions. Hydrophilic surfaces, which improve growth factor
delivery across the interface of biomaterials containing biolog-
ical factors, are better than hydrophobic surfaces for the
adsorption of proteins, such as fibronectin, vitronectin and
various growth factors. In our study, the contact angle of pure
PLGA and PLGA/GO was measured to analyse the change in the
hydrophilicity of the nanofibre surface. As shown in Fig. 3, the
contact angles of the pure PLGA nanofibres and the PLGA/GO

Fig. 5

Identification of primary cultured NSCs in vitro. (A) Representative neurospheres in culture. Scale bar = 100 um. (B) Representative

neurospheres in culture. Scale bar = 50 pm. (C—-E) Immunocytochemical staining of purified NSCs. Immunostaining makers included Nestin (C,
green) for NSCs and DAPI (D, blue) for nuclei, and their images are merged (E). Scale bar = 50 pm.
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Fig. 6 Cell morphology and viability of NSCs after pre-treatment with H,O, in vitro. Immunostaining of NSCs on control (A), PLGA (B), PLGA/GO
(C), and PLGA/GO/IGF-1 (10, 100, 500 ng ml~?%) samples (D—F) after 24 h. Nestin for NSCs is shown in green, while DAPI for cell nuclei is shown in
blue. All scale bar lengths are 100 um. (G) The cell survival ratio was measured by a CCK-8 assay after pre-treatment with H,O, in vitro. * p < 0.05;

n=4.

nanofibres were 98.47 £ 9.28° and 82.6 + 3.56°, respectively.
The results of the contact angle measurements demonstrated
that the hydrophilicity of PLGA was improved due to the
blending of the substrates with GO. These results indicated that
the PLGA/GO nanofibres had better hydrophilicity than the pure
PLGA nanofibres, which can be beneficial for cell adhesion and
growth factor delivery.

3.3 Adsorption and release of IGF-1

The binding efficiency and release profile of IGF-1 on the PLGA
and PLGA/GO nanofibres were identified by ELISA. As shown in
Fig. 4, the IGF-1 binding efficiency in the PLGA/GO/IGF group
was significantly greater than that in the PLGA/IGF group (p <

8320 | RSC Adv., 2019, 9, 8315-8325

0.05, Fig. 4A). This result indicated that the higher IGF-1
adsorption capacities of the PLGA/GO nanofibres compared to
pure PLGA nanofibres were the result of GO incorporation.
Furthermore, the IGF-1 release profile showed that there was
a burst release, with 42% of the total amount of immobilised
IGF-1 released from the PLGA/GO nanofibres within 5 days. The
release subsequently slowed down, with approximately 65% of
the total amount of immobilised IGF-1 released after 21 days.
However, for the pure PLGA nanofibres, a burst release with
85% IGF-1 release was found on the first day, and 95% IGF-1
was released after 21 days.

Previous studies have already suggested that GO has a strong
ability to adsorb various proteins, including cytochrome c,
bovine serum albumin, ribonuclease A, and protein kinase

This journal is © The Royal Society of Chemistry 2019
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A.>7?® We speculated that the mechanism of IGF-1 binding to
GO is effectively due to the unique properties of GO. First, the 7t-
electron cloud of GO is able to interact with the hydrophobic
core of proteins.” Additionally, because of H-bonding and
electrostatic interactions, GO allowed the non-covalent binding
of proteins as well.*® In addition, based on our results from the
contact angle analysis, GO creates a hydrophilic surface on
nanofibres, which could be favourable for more proteins to be
immobilised on the surface.*® Furthermore, PLGA/GO effec-
tively reduced the burst release of IGF-1 within 5 days and
maintained a sustained stable IGF-1 release rate, resulting in
the long-term bioactivity of the composites for neurogenesis.
The abovementioned results suggested that the PLGA/GO
nanofibres have good affinity for IGF-1 and are regarded as
a useful carrier for IGF-1 delivery.

3.4 Primary cultured NSC identification

The ability to clonally form neurospheres is an indicator of self-
renewal. Single NSCs assembled together to create neuro-
spheres spontaneously after 3 days of suspension culture
(Fig. 5A and B). We performed immunocytochemistry with anti-
Nestin to identify NSCs. The results indicated that the neuro-
spheres were positive for Nestin and could be used for subse-
quent studies.

3.5 NSC survival rate

Nerve injury can result in the overproduction of reactive oxygen
species (ROS) and inflammation, which produce a catastrophic
microenvironment for NSC survival and inhibit nerve regener-
ation. Designing a new scaffold with a neuroprotective effect to
improve NSC survival is considered to have great potential for
therapy. In our study, H,O, was used to simulate the microen-
vironment after nerve injury, and a CCK-8 assay was performed
to evaluate NSC survival in different nanofibres. As shown in
Fig. 6G, the cell viability after pre-treatment with H,O, was
significantly lower compared to the control group. The cell
survival rate increased dramatically in the PLGA/GO and PLGA/
GO/IGF (at all three concentrations) groups compared to the
PLGA group. A dramatically higher survival rate in the PLGA/
GO/IGF (at all three concentrations) groups compared to the
PLGA/GO group was found. Immunofluorescence staining of
Nestin was evaluated to better observe NSC morphology in the
inflammatory microenvironment. As shown in Fig. 6A-F, NSCs
assembled and exhibited a high degree of spreading with
a fusiform shape in the control group, while sporadic NSCs with
an abnormal shape were observed in all the groups under H,0,
pre-treatment. Although IGF-1 immobilisation could signifi-
cantly improve the NSC survival rate, the NSC morphology still
showed a pathologic change.

H,0, in medium mediates oxidative injury and inflamma-
tion in vitro, thus simulating the tissue microenvironment after
nerve injury.*>** Our results showed that NSCs on the PLGA/GO
nanofibres had a better survival rate than PLGA alone, sug-
gesting that GO was effective in preventing NSCs on the surface
of the graphene-polymer hybrid scaffolds from reactive oxygen
species (ROS)-mediated cell death. Previous research has

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances

demonstrated that GO protects mesenchymal stem cells (MSCs)
and provides microenvironments suitable for long-term MSC
survival in vivo and in vitro.*® Our results indicated that GO
incorporation on the PLGA nanofibres had a neuroprotective
effect on NSC survival under harsh conditions. Moreover, the
addition of IGF-1 in the PLGA/GO nanofibres further signifi-
cantly increased the NSC survival rate. Evidence has indicated
that IGF-I improves the survival of multiple types of nerve cells,
such as NSCs, Purkinje cells, and motoneurons.'®***” A lack of
IGF-I or IGF-IR causes a decrease in neuronal survival following
hypoxic/ischaemic injuries in the brain, whereas IGF-I over-
expression increases neuronal survival in the lesioned site in
the brain.***° In addition, IGF-I could prevent neuronal death in
neurodegenerative diseases by regulating the accumulation of
amyloid-b and Tau proteins.*® Based on our results, we believe
that IGF-I has a strong neuroprotective effect on NSC survival in
a microenvironment with oxidative stress and inflammation.
Although the mechanism remains unclear, several studies have
indicated that the neuroprotective effect of IGF-1 might be
related to PI3K/AKT signalling.>**® Since the NSC survival rate
was higher when the IGF-1 concentration was 100 and 500 ng
ml™", we suggest that IGF-1 has a dose-dependent neuro-
protective function and that a relatively higher dose of IGF-1
immobilised to the nanofibres induces better cell survival.

3.6 Proliferation of NSCs on the nanofibres

Endogenous NSC proliferation in the nerve injury site is a key
step in neurogenesis, and cell proliferation enhancement on
the surface of biomaterials is typically responsible for eventual
tissue formation. Accordingly, the NSC proliferation rate is an
essential factor to evaluate the therapeutic effect of electrospun
nanofibres. The proliferation of NSCs on the different nano-
fibres (PLGA, PLGA/GO, and PLGA/GO/IGF-1 (10 100 500 ng
ml ")) was assessed using an MTT assay from 1 to 7 days.

As shown in Fig. 7, cell proliferation was observed on all the
nanofibres with increasing incubation up to 7 days. We found

2.0

PLGA

PLGA/GO

PLGA/GO/IGF(10) _*
PLGA/GO/IGF(100) ]

PLGA/GO/IGF(500) *L.}

OD540 Value

Culture time (days)

Fig. 7 Proliferation of NSCs cultured on PLGA, PLGA/GO, and PLGA/
GO/IGF-1 (10, 100, 500 ng ml™) for 1, 3, and 7 days in vitro. * p < 0.05;
n=4.
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GFAP

Immunofluorescence staining was performed in NSCs after 7 days of differentiation. The markers are shown in green, while the cell nuclei,

counterstained with DAPI, are shown in blue. All scale bar lengths are 100 pm.

that the OD value in the PLGA/GO group was dramatically
greater than that in the PLGA group at 7 days. Furthermore, the
OD value was significantly higher in the three PLGA/GO/IGF-1
groups than in the PLGA and PLGA/GO groups (p < 0.05,
Fig. 7), while 100 ng ml™' IGF-1 was the most effective
concentration in the enhancement of NSC proliferation among
the three concentrations used in this study, although there was

8322 | RSC Adv., 2019, 9, 8315-8325

no significant difference between PLGA/GO/IGF-1 (100 ng ml ™)
and PLGA/GO/IGF-1 (500 ng ml™ ") on the first day.

Previous studies have demonstrated that graphene-polymer
composites could enhance cell proliferation, which might be
attributed to the rapid absorption of proteins due to w-m
stacking between aromatic rings in GO, thus providing
a biocompatible environment for cells to adhere and
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Fig. 9 Quantitative real-time PCR analysis of TUJ-1 (A) and GFAP (B) after NSCs were cultured for 7 days. * p < 0.05; n = 4.

proliferate.* Additionally, the hydrophilic surface of the
graphene-reinforced polymer composites caused the expression
of various integrins and connexins, which also had an impact
on cell adhesion and proliferation.** However, we found that the
noticeable positive effect of GO on cell proliferation only
occurred at day 7, while GO seemed to have a slight inhibitory
effect on cell proliferation at day 1, which indicated that the
positive impact of GO on NSC proliferation requires a specific
period for the interaction between GO and cells. Compared to
nanofibres without IGF-1 immobilisation, when IGF-1 was
immobilised to the nanofibres, an enhancement in cell prolif-
eration was observed in our study. Among the five groups of
nanofibres, PLGA/GO/IGF-1 (100 ng ml~') demonstrated the
greatest potential in promoting cell proliferation. IGF-1, either
alone or in combination with other active ingredients, has
garnered interest as a therapeutic factor. IGF-I supports the
proliferation of neural cells by interacting with IGF-IR, which
may activate the PI3K/AKT and MAP kinase pathways.** Several
studies have shown that IGF-I promotes the proliferation of
NSCs both in vitro and in vivo.">*** In this study, IGF-1 was
effectively immobilised onto the PLGA/GO nanofibres, and NSC
proliferation increased the most at 1, 3, and 7 days when the
concentration of IGF-1 was 100 ng ml ™.

3.7 Differentiation of NSCs on the nanofibres

NSCs cultured on the nanofibres for 7 days were analysed by
gRT-PCR and immunostaining to evaluate the neural differen-
tiation of NSCs. During NSC differentiation, some of the cells
differentiate into neurons, whereas others may differentiate
into glial cells, which support nervous tissue and neuronal
activity. In our study, TUJ-1 and GFAP were used as markers for
neurons and astrocytes, respectively. The mRNA expression
level of TUJ-1 in the PLGA/GO group and PLGA/GO/IGF-1 groups
(at all three concentrations) was significantly greater than that
in the PLGA group (Fig. 9A, p < 0.05). The TU]J-1 expression level
gradually increased following IGF-1 delivery, and there was no
significant difference between the IGF-1 concentrations of 100
and 500 ng ml~". A noticeable increase in the mRNA expression
level of GFAP was observed in the PLGA/GO/IGF-1 (100 and 500
ng ml™') groups compared to the other three groups.

This journal is © The Royal Society of Chemistry 2019

Furthermore, the GFAP gene expression level in the PLGA/GO
group was slightly less than that in the PLGA group, and
PLGA/GO/IGF-1 (100 ng ml~") was not significantly different
(Fig. 9B, p > 0.05). To better observe NSC differentiation, the
protein expression of TUJ-1 and GFAP was evaluated by immu-
nofluorescence staining. As shown in Fig. 8, after 7 days of
culture, most of the TUJ-1-positive cells assembled together
with clear axons in the PLGA/GO/IGF-1 (500 ng ml~") group.
Furthermore, TUJ-1 and GFAP expression were higher with
higher concentrations (100 and 500 ng ml~ ') of immobilised
IGF-1.

Since NSCs have the potential to differentiate into neurons
and glial cells, finding effective methods that can progress the
NSC differentiation rate is crucial for the treatment of neuro-
logical diseases/disorders. The simultaneous dramatic increase
in the TUJ-1 expression level and a relatively small decrease in
the GFAP expression level were observed in the PLGA/GO group
compared to the PLGA group, indicating that the GO-modified
PLGA nanofibres promoted selective NSC differentiation. Our
study demonstrated that GO had a positive effect on guiding
NSCs to differentiate into neurons, which was consistent with
previous research.*®* In addition, GO appeared to have a slight
inhibition on the differentiation of NSCs towards astrocytes, but
the mechanism remained unclear. We speculated that in the
PLGA/GO group, GO can be directly deposited on the surface of
PLGA, followed by improved mechanical interconnections at
the cell-material and cell-cell interfaces, thus being essential
for the adhesion, growth, and neuronal differentiation of
NSCs.” To achieve better neuroprotective and neurogenesis
bioactivity for graphene-polymer scaffolds, we immobilised
IGF-1 onto the surface of the nanofibres. After IGF-1 was
immobilised to PLGA/GO, all the IGF-1-modified nanofibres
showed higher NSC differentiation rates than the PLGA and
PLGA/GO nanofibres, suggesting that IGF-1 played an impor-
tant role in promoting NSC differentiation towards both
neurons and astrocytes. Furthermore, we found that the average
and high concentrations of IGF-1 could better induce NSC
differentiation. However, the ability of IGF-1 to differentiate
NSCs was not in the neuronal direction. An evenly improved
number of neurons and astrocytes was obtained on the PLGA/
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GO/IGF nanofibres, indicating that IGF-1 only enhanced the
NSC differentiation rate but not the specific differentiated cell
type. We observed that when 500 ng ml~" IGF-1 was immobi-
lised to graphene oxide-incorporated PLGA electrospun nano-
fibres, the neurons derived from NSCs cultured on these
nanofibres were assembled more easily and formed a neuronal
network. A previous study demonstrated that IGF-I not only
affects NSC proliferation and migration but also is responsible
for NSC-directed neuronal positioning and migration."” There-
fore, IGF-1 immobilised on the nanofibres causes NSCs to
differentiate into neurons, followed by neuronal migration to
form a neuronal network.

4 Conclusion

In summary, PLGA/GO electrospun nanofibres were success-
fully fabricated by an emulsion solvent evaporation method. We
found that the incorporation of GO effectively enhanced the
surface properties of the PLGA/GO nanofibres. Furthermore, the
PLGA/GO nanofibres enhanced NSC survival in a microenvi-
ronment with oxidative damage and NSC neuronal differentia-
tion to some extent. Additionally, the introduction of GO on the
nanofibres clearly increased the binding of IGF-1 to the
biomaterial surface and resulted in a sustained IGF-1 release
curve. After immobilising IGF-1, the PLGA/GO nanofibres
exhibited excellent bioactivities for supporting the survival,
proliferation, and differentiation of NSCs. The findings from
this study revealed that PLGA/GO might be an effective carrier
for IGF-1 delivery, and the immobilisation of IGF-1 onto PLGA/
GO nanofibres has excellent potential for the enhancement of
the neuroprotective and neurogenic effects of nerve implants.
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