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A simple method that uses graphene to fabricate nanotopographic
substrata was reported for stem cell engineering. Graphene-incor-
porated chitosan substrata promoted adhesion and differentiation
of human mesenchymal stem cells (hMSCs). In addition, we proposed
that nanotopographic cues of the substrata could enhance cell-cell
and cell-material interactions for promoting functions of hMSCs.

Stem cells are characterized by their unique ability to differen-
tiate into various types of cells, yielding an important key in
regenerative medicine.' Stem cells can display high sensitivity
to the nanoscale topography of the extracellular matrix.* It is
therefore important to develop a platform for regulating or
improving stem cell functions from an integrative aspect of
biology and engineering." Recently, graphene, a new carbon-
based nanomaterial, has emerged as a pronounced potential for
stem cell and tissue engineering applications due to its unique
physicochemical properties including nanotopography as well
as good biocompatibility.> For example, Nayak et al. reported
that graphene-coated substrata accelerated osteogenesis of
human mesenchymal stem cells (hMSCs).>?

Here, we develop a simple method for fabrication of gra-
phene-based nanotopographic substrata for stem cell engi-
neering. We hypothesize that the graphene-based substrata can
feature as unique nanotopography and provide effective
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environments to promote functions of stem cells. To address
this challenge, we fabricated graphene-incorporated chitosan
substrata and investigated whether they would promote func-
tions of stem cells. In this study, we cultured hMSCs on the
graphene-incorporated chitosan substrata and found that
nanotopographic cues of the substrata promoted adhesion and
differentiation of hMSCs. This reveals an insight for design and
fabrication of scaffolds, which can be used for stem cell-based
tissue engineering and regenerative medicine.

Fig. 1A shows a schematic illustration of the preparation of
nanotopography platforms using graphene and -chitosan.
Reduced graphene oxide (RGO)-chitosan substrata were fabri-
cated after spin-coating of the RGO-chitosan composites
(Fig. 1B) on bare glass. It is noted that RGO was well dispersed
in chitosan solution (Fig. 1B). We observed that the RGO-chi-
tosan substrata featured transparent properties (Fig. 1B and
S1t) and nanodot-like nanotopography (Fig. 1C). Various layers
of RGO were occasionally observed in the RGO-chitosan
nanocomposite. However, RGO was homogeneously distributed
through spin-coating in the RGO-chitosan nanocomposite.
Therefore, nanotopography by incorporation of RGO can induce
variation of surface roughness at the nanoscale level. As a result,
it may be able to influence the growth and differentiation of
stem cells.

To confirm this assumption, we investigated the surface
coverage and roughness in the RGO-chitosan nanocomposites.
The surface coverage values of RGO (surface area of RGO to
whole RGO-chitosan ratio), as measured with Image] software,
with 0.05, 0.5, and 5% w/w RGO compositions were 0.009, 0.014,
and 0.049, respectively (Fig. S2T). The average surface roughness
values of RGO-chitosan substrata with 0, 0.05, 0.5, and 5% w/w
RGO compositions, as measured by atomic force microscope
(AFM) imaging, were estimated to be 0.9, 1.5, 3.7, and 7.7 nm,
respectively (Fig. S31). We also observed that the incorporation
of graphene into the chitosan substrata slightly increased the
hydrophobic properties of the chitosan substrata (Fig. S47).

In addition, we confirmed that the Raman spectrum of
RGO-chitosan substrata had two broad peaks, which are
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(A) Schematic illustration showing the synthesis of graphene-incorporated chitosan nanocomposite substrata. (B) Photograph of chitosan solution and RGO-

chitosan composite solutions. The inset shows a photograph of the transferred chitosan substratum and RGO-chitosan substrata, the dot-circles indicate the substrata,
and the scale bar represents 1 mm. (C) AFM images of RGO-chitosan substrata of the following compositions: (a) 0, (b) 0.05, (c) 0.5, and (d) 5% (w/w) RGO. (D) Raman
spectra of RGO sheets, chitosan, and 5% RGO-chitosan substratum. (E) TEM images of RGO sheets, chitosan, and 5% RGO-chitosan substratum. The (*) and (**)
indicate RGO and chitosan, respectively. Insets are the corresponding SAED patterns.

known as the G and D bands (~1590 cm ' and ~1350 cm™*
respectively) (Fig. 1D). Fig. 1E shows representative trans-
mission electron microscopy (TEM) images and the corre-
sponding selected area electron diffraction (SAED) patterns
(inset) of a RGO sheet, chitosan, and 5% RGO-chitosan
substratum, respectively. We observed that the sizes of RGO
sheets ranged from 0.5 to 2 pm (Fig. 1E and S5Af). A typical
SAED pattern obtained from a RGO sheet shows the six-fold
symmetry expected for graphite or graphene (Fig. 1E). It is
confirmed that the synthesized RGO sheets are monolayer
graphene from the analysis of the intensity ratio of the
diffraction peaks, an inner hexagon (0110) and an outer
hexagon (1120).¢" This result is consistent with the previous
Raman result (Fig. 1D). Also, the hollow ring patterns that are
characteristic of an amorphous phase were observed on the
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chitosan substratum. Furthermore, a typical SAED pattern
forms a circle in the RGO-chitosan substratum, which dis-
played continuous and broad ring patterns. The two diffraction
rings correspond to graphene crystal planes: an inner ring
(0110) corresponding to a lattice spacing of 0.213 nm and an
outer ring (1120) corresponding to a lattice spacing of 0.123
nm (Fig. 1E and S5T). This indicated that the monolayer RGO
sheets were well dispersed with small domain sizes on the
chitosan substratum. In order to confirm the above results for
the RGO-chitosan substratum, a high-resolution TEM
(HRTEM) study was carried out. Fig. S5Bf shows a magnified
HRTEM image of an edge area of the RGO-chitosan
substratum shown in Fig. 1E. We also observed some
randomly distributed small crystalline regions (marked by the
dotted red circles), and the sizes of these small domains were
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within the range of 3-10 nm (Fig. S5T). The parallel fringes
corresponding to 4-5 graphene layers at the edge area and
wrinkles within the substrata were visible. These results indi-
cate that the graphene-incorporated chitosan substrata were
successfully fabricated with nanotopography.

To verify the hypothesis that the nanotopography of RGO-
chitosan substrata can provide effective environments to
promote functions of stem cells, we first observed the adhesion
of hMSCs on RGO-chitosan substrata (Fig. S6T). We cultured
hMSCs on the RGO-chitosan substrata, chitosan substrata, and
tissue culture polystyrene (TCPS) as controls. At 6 h after cell
seeding, we carefully removed unattached hMSCs from the
substrata and TCPS by washing with phosphate buffered saline
to check the attachment of hMSCs onto the sample surface.
Viability measurements for hMSC growth on RGO-chitosan
substrata, chitosan substrata, and TCPS are shown in Fig. S6T,
which indicate that RGO-chitosan substrata, regardless of the
incorporated graphene concentration, provided a suitable
environment for hMSC adhesion. Interestingly, we found that
hMSC adhesion was greater on the 5% RGO-chitosan substrata
than on other samples, with the exception of TCPS, although no
significant differences were observed statistically (P > 0.05). We
also showed in this finding that the hMSCs on the 5% RGO-
chitosan substratum were more attached than those on the
chitosan substratum by the phase contrast micrographs
(Fig. S71).

The proliferation of hMSCs on RGO-chitosan substrata was
continually observed and quantified at 1, 3, and 5 days. All
samples including the RGO-chitosan substrata, regardless of
the incorporated graphene concentration, showed time-
dependent proliferation of hMSCs after adhering to the
sample surface at 6 h (Fig. S8AT). To confirm the growth of
hMSCs on RGO-chitosan substrata, we examined the cells
under a FESEM after 5 days of hMSC culture. Fig. S8B(b)
shows that hMSCs were adhered and spread properly on
almost the entire surface of the 5% RGO-chitosan substrata,
and similar observation of the hMSCs cultured on chitosan-
only substrata (Fig. S8B(a)T), indicating that the RGO-chitosan
substrata might provide a suitable environment for the
proliferation of hMSCs.

We observed that the proliferation rate of hMSCs decreased
with incorporation of higher amounts of graphene into the
substrata (Fig. S8At). The following two possibilities may be
responsible for the above finding: (1) graphene is cytotoxic or
(2) hMSCs differentiate into other lineages because of the
unique properties of the graphene incorporated into the
substrata including nanotopography. Recent studies reported
that graphene or graphene oxide (GO) was cytotoxic at
concentrations greater than 50 ug mL ™" 3. On the other hand,
we analyzed the cytotoxicity of GO in hMSCs, and found that
low concentrations (less than 0.1 mg mL™") of GO did not
show cytotoxicity in hMSCs, while high concentrations (greater
than 0.1 mg mL ') were somewhat cytotoxic to hMSCs
(Fig. S9t). We used very less amount of RGO for fabrication of
substrata (e.g., very little RGO-chitosan composite solution less
than 100 pL of 0.01 mg mL™ " RGO solution was used to
fabricate the 0.05% RGO-chitosan substrata), which indicated
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that the cytotoxicity of graphene might not be the main reason
for the lower proliferation rate of hMSCs on RGO-chitosan
substrata than on chitosan substrata or TCPS. However, addi-
tional investigations are required to further analyze the cyto-
toxicity of graphene to hMSCs. Thus, we noted the second
possibility of the low proliferation rates of hMSCs on the RGO-
chitosan substrata that the incorporated graphene into the
substrata might positively influence differentiation of hMSCs.
This finding is consistent with that reported in a recent study
that graphene accelerated osteogenic differentiation of hMSCs,
although graphene films were used as stem cell culture
platforms.>

To verify this hypothesis that graphene in chitosan substrata
enhances the differentiation of hMSCs, we first checked the
osteogenesis of hMSCs on RGO-chitosan substrata. We
cultured hMSCs on the RGO-chitosan substrata and also on the
chitosan substrata and TCPS as controls with or without
differentiation-inducing chemicals. After 21 days of hMSC
culture on the sample surfaces, we analyzed hMSC osteogenesis
by Alizarin Red S staining. To quantify the degree of osteo-
genesis, the stained calcium deposits were destained with
cetylpyridinium chloride, and then the extracted stains were
measured using an ELISA reader. As shown in Fig. 2A, we
showed our observation with significantly higher values,
absorbance at 540 nm, for hMSC cultured on the RGO—-chitosan
substrata compared to that on the chitosan substrata and TCPS
both in the normal and osteogenic induction media (P < 0.05).
Interestingly, the 5% RGO-chitosan substrata exhibited the
highest osteogenesis (P < 0.01). We further examined osteo-
calcin (OCN) as one of the osteogenic genes to confirm
enhanced osteogenic differentiation of hMSCs on the 5% RGO-
chitosan substrata. Western blot analysis clearly showed up-
regulation of the OCN protein in the graphene-chitosan
substrata compared to the chitosan substrata and TCPS both in
the normal and osteogenic induction media (Fig. 2B). Since
expression of OPN is often co-localized with members of the
matrix metaloproteinase (MMP) family and it has been known
that MMP-cleaved OPN plays an important role in increasing
the activity of cell adhesion and functions,* we also checked
protein expression of the MMP-cleaved OPN of hMSCs on the
samples. Interestingly, the results of western blot analysis
showed more protein expression of the MMP-cleaved OPN on
the 5% RGO-chitosan substrata compared to the chitosan
substrata and TCPS both in the normal and osteogenic induc-
tion media (Fig. 2B), suggesting that the enhanced MMP-
cleaved OPN of hMSCs on the RGO-chitosan substrata might
increase the activity in promoting hMSC adhesion as well as
functions including osteogenesis. Together, these findings
suggest that graphene incorporated into chitosan substrata can
promote the osteogenesis of hMSCs despite the small amount
of graphene used.

We then checked the neurogenesis of hMSCs on the 5%
RGO-chitosan substrata since we expected that their nano-
topography as well as electronic properties of the graphene in
the substrata would have great potential as a stem cell culture to
differentiate stem cells into electrically exciting cells. To inves-
tigate the effect of RGO-chitosan substrata on neurogenesis of
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mineralization as measured by Alizarin Red S staining of hMSCs cultured on the RGO—chitosan substrata, chitosan substrata, and TCPS for 21 days (a) with the use of
osteogenic medium and (b) without the use of osteogenic medium. All values were normalized to TCPS. Error bars represent the SD about mean (n = 3 for each group).
(B) Western blot analysis of (a) full length OCN expression and MMP-cleaved OPN expression in hMSCs cultured on 5% RGO—chitosan substrata, chitosan substrata, and
TCPS. Quantification of the values of (b) full length OCN expression and (c) MMP-cleaved OPN expression. The hMSCs were cultured for 7 days. Error bars represent the
SD about mean (n = 2 for each group). (C) Representative immunofluorescent staining of TUJ1 (red), NeuN (green), and DAPI (blue) of hMSCs on (a) chitosan and (b) 5%
RGO-chitosan substrata with the use of neurogenesis medium. (c) Quantification of the degree of neurogenesis (number of cells stained with TUJ1 and NeuN/total
number of cells (DAPI)). The values were normalized to chitosan. The ten images per each substratum were used for quantification, respectively.

hMSCs, we cultured hMSCs on the RGO-chitosan substrata and
chitosan substrata under neurogenic conditions for 7 days.
Differentiated cells were observed after immunostaining the
early neural marker, TUJ1, and the later neural marker, Neun
(Fig. 2C). We observed that the differentiated cells had neuron-
like morphology on both the samples. We found a more
adhered shape of differentiated cells on the RGO-chitosan
substrata compared to those on the chitosan substrata. Inter-
estingly, as shown in Fig. 2C, we learned that most of the later
neural markers were stained by culturing hMSCs on the RGO-
chitosan substrata whereas the markers were a little stained on
the chitosan substrata. Our findings suggest that RGO-chitosan
substrata may promote the neurogenesis of hMSCs although
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further studies are required to better demonstrate that gra-
phene-based platforms can differentiate stem cells into elec-
trically exciting cells.

This work is driven by the following key question: how do the
graphene-incorporated chitosan nanocomposite substrata
enhance the differentiation of hMSCs? Although detailed basic
research on this issue remains to be performed including
specific signaling pathway, we hypothesize that the unique
characteristics of the nanoscale topographical cue of graphene
and its secondary effects such as stiffness and roughness within
substrata might play a crucial role in the enhancement of hMSC
differentiation. Recently, it has been generally accepted that the
differentiation of hMSCs is controlled by nanostructures. In

This journal is © The Royal Society of Chemistry 2013
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particular, Dalby and colleagues have reported that the nano-
scale disorder of substrates can stimulate the osteogenesis of
hMSCs, whereas the nanoscale symmetry of substrates allows
for the maintenance of hMSC multipotency.® In our RGO-chi-
tosan substrata, graphene was incorporated asymmetrically
into the chitosan substrata, and their nanostructures were
maintained (Fig. 1C). Hence, the nanoscale disorder of gra-
phene incorporated into the chitosan substrata might enhance
hMSC osteogenesis. Moreover, the nanoscale symmetry of gra-
phene incorporated into the chitosan substrata may be another
important issue in the potential application of graphene as
substrata for hMSCs.

It is widely accepted that enhanced cell spreading and
interaction between cell-substrate or cell-cell are important
factors to be considered for enhancing differentiation of
hMSCs.® As we confirmed the enhanced MMP-cleaved OPN in
hMSCs on the RGO-chitosan substrata compared to those on
the chitosan substrata, we speculated that the incorporated
graphene in chitosan substrata could influence initial cell
adhesion and interaction between cell-cell or cell-substrate,
which might be another possible explanation to enhance the
differentiation of hMSCs on the RGO-chitosan substrata.

hMSCs on chitosan substratum
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To investigate whether the incorporated graphene in chito-
san substrata influenced the initial behavior of hMSCs, we
cultured hMSCs on the RGO-chitosan substrata and chitosan
substrata for 3 days in the normal media. More spread shape of
hMSCs on the RGO-chitosan substrata was observed in
immunohistochemical analysis compared to that on the chito-
san substrata (Fig. 3A). We also observed that the incorporated
graphene in chitosan substrata greatly influenced the focal
adhesions (FAs) of the hMSCs. The hMSCs on the RGO-chito-
san substrata showed a large number of FAs, as obtained by
vinculin immunostaining, than on the chitosan substrata
(Fig. 3B). Furthermore, western blot analysis clearly showed
greatly enhanced expression of the integrin 1 in cultured
hMSCs on the RGO-chitosan substrata compared to that on the
chitosan substrata (Fig. 3C). It is noted that OPN increases
integrin B1 expression in MSCs.” These findings especially show
that the hMSCs may have a higher cell-substrate interaction in
RGO-chitosan substrata compared to chitosan substrata. In
addition, we observed that the graphene in RGO-chitosan
substrata greatly influence cell-cell contacts (Fig. 3A). Further-
more, western blot analysis clearly showed enhanced expres-
sion of the major junction protein connexin 43 (Cx43) in
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Fig. 3 Model for the enhanced differentiation of hMSCs on RGO—chitosan substrata through increased initial cell adhesion, cell-substrate interaction, and cell—cell
contacts by the nanoscale topographical cues of graphene within chitosan substrata. (A) Representative immunofluorescent images with low magnification of the
adhered hMSCs on chitosan and 5% RGO-chitosan substrata. (B) Representative immunofluorescent images with high magnification of adhered hMSCs on chitosan
and 5% RGO-chitosan substrata. The white arrows indicate focal adhesion (FA) of adhered hMSCs on the substrata. The hMSCs were cultured for 3 days. (C) Western
blot analysis and quantification of the values of integrin B1 and Cx43 expression of hMSCs cultured on chitosan and 5% RGO-chitosan substrata. The hMSCs were
cultured for 3 days. Error bars represent the SD about mean (n = 2 for each group). (D) A hypothetical model showing the enhanced initial cell adhesion (spreading
hMSCs), cell—cell contacts (FAs and integrin 1), and cell-substrate interaction (Cx43) on the 5% RGO-chitosan substrata to support further differentiation of hMSCs. All

figures are magnified for clarity.
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cultured hMSCs on the RGO-chitosan substrata compared to
that on the chitosan substrata (Fig. 3C).

Together, these findings indicate that the incorporated gra-
phene in chitosan substrata provides specific cues to hMSCs,
resulting in enhanced cell-cell communication. Our results
suggest that the graphene with unique characteristics of the
nanoscale topographical cue within chitosan substrata and its
secondary effects such as stiffness and roughness may promote
the differentiation of hMSCs. Simply, the proposed mechanism
follows these steps: graphene cues in substrate — enhancing
hMSCs spreading on substrata and interactions between
hMSC-substrate and hMSC-hMSC — enhancing differentia-
tion of hMSCs (see Fig. 3D for a summary of this possible
mechanism). In addition, a recent study reported that graphene
might allow accelerated differentiation of hMSCs through
strong noncovalent binding abilities for molecular
interactions.*

We would like to re-emphasize our findings that the gra-
phene nanosheets were well dispersed in the RGO-chitosan
substrata (Fig. 1E and S51) and they could significantly enhance
the adhesion and differentiation of hMSCs even without
requiring the use of any differentiation-inducing chemicals in
the case of osteogenesis (Fig. 2). Namely, we showed a potential
that a small amount of graphene in polymer-based substrata
could improve functions of stem cells.

We believe that this study may represent a significant
progression in the clinical application of stem cell-based tissue
engineering. For example, this simple method, incorporating
small amounts of graphene into scaffolds, may be a powerful
strategy for the design and manipulation of nanotopographies
as a potential scaffold in the fields of stem cell and tissue
engineering, including bone and nerve regeneration. While we
have used chitosan for fabrication of graphene-incorporated
substrata in the present study, our method is expected to be
applicable to other polymers such as gelatin, polycaprolactone,
poly(p,L-lactide-co-glycolide), ezc. Our method may also allow the
fabrication of a graphene-based three-dimensional scaffold
using a combination of convenient scaffold fabrication
methods such as freezing and lyophilizing, thermally induced
phase separation, porogen gas foaming, or
electrospinning.

In summary, we have demonstrated that graphene-incorpo-
rated chitosan nanocomposites can be used to enhance the
adhesion and differentiation of hMSCs. Our results indicate
that RGO—-chitosan substrata with asymmetrical nanotopology
provided a suitable environment for the adhesion and prolif-
eration of hMSCs as well as enhanced cell-substrate interaction
and cell-cell contacts. The RGO-chitosan substrata promoted
the osteogenesis of hMSCs both in the absence and presence
of differentiation-inducing chemicals. The RGO-chitosan
substrata also enhanced the neurogenesis of hMSCs. Our work
implies that the methodology for the fabrication of graphene-
incorporated chitosan nanocomposites can be adapted for the
design and manipulation of other scaffolds with nano-
topography. We conclude that graphene-incorporated chitosan
substrata can be used as an efficient strategy for stem cell and
potential tissue engineering applications.

leaching,
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