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 Axonal Alignment and Enhanced Neuronal Differentiation 
of Neural Stem Cells on Graphene-Nanoparticle Hybrid 
Structures  
 The ability to utilize physical cues such as nanotopographical 
features, [  1  ]  substrate stiffness, [  2  ]  geometry and the dimension 
of extracellular matrix (ECM) protein patterns [  3  ]  to control 
stem cell fate has great potential in regenerative medicine. 
In particular, biomaterials that are used to fabricate scaffolds 
and implantable substrates for stem cell-based regenerative 
medicine are now being investigated intensively in order to 
elicit specifi c behaviors from stem cells, including differentia-
tion, migration and proliferation. For instance, in spinal cord 
and peripheral nerve injuries, the specifi c response of neu-
ronal cells to nanotopographical cues is reported as one of the 
critical factors that must be achieved, as it is the specifi c guid-
ance of axons that would lead to enhanced therapeutic effects 
within the injured spinal cord. [  4  ]  In particular, if the nerve gap 
resulting from an injury is too large, the distal and proximal 
sides of the damaged nerves will not be able to communicate 
effi ciently, thus impeding the natural regeneration process. [  5  ]  
As a result, a signifi cant amount of effort has been invested in 
developing biomaterials that can result in axonal guidance and 
the growth of transplanted neurons within the injured spinal 
cord. [  5  ,  6  ]  For this purpose, neural stem cells (NSCs), which can 
differentiate into neurons and glial cells, have been investigated 
for transplantation within injured spinal cords as they hold 
great promise for hastening functional recovery. [  6,7  ]  We and 
other groups have previously shown that the growth, differen-
tiation and polarization of NSCs are strongly infl uenced by cell-
cell and cell-extracellular matrix (ECM) interactions. [  3a  ,  3c  ]  For 
example, ECM protein patterns and patterned nanotopograph-
ical features can be employed to control the polarity, directional 
growth and infl uence the neuronal differentiation of NSCs. [  3c  ,  8  ]  
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The challenge, however, is to provide an engineered microen-
vironment to the NSCs, through the development and appli-
cation of novel nanomaterials, that can specifi cally control the 
axonal alignment and growth of NSC-derived neurons for the 
development of more effective treatments for spinal cord inju-
ries. Here we report the fabrication of arrays of graphene-nan-
oparticle hybrid structures for the differentiation and growth of 
adult hNSCs. More importantly, these graphene-nanoparticle 
hybrid structures resulted in the formation of highly aligned 
axons from the differentiating hNSCs. 

 Graphene, which consists of a monolayer of carbon atoms 
arranged in a 2D honeycomb lattice, [  9  ]  has been shown to be 
a very useful nanomaterial in biomedical applications [  10  ]  due 
to its excellent fl exibility, thermal properties, electrical conduc-
tivity, high strength, stiffness and biocompatibility. [  11  ]  Recently, 
the physicochemical properties of graphene and its biocompat-
ibility have inspired scientists to utilize this material for stem 
cell-based tissue engineering. [  12  ]  For instance, graphene has 
been shown to support the proliferation and differentiation 
of adult and pluripotent stem cells. [  10c  ,  13  ]  In the case of neural 
tissue, it has been demonstrated that the physicochemical 
properties of graphene can facilitate excellent integration. [  10c  ,  14  ]  
On the other hand, it has also been demonstrated that nano-
topographical features that are generated using arrays of silica 
microbeads can lead to the acceleration of axonal growth of hip-
pocampal neurons  in vitro . [  15  ]  We thus hypothesized that sub-
strates, which consist of nanoparticle-based nanotopographical 
features modifi ed with graphene, could be an excellent plat-
form to further enhance the differentiation of hNSCs into neu-
rons and could be used to control axonal growth of the differ-
entiating hNSCs. 

 To this end, we generated arrays of graphene-nanoparticle 
hybrid structures using positively charged silica nanoparticles 
and graphene oxide (GO), which is a chemically versatile 
nanomaterial containing oxygen functional groups attached 
to the graphene basal plane. This is particularly advantageous 
as the oxygen functional groups allow the GO nanosheets to 
attach readily to molecules or surfaces – in our case the GO 
nanosheets were used to coat the surface of 300 nm silica nano-
particles (SiNPs) to form graphene-silica nanoparticle hybrids 
(SiNP-GO). The control and test substrates used to grow and 
differentiate hNSCs in this study are shown in  Figure    1  a [See 
Experimental Methods in Supporting Information for addi-
tional details about substrate fabrication (Section 1), graphene 
synthesis (Section 2) and characterization (Figure S1)]. All 
of the substrates were treated with the ECM protein laminin 
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     Figure  1 .     Schematic diagram depicting the infl uence of nanoparticle (NP) monolayers coated 
with graphene oxide (GO) on the alignment of the axons extending from hNSCs, and the 
differentiation of hNSCs into neurons. a) Different control and experimental conditions for 
differentiating hNSCs into neurons where Substrate A is a glass substrate having a positively 
charged surface, Substrate B is a glass substrate having a monolayer of positively charged 
NPs, Substrate C is a glass substrate having a positively charged surface and coated with GO, 
Substrate D is a glass substrate having a monolayer of positively charged NPs coated with GO. 
b) hNSCs cultured and differentiated on Substrate D having a monolayer of NPs coated with 
GO show enhanced neuronal differentiation and axonal alignment. The differentiated hNSCs 
(orange) and the NPs-coated with GO (blue) in the SEM image have been pseudocolored to 
enhance the contrast. (Inset) Zoom-in image showing the axons aligned on a monolayer of 
NPs coated with GO.  
(10  μ g/mL for 4 h), which is essential for the adhesion, growth, 
and differentiation of hNSCs. Human NSCs were then seeded 
onto these substrates and proliferated in culture media con-
taining basic fi broblast growth factor (bFGF, 20 ng/mL) and 
epidermal growth factor (EGF, 20 ng/mL). After 24 h, differ-
entiation was initiated by withdrawing the culture medium and 
replacing it with basal medium lacking growth factors. Immu-
nocytochemistry and quantitative polymerase chain reaction 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein

     Figure  2 .     Aligned growth and extension of axons from differentiated hNSCs and compass plots 
the lengths of the axons. a) Differentiated hNSCs are immunostained with TuJ1 (red). The axons 
axons are signifi cantly aligned on GO and SiNP-GO. Scale bar: 10  μ m b) The compass plots show
on glass ( ± 42 ° ) and SiNPs ( ± 46.11 ° ) and minimal variation on GO ( ± 17.8 ° ) and SiNP-GO ( ± 9.16 °
on SiNP and SiNP-GO are longer than those extending on glass and GO.  
(qPCR) were performed on the differentiated 
hNSCs after 14 days to investigate the infl u-
ence of SiNP, GO and SiNP-GO on neuronal 
differentiation.  

 On Day 2 after the removal of growth 
factors, the hNSCs on all substrates were 
observed to have attached well and were 
growing. Typically, the axons of hNSCs grow 
in random directions when cultured on most 
substrates, unless the substrate contains 
patterned proteins. [  3a  ,  3c  ]  In all of our condi-
tions, the hNSCs also grew and extended in 
random directions until Day 5 (Figure S2). 
However, after Day 5, we observed that the 
extending axons began aligning only on the 
GO and SiNP-GO substrates and not on glass 
and SiNP substrates (Figure S2). Finally, on 
Day 14, the differentiated hNSCs on the GO 
and SiNP-GO substrates exhibited very well 
aligned and well-extended axons (Figure S2 
and  Figure    2  a). On the other hand, the con-
trol hNSCs, which were differentiated on the 
SiNP and glass substrates, also had extended 
axons, but showed no alignment. To quan-
tify this, we calculated the variation in the 
angle of orientation of the axons extending 
from differentiated hNSCs on substrates con-
taining GO and compared it with the orientation of the axons 
from hNSCs differentiated on the control SiNP and glass sub-
strates. Analysis of our data confi rmed that the variation in the 
angle of orientation of the axons from differentiated hNSCs 
on the GO and SiNP-GO substrates was  ± 17.8 °  and  ± 9.16 °  
respectively (Figure  2 b), while the axons from the differenti-
ated hNSCs on glass and SiNP substrates extended randomly, 
having a much wider variation of  ± 42 °  and  ± 46.11 ° , respectively, 
heim

showing the variation in the angle of orientation and 
show no alignment on glass and SiNPs, whereas the 
 a large variation in the angle of orientation of axons 
 ). The compass plot also shows that axons extending 
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     Figure  3 .     Scanning electron microscopy (SEM) showing the behavior of hNSCs and MTS assay 
for biocompatibility and long term survival of differentiated hNSCs on GO and SiNP-GO. a) 
SEM images confi rm that the axons do not align on control and SiNP substrates and they align 
on GO and SiNP-GO substrates. Scale bar is 10  μ m. b) MTS assay results show that GO and 
SiNP-GO is biocompatible and aids in the long term survival of hNSCs as compared to glass 
and SiNPs. The results have been normalized to hNSC viability on GO.  
in the angle of their orientation (Figure  2 b). 
The images in Figure  2 a clearly show that the 
axons extending from differentiated hNSCs 
aligned exclusively on substrates having GO 
as a component of the ECM. We also inves-
tigated the infl uence of nanotopographical 
features on the length of the axons extending 
from hNSCs. Recently, self-assembled silica 
microbeads were shown to signifi cantly 
accelerate the extension of axons from hip-
pocampal neurons  in vitro . [  15  ]  We thus ana-
lyzed the lengths of the extending axons from 
the hNSCs differentiated on the different 
substrates on Day 14. The average length 
of the axons extending from differentiated 
hNSCs cultured on SiNPs was 20.76% more 
than the average length of those cultured on 
glass, and 11.3% more than those cultured 
on GO (Figure  2 b). We therefore confi rmed 
that the alignment of axons is exclusively due 
to the presence of GO within the ECM while 
the presence of the underlying SiNP mon-
olayer can lead to an increase in the average 
length of the axons from hNSCs differenti-
ated on SiNP-GO. This hNSC behavior was 
also confi rmed using SEM ( Figure    3  a).   

 We then went on to investigate whether 
the alignment of axons from the differen-
tiating hNSCs on GO and SiNP-GO could 
be due to crowding of hNSCs and thus be 
dependent on the seeding density as it has 
previously been demonstrated that differ-
ences in cell density can yield a noticeable 
difference in cell alignment. [  16  ]  To this end, 
we reduced the cell density by 50% and 
observed the behavior of the hNSCs over a 
period of two weeks. We found that the cells 
behaved in the same manner as described 
above, even at the lower cell density (Figure 
S3). This result confi rmed that the axonal 
alignment of differentiating hNSCs on the 
SiNP-GO substrates is not dependent on the 
cellular density of the hNSCs but only on the 
presence of GO. This is a remarkable fi nding 
as it suggests that the only factor deter-
mining the alignment of axons from differ-
entiating hNSCs, is the presence of GO. This 

result could be very useful, especially for the development of 
scaffolds to restore neuronal function within damaged regions 
of the central nervous system. 

 In order for our platform to be used to control cell behavior 
or develop scaffolds, they should be biocompatible. In the case 
of regenerative medicine, the materials not only have to be bio-
compatible but must also support stem cell differentiation and 
survival over long periods of time. [  17  ]  To this end, as a poten-
tially advantageous material for tissue engineering, graphene 
has already been shown to support the long-term survival and 
induce neuronal differentiation of hNSCs. [  10c  ]  As such, we used 
a standard cell viability assay (MTS assay) which confi rmed that 
© 2013 WILEY-VCH Verlag GmAdv. Mater. 2013, 
DOI: 10.1002/adma.201302219
the GO and SiNP-GO substrates signifi cantly enhanced cells 
survival after 3 weeks of differentiation as compared to the con-
trol SiNP and glass substrates (Figure  3 b). This is particularly 
advantageous for stem cell biology and regenerative medicine 
as the differentiating stem cells are required to grow, differen-
tiate and survive to have benefi cial and lasting effects. 

 Having established that the SiNP-GO substrates could pro-
mote cell survival and differentiation for extended periods, we 
sought to explore and quantify the effects of SiNP-GO on neu-
ronal differentiation of hNSCs. To this end, we investigated the 
expression of immature and mature neuronal markers in the 
differentiated hNSCs after two weeks. Our immunostaining 
3wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  4 .     Enhanced neuronal differentiation of hNSCs on a SiNP-GO substrate. a) hNSCs 
spontaneously differentiated on SiNP-GO show the presence of early stage neuronal marker 
TuJ1(red) and late stage neuronal markers MAP2 (pseudocolored yellow) and synapsin (pseu-
docolored purple). They also highly express the axonal marker GAP43 (green). Scale bar: 10  μ m. 
b) Quantitative RT-PCR (qPCR) results for early and late stage neuronal markers expressed by 
the hNSCs differentiated on the different substrates. The results are normalized to the expres-
sion levels of the neuronal markers in hNSCs differentiated on glass.  ∗ P  <  0.05,  ∗  ∗ P  <  0.01 
compared to hNSCs differentiated on glass using student  t -test analysis (n  =  4). The results 
clearly show that hNSCs differentiated on the SiNP-GO substrate show signifi cantly enhanced 
expression of early and late stage neuronal markers. The expression of axonal marker GAP43 
increases due to the presence of SiNP monolayers. c) Scheme depicting the signifi cance of 
alignment and growth of axons from differentiating hNSCs. The hNSCs which can be trans-
planted into the injured region ( lesion ) of a spinal cord differentiate into neurons and glial cells 
(image on right). The axons from the neurons (derived from hNSCs) if aligned can hasten the 
recovery process. Our SiNP-GO hybrid structures can provide the ideal microenvironment to 
align axons which could potentially improve communication leading to rapid recovery of the 
injured spinal cord (image on left). The schematic diagram was adapted from a commentary 
by T. Ben-Hur. [  20  ]   
data demonstrated that most of the aligned axons from dif-
ferentiated hNSCs were characterized by the expression of the 
neuronal marker TuJ1, and also the presence of mature neu-
ronal markers such as MAP2 and synapsin ( Figure    4  a). We also 
confi rmed the expression of axonal marker, GAP43. Next, to 
quantify the expression levels of these neuronal markers, we 
performed qPCR analyses on mRNA collected from the hNSCs 
differentiated on GO and SiNP-GO substrates and compared 
them to hNSCs differentiated on SiNP and glass substrates. 
While the expression levels of neuronal and axonal markers 
were up-regulated on all substrates as compared to the con-
trol glass substrates, we found that the hNSCs differentiated 
on SiNP-GO substrates showed the highest expression levels 
for all neuronal markers such as TuJ1, MAP2 and synapsin 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
(Figure  4 b). Thus, we can conclude that the 
combined effect of having SiNP and GO on 
a single platform shows increased neuronal 
differentiation and remarkable alignment of 
differentiated hNSCs.  

 To determine if the axons from differenti-
ating hNSCs align exclusively on GO, we also 
used pristine graphene deposited on glass, 
using chemical vapor deposition (CVD). 
Although this behavior has not been reported 
previously, we did observe axonal alignment 
on pristine graphene, similar to the axonal 
alignment observed on GO (Figure S4). 
However, the water solubility of GO and the 
presence of functional groups allows posi-
tively charged SiNP monolayers to be readily 
coated with GO, by simply dipping the sub-
strate into a solution of GO. Another factor 
that has to be considered is the interaction 
of the ECM protein, laminin, with pristine 
graphene. Proteins have been shown to have 
higher and more rapid immobilization on 
GO, as compared to pristine graphene due 
to the abundant surface oxygen-containing 
groups such as epoxide, hydroxyl and car-
boxyl groups present on GO. [  18  ]  The pres-
ence of these polar functional groups on 
GO makes the GO-coated substrates very 
hydrophilic as compared to the pristine gra-
phene-coated substrates, which signifi cantly 
affects the adsorption of proteins. [  13  ]  We thus 
believe that laminin, which is dissolved in 
water, more readily assembles on GO as it 
is water soluble in contrast to pristine gra-
phene, which is hydrophobic. Considering 
these factors, as compared to graphene, GO 
is more advantageous for coating SiNPs, 
assembling ECM proteins, and aligning the 
axons from differentiating hNSCs. Next, 
we further investigated whether the axonal 
alignment was due to the unique chemical 
structure of graphene, which is composed 
of carbon atoms in a hexagonal lattice. For 
this purpose, we chose another nanomate-
rial, molybdenum disulfi de (MoS 2 ), which 
is from the family of two dimensional layered transition metal 
dichalcogenides and has a physical structure similar to that of 
graphene. Nanofl akes of MoS 2  were deposited on glass sub-
strates, onto which laminin was assembled. We then grew and 
differentiated hNSCs on MoS 2 . Importantly, we observed that 
while the hNSCs grew well and differentiated on MoS 2 , they 
did not showed any axonal alignment, thus confi rming that 
the unique chemical structure of graphene causes the axons to 
align (Figure S5). 

 Finally, for potential future therapeutic applications in regen-
erative medicine, it would be crucial to demonstrate the align-
ment and enhanced neuronal differentiation using fl exible and 
biocompatible polymeric substrates, which can be transplanted 
 in vivo . We thus reproduced our results using fl exible and 
heim Adv. Mater. 2013, 
DOI: 10.1002/adma.201302219
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     Figure  5 .     Axonal Alignment of differentiated hNSCs on SiNP-GO on fl exible and biocompatible 
substrates made from polydimethylsiloane (PDMS). (a) schematic diagram of axonal align-
ment of differentiated hNSCs on SiNP-GO on polymer substrates. b) SiNP-GO monolayer 
on PDMS. c) Flexible PDMS substrate with SiNP-GO in media for culturing hNSCs. d) SEM 
image of SiNP-GO on PDMS substrate showing highly aligned axons from hNSCs on Day 14. 
e) Immunocytochemistry results showing the expression of neuronal marker TuJ1 and axonal 
marker GAP43 in hNSCs.  
biocompatible polymeric substrates made from polydimethyl-
siloxane (PDMS), a polymer which has been widely used for 
implantable neural devices such as fl exible microelectrodes and 
three-dimensional scaffolds for tissue engineering. [  19  ]  We pre-
pared monolayers of SiNPs on thin, fl exible PDMS substrates 
by stamping the PDMS substrates on monolayers of SiNPs gen-
erated on glass cover slips. The stamping led to clean and com-
plete transfer of the SiNP monolayers onto the PDMS surface 
( Figure    5  a, b). We then dipped the PDMS substrates having 
SiNPs into a solution of GO and dried the substrates using a 
stream of pure nitrogen gas. In this way, we achieved high-
quality SiNP monolayers coated with GO using PDMS. Con-
trol substrates were similarly prepared using PDMS polymer 
instead of glass. We then coated these substrates with laminin 
and differentiated the hNSCs as before. We observed that the 
differentiating hNSCs showed excellent alignment of axons on 
the PDMS substrates containing GO and SiNP-GO. SEM image 
analysis confi rmed that the presence of SiNP-GO on PDMS led 
to the alignment of axons as previously observed (Figure  5 c). 
Immunostaining confi rmed the presence of neuronal marker 
TuJ1 and axonal marker GAP43 (Figure  5 d). We thus believe 
that our results using fl exible implantable polymeric sub-
strates further demonstrates the potential of using SiNP-GO as 
a new hybrid material for enhancing neuronal differentiation 
and aligning axons, thus hastening the functional recovery of 
injured spinal cords.  

 We have demonstrated that the engineered microenviron-
ment consisting of nanotopographical features modifi ed with 
GO provides instructive physical cues that lead to enhanced 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Mater. 2013, 
DOI: 10.1002/adma.201302219
neuronal differentiation of hNSCs along 
with signifi cant axonal alignment. We have 
also demonstrated the alignment of differ-
entiating hNSCs on implantable, fl exible 
polymeric substrates, which has tremendous 
potential in regenerative medicine. We cur-
rently do not understand the mechanism 
governing axonal alignment. However, we 
are in the process of investigating the under-
lying principles that govern the alignment of 
hNSCs due to graphene-nanoparticle hybrid 
structures. Nevertheless, we envision that the 
alignment of axons from the differentiating 
hNSCs using SiNP-GO can potentially be 
applied to developing GO-based materials for 
transplanting hNSCs into injured sites of the 
central nervous system in order to effi ciently 
repair impaired communication. Overall, we 
believe our hybrid nanostructures comprised 
of a nanoparticle monolayers coated with GO 
have tremendous implications for the poten-
tial use of GO as an ECM component espe-
cially in the fi eld of neurobiology.  

 Supporting Information 
 Supporting Information is available from the Wiley 
Online Library or from the author.  
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