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Abstract
Inspired by the hierarchical nanoﬁbrous and highly oriented structures of natural extracellular
matrices, we report a rational design of chemical vapor deposition graphene-anchored scaffolds that
provide both physical and chemical cues in a multilayered organization to control the adhesion and
functions of cells for regenerative medicine. These hierarchical platforms are fabricated by transferring
large graphene ﬁlm onto nanogroove patterns. The top graphene layer exhibits planar morphology
with slight roughness (∼20 nm between peaks) due to the underlying topography, which results in a
suspended structure between the nanoridges. We demonstrate that the adhesion and differentiation of
human mesenchymal stem cells were sensitively controlled and enhanced by the both the
nanotopography and graphene cues in our scaffolds. Our results indicate that the layered physical and
chemical cues can affect the apparent cell behaviors, and can synergistically enhance cell functionality.
Therefore, these suspended graphene platforms may be used to advance regenerative medicine.

Introduction
Regenerative medicine has drawn much attention
as a pioneering methodology for the restoration of
damaged tissues and organs, as well as for the
treatment of diseases that are currently intractable [1].
Pluripotent stem cells are capable of differentiating
into various types of cells, and hence hold considerable
promise as one of the keys for success in regenerative
medicine [2, 3]. Transplantation of stem cells induce
their reparative actions mainly through the secretion
of paracrine factors, and can restore injured organs
© 2016 IOP Publishing Ltd

and tissues through their differentiation into the target
cell type [4]. However, in practice, naïve stem cells fail
to effectively perform these functions [5], creating the
necessity for the development of a platform for the
efﬁcient in vitro modulation of stem cells and in vivo
integration of transplanted stem cells within host
tissues for efﬁcacious regenerative therapies.
To address these issues, material-based platforms
such as cell culture devices and scaffolds that mimic
the physical structures of in vivo stem cell niches have
been recognized as important players to improve stem
cell functions for regenerative medicine [6, 7]. For
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example, micro- or nanoscale patterns that mimic the
physical cues of the extracellular matrix (ECM) have
been proposed as platforms to control either the selfrenewal or differentiation of stem cells [8, 9]. Speciﬁcally, bioinspired nanogratings have been shown to
enhance the osteogenic [10] and neurogenic [11] differentiation potential of stem cells. As a chemistryoriented approach, graphene has also gained much
attention as a powerful platform that can enhance the
differentiation of stem cells into speciﬁc cell lineages
due to its unique properties including efﬁcient ECM
protein adsorption [12] and surface nanotopography
[12–14]. Several studies have demonstrated that graphene-based platforms, fabricated by coating or incorporating graphene onto the surface of substrates,
provide speciﬁc adhesion sites that serve as a guiding
structure for controlled adhesion and differentiation
of stem cells [15–25]. Despite signiﬁcant ﬁndings
regarding the interactions between graphene and stem
cells, most graphene-based platforms fail to precisely
mimic the complex hierarchical topography of natural
ECMs or tissues, which provide extremely important
topographical cues in determining the functions of
stem cells [26–28].
Here, inspired by the hierarchical nanoﬁbrous and
highly oriented structures of natural ECMs in the
human body [29], and the superior cell adhesion properties of graphene, we report a rational design for the
fabrication of a hierarchical platform that can control
the adhesion and function of stem cells for regenerative medicine. A key design criterion was to combine highly uniform graphene grown by chemical
vapor deposition (CVD) with lithographic nanofabrication technology to manipulate the graphene-based
biomimetic scaffold, which could provide synergistic
cues of graphene and nanotopography to stem cells. In
an in vivo context, tissue stem cells are naturally in
contact with the hierarchical nanoarchitecture of wellorganized ECM protein ﬁbers within the stem cell
niche [29, 30]. To this end, we ﬁrst prepared anisotropically nanopatterned matrices to simulate the
highly oriented grooved structures of natural ECMs in
various tissues, such as bone, tooth, nerve, skin, muscle, and heart using capillary force lithography (CFL)
[31]. We then fabricated the graphene-anchored
matrix nanotopography platforms (GMNPs) by transferring the CVD-grown large monolayer graphene
onto the nanopatterned matrices. Finally, we explored
how the synergistic cues of graphene and nanotopography collectively controlled the structure and function of human mesenchymal stem cells (hMSCs).

Results and discussion
Design and fabrication of suspended large area
graphene nanopatterns
Figure 1 presents the nano- and sub-nanopatterned
hierarchical surfaces of GMNPs that recapitulate the
2

topographical cues of complex ECM microenvironments. To fabricate GMNPs, three to eight hundred
nanometer-sized topographies (width and spacing:
300–800 nm, depth: 300 nm) were fabricated using
polyurethane acrylate (PUA) polymers (ﬁgures 1(c)
and S1). Subsequently, a large-scale CVD-grown
monolayer graphene was transferred onto the PUA
nanopatterned matrices (ﬁgures 1(c)–(e)). The transferred graphene showed good conformal contact and
physical integrity with the underlying PUA nanopatterned matrices (ﬁgures 1(a)–(d)). It should be noted
that the adhesion energy of the monolayer graphene
sheets with the PUA substrate is attributed to van der
Waals interactions, resulting in a strong adhesion force
between the sheets and the underlying matrices.
Owing to this stable adhesion, the monolayer graphene ﬁlm maintained its integrity with the underlying
PUA nanopatterned matrix even under submerged
conditions. The high-resolution transmission electron
microscopy results show the atomic lattice structures
of the CVD-grown graphene (ﬁgure 1(d)). The top
view of the monolayer graphene shows that the atoms
are approximately 1.42 Å apart. Selected area electron
diffraction (SAED) patterns provide an atom-by-atom
analysis of graphene (ﬁgure 1(e) inset). Six-fold
symmetry, which is a typical SAED pattern for well
synthesized graphene, was observed for the graphene
used herein. Raman spectroscopy was also used to
conﬁrm the presence of graphene, the results of which
are shown in ﬁgure 1(f). Furthermore, we conﬁrmed
that the hierarchical structure of the GMNPs has a
unique multi-layered geometry due to the repetitive
nanogroove-nanoridge arrangement. The graphene
ﬁlms on the nanopatterned matrices showed conformal contact with the ridges and a suspended morphology over the grooves. The morphological analysis
using atomic force microscopy (AFM) demonstrated
that the top graphene layer exhibited a maximum
sagging of ∼20 nm over the grooved regions
(ﬁgures 1(g) and S2 and S3) (29).
Engineering adhesion of hMSCs on suspended
graphene nanopatterns
Cell adhesion plays an essential role in determining the
fate and functions of stem cells through integrinmediated intracellular tension [32]. Importantly, previous studies have reported that graphene can promote
cell adhesion [21–24]. To investigate the synergistic
effects of graphene and matrix nanotopography on
stem cell adhesion, we cultured hMSCs on graphene
or GMNPs for 14 h. As shown in ﬁgure 2, GMNPs
(graphene/nanopattern) greatly inﬂuenced the hMSC
adhesion as demonstrated by the aligned cytoskeletal
structures within hMSCs cultured on GMNPs,
whereas hMSCs cultured on graphene anchored onto
ﬂat PUA surfaces (graphene/ﬂat) had relatively spherical cytoskeletal structures (ﬁgure 2(a)). This is in
accordance with previous studies that demonstrated

2D Mater. 3 (2016) 035013

J Kim et al

Figure 1. Rational design and fabrication of graphene-anchored matrix nanotopography platforms that provide both physical and
chemical cues. (a) Graphical illustration of the methodology of bioinspired GMNPs using CVD-grown graphene and lithographic
nanofabrication technology. (b) Graphical illustration of bioinspired anisotropic nanotopographical matrix. (c) Graphical illustration
of GMNPs. (d) HR-TEM images of nanotopographical matrices with or without graphene. (e) HR-STEM image of GMNP with SAED
pattern inset. (f) Raman spectra of nanotopographical matrix with or without graphene. (g) Representative AFM image of GMNP,
showing the hierarchical nanoﬁbrous and oriented structures.

alignment of stem cells via nanotopography [33, 34].
The quantitative analysis demonstrated that hMSCs
on graphene/ﬂat and nanotopography without graphene coating (topography only) had increased
spreading and polarity, respectively, compared to
those on the PUA ﬂat substrate (ﬁgure 2(b)). These
results suggest that both the graphene and matrix
nanotopography inﬂuenced hMSC morphology,
whereas there were no signiﬁcant differences observed
in the total number of attached cells (ﬁgure 2(c)).
Focal adhesion (FA) assembly has a direct relationship with cell morphology [35]. Therefore, we hypothesized that cell morphology, inﬂuenced by graphene
and matrix nanotopography, would affect the formation of FAs. To investigate FA formation, immunoﬂuorescence staining was performed after culturing
hMSCs on ﬂat PUA only, graphene/ﬂat, nanopattern
PUA only, or GMNP for 14 h. A previous study has
demonstrated that cells cultured on graphene show
increased numbers of FAs [36]. We observed that the
FAs of hMSCs were also greatly inﬂuenced by graphene and matrix nanotopography. The hMSCs cultured on GMNP were polarized along the direction of
the anisotropic nanotopography, whereas un-polarized FAs of hMSCs were observed on graphene/ﬂat
3

(ﬁgures 2(d) and (e)). Furthermore, the sizes of the FAs
were larger in hMSCs cultured on GMNP compared to
those of cells cultured on nanopattern PUA only
(ﬁgures 2(d) and (f)). Taken together, our analyzes of
the cytoskeletons and FAs of hMSCs cultured on graphene and matrix nanotopography suggest that
GMNP can greatly affect the adhesion properties of
stem cells, which may be employed as an efﬁcient regulator of stem cell functions.
Engineering functions of hMSCs on suspended
graphene nanopatterns
Previous studies have demonstrated that the alteration
of FAs can regulate stem cell functions including
proliferation, survival, and differentiation [37, 38]. In
the present study, cells cultured on all substrates,
regardless of the presence of graphene or matrix
nanotopography, showed no signiﬁcant differences in
proliferation (ﬁgure 3(a)). Next, we investigated
whether the modulation of FA formation by graphene
and/or matrix nanotopography affected the differentiation of hMSCs. As it has previously been reported
that anisotropic nanostructures and FA formation
promote stem cell commitment toward osteogenic
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Figure 2. hMSC adhesion and structural properties on GMNPs. (a) Representative cytoskeletal structures of hMSCs cultured on
graphene-anchored onto ﬂat PUA or nanotopographical matrix. Bar=50 μm. (b) Quantitative analysis of cell alignment, axial ratio
(deﬁned as major axis/minor axis), and cell spreading area. (c) Quantitative analysis of cell adhesion. Cells were cultured for 6 h. The
values were normalized to the initial cell viability. (d) Focal adhesion of hMSCs cultured on ﬂat PUA, graphene/ﬂat, nanopattern, or
GMNP. Bar=50 μm. Quantiﬁcation of (e) cell orientation and (f) focal adhesion area. Approximately 50–100 cells were used for
quantiﬁcation. Error bars represent the SD about the means. The statistical signiﬁcance is denoted as **p<0.01 and ***p<0.001.

and neurogenic lineages [32, 39, 40], we investigated
osteogenesis and neurogenesis of hMSCs on GMNPs.
Osteogenic differentiation was examined by culturing hMSCs on graphene or GMNP (graphene/
nanopattern) in osteogenic induction medium. After
14 d, hMSCs were stained with alizarin red S. To quantify the degree of osteogenesis, the stained calcium
deposits were destained with cetylpyridinium chloride, and then the extracted stains were quantiﬁed.
Interestingly, we observed that osteogenic differentiation of hMSCs on GMNP showed a biphasic trend.
Speciﬁcally, osteogenesis increased as the widths of the
matrix nanopatterns increased from 400 nm, with the
500 nm wide matrix nanopattern showing the highest
level of osteogenesis, whereas further increases in the
widths of the matrix nanopatterns decreased hMSCs
osteogenesis (ﬁgures 3(b) and (c)).
Next, the effect of graphene and matrix nanotopography on the neurogenesis of hMSCs was investigated. We cultured hMSCs on graphene or GMNP
(graphene/nanopattern) in neuronal differentiation
medium for 5 d. We examined the differentiation of
hMSCs by immunostaining with neuronal cell markers such as Tuj1 (early neuronal marker) and NeuN
(later neuronal marker). Figure 3(d) shows the neuron-like morphologies of the differentiated cells on the
different substrates. Compared to hMSCs differentiated on graphene, cells differentiated on GMNP
exhibited a more elongated and orientated morphology. The degree of neuronal differentiation of
4

hMSCs by graphene or graphene with the 500 nm
wide matrix nanopattern was further analyzed using
quantitative real-time reverse transcription (RT) polymerase chain reaction (qRT-PCR). The results
demonstrate that the expressions of neurogenesisrelated genes were increased in cells cultured on
GMNP compared to those cultured on graphene
(ﬁgure 3(e)).
To investigate the underlying mechanisms of
osteogenic and neurogenic differentiation of hMSCs
on GMNP, we investigated the modulation of cellsubstrate and cell–cell interactions of hMSCs by graphene and nanotopography. Cell-substrate interactions play a crucial role in modulating cell adhesion,
which in turn mediate cell differentiation [41]. For
example, nanotopography and substrate stiffness can
regulate osteogenic and neurogenic differentiation of
stem cells [11, 42, 43]. Gap junctions, which are
involved in cell–cell interactions [44], are important in
regulating osteogenic differentiation through the
transmission of mechanical signals and modulation of
transcriptional activity [45, 46]. Additionally, it has
been demonstrated that the downregulation of gap
junction expression interferes with neurogenesis [47, 48].
To determine whether graphene and matrix nanotopography are capable of altering cell-substrate interactions, we measured the Young’s modulus of
graphene on the PUA substrate using AFM. We
showed that graphene coating increased the stiffness
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Figure 3. Enhanced differentiation of hMSCs on GMNPs. (a) Quantitative analysis of cell proliferation. (b) Osteogenesis;
quantiﬁcation of the degree of mineralization as measured by alizarin red S staining. All values were normalized to the PUA ﬂat
substrate. (c) Representative images of alizarin red S staining of hMSCs cultured on graphene or graphene with 500 nm wide matrix
nanopattern. Bar=200 μm. (d) Neurogenesis; representative immunoﬂuorescent staining of TUJ1 (red), NeuN (green; the yellow
circles indicate the NeuN), and DAPI (blue) of hMSCs on graphene or graphene with 500 nm wide matrix nanopattern.
Bar=200 μm. (e) qRT–PCR analysis of hMSCs cultured in neuronal differentiation medium for 5 d. Four independent experiments
were conducted. Error bars represent the SD about the means. The statistical signiﬁcance is denoted as *p<0.05 and **p<0.01.

of surfaces (ﬁgures 4(a) and S4), which resulted in
enhanced cell nucleus spreading (ﬁgure 4(b)). Furthermore, the abovementioned results demonstrated
that the anisotropic nanotopography promoted cell
alignment and elongation (ﬁgure 2). In order to investigate the effects of graphene and matrix nanotopography on cell–cell interactions of hMSCs, we
examined the expression of connexin 43 (Cx43),
which is a major gap junction protein. It was found
that the synergistic cues of graphene and matrix nanopatterns enhanced the expression of Cx43 in hMSCs
(ﬁgure 4(c)). Therefore, the osteogenic and neurogenic differentiation of hMSCs cultured on GMNP
can at least partially be attributed to the stimulation of
cell-substrate and cell–cell interactions.
It is of particular interest that graphene and matrix
nanotopography contributed synergistically to hMSC
differentiation (ﬁgure 4(d)). Here, we ﬁrst quantiﬁed
the osteogenesis of hMSCs cultured on either graphene or matrix nanotopography. Graphene and
matrix nanotopography were only able to increase the
osteogenesis factor by 1.15 and 1.38, respectively. This
increase in the osteogenesis factor may be attributed to
cell alignment, elongation, and spreading (ﬁgure 2).
However, the combination of graphene and matrix
nanotopography signiﬁcantly increased the osteogenesis factor to 1.88, indicating synergistic effects of graphene and matrix nanotopography. This synergy may
5

be due to controlled cell-substrate or cell–cell interactions when graphene and matrix nanotopography are
combined.
Following the observed signiﬁcant effects of graphene and matrix nanotopography on the functions of
hMSCs, an ingenuity pathway analysis (IPA) was performed to evaluate the involved regulatory genes and
pathways (ﬁgure 5). Interestingly, the IPA revealed
that a series of major canonical pathways were active in
hMSCs cultured on GMNP compared to those cultured on graphene alone (ﬁgure 5(a)). Representatively, the down-regulated proteins included those
associated with FA kinase signaling, apoptosis, and
paxillin signaling, while the up-regulated proteins
included interferons and those associations with
transforming growth factor beta signaling. This
analysis also included genes involved in cell-to-cell
signaling and interaction; cellular assembly and organization; cellular function and maintenance; skeletal
and muscular system development and function; connective tissue development and function; organ development; tissue development; cellular development;
and cellular movement (ﬁgure 5(b)). Taken together,
our results demonstrate that GMNP directly affected
the cellular gene and protein expression proﬁles by
regulating FAs and cytoskeletal structures of cells,
which in turn, can guide and determine stem cell
functions.
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Figure 4. Effects of graphene and nanopatterns on cell-substrate and cell–cell interactions. (a) Young’s modulus of nanopatterned
matrices with or without graphene. (b) Representative immunoﬂuorescent staining and three-dimensional images of nuclei in
hMSCs, showing the highly spread nucleus of a cell cultured on GMNP. (c) Western blot analysis of gap junctions. (d) A schematic
model of the synergistic effects of graphene and nanotopography on osteogenesis of hMSCs. The relative osteogenesis factors were
extracted from the Alizarin Red measurements.

We also investigated whether GMNP could regulate the functions of other cell types. Therefore, we
analyzed the functions of osteoblasts and endothelial
cells cultured on GMNPs (graphene/nanopattern)
(ﬁgure S5). The bone mineralization of MC-3T3, an
osteoblast cell line, was signiﬁcantly enhanced on
GMNP compared to that on graphene. In addition to
osteogenic stimulation, GMNP also promoted in vitro
capillary tube formation of human umbilical vein
endothelial cells (HUVECs) by controlling their orientation, which was not observed in HUVECs on graphene alone.
Designing biomaterial-based platforms has
emerged as an important strategy for controlling cellular behaviors as well as for developing cell-based
therapies [2, 30, 31]. In the current study, we propose
for the ﬁrst time a methodology for generating controlled hierarchical and oriented structures using
CVD-grown graphene in combination with lithographic nanofabrication technology. Notably, the
GMNPs described herein have a unique combination
of chemical and mechanical properties due to their
6

fabrication steps. The chemically grown graphene
layer assembled over uniformly spaced nanogrooves
forms bridge-like structures, where the graphene is
suspended between the grooves while the ridges are
covered with the graphene, which results in multilayered structures. This geometry generates a chemically homogeneous surface due to the uniform
coverage of graphene regardless of the ridges and
grooves, but a mechanically heterogeneous surface
since the regions of suspended graphene demonstrate
lower mechanical properties. For these reasons, the
mechanical properties are different on the nanoridges
and nanogrooves while the top is conformally covered
by the graphene.
According to the results the current study, such
chemically-homogeneous and mechanically heterogeneous surfaces induce marked cell alignment
(ﬁgures 2, 4 and S5) in spite of the hierarchical structures. Previous studies have indicated that the minimum height that a cell can recognize is in the range of
30–50 nm, although the critical value is different
depending on cell type [8, 9, 31, 32]. Interestingly, the
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Figure 5. Analyzes of regulatory genes and pathways involved in hMSC culture on graphene with 500 nm wide matrix nanopattern. (a)
Ingenuity pathway analysis of upregulated and downregulated genes in hMSCs cultured on graphene with matrix nanopattern
compared to those in hMSCs cultured on the graphene substrate alone. (b) Analysis of functions of hMSCs cultured on graphene with
matrix nanopattern compared to those of hMSCs cultured on the graphene substrate alone. The cutoff threshold was p<0.05.

topographical variation of height in GMNPs is
∼20 nm (ﬁgure 1(f)), which is smaller than the reported threshold of recognition. There are two possible
explanations for the cell alignment on the GMNPs
observed herein. First, the hMSCs and HUVECs may
align due to the ∼20 nm topographical height difference, implying that the sensitivity of hMSCs and
HUVECs for topographical variance may be smaller
than 30 nm. Second, the cells may not recognize the
height difference, but may rather align by recognizing
the underlying structures by sensing the stiffness changes in the graphene layer. The experimental data further demonstrate that (i) the hMSCs had similar longaxis lengths on both nanopatterns and GMNPs, but
different short-axis lengths (ﬁgures 2(b) and (d)); and
(ii) the hMSCs exhibit aligned morphology and vinculin expression along the underlying topographical
orientation. These results indicate that the covered
graphene layer helps lateral spreading of cells by connecting to the nanoridges, and that the alignment is
predominantly guided by the nanotopography
beneath the graphene layer (if cells cannot feel the
∼20 nm difference). Although further studies are needed, these hierarchical GMNPs can provide a basis to
study chemically-homogeneity with mechanicallyheterogeneity on cell behaviors.
7

In this work, we introduce a new method to
develop a bioinspired platform that mimics the nanoand sub-nanopatterned hierarchical structures of
in vivo cellular microenvironments by integrating
highly uniform CVD-grown large graphene with
matrix nanotopography. This integration of graphene
and matrix nanotopography promoted stem cell differentiation without inﬂuencing viability or proliferation. Collectively, these results suggest that graphene
and matrix nanotopography can synergistically regulate cell functions. Therefore, this strategy for fabricating CVD-grown graphene-based hierarchical
nanoscale structures may represent a new approach in
regenerative medicine.

Experimental
Fabrication of nanostructured substrata by UVassisted CFL
To prepare PUA molds, a UV curable PUA prepolymer (0.5 ml) was drop-dispensed on silicon master
mold having positive patterns, which has been prepared by photolithography or electron-beam lithography. Then a poly(uthylene terephthalate) (PET) ﬁlm of
50 μm thickness was placed on the liquid prepolymer,
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followed by UV exposure (wavelength: 250–400 nm)
for a few tens of seconds. After the UV curing, the
mold was peeled from the master, and fully cured by
exposing UV for 10 h. Next, the second replica was
prepared by using CFL on glass coverslips with the
overcured ﬁrst PUA.
Fabrication of suspended large area graphene
nanopatterns
Large-area high-quality graphene ﬁlm was synthesized
on Cu foil and transferred onto a PUA nanopatterned
substrate, according to a previously reported transfer
method. First, Cu foil was inserted in a tubular quartz
tube and heated to 1000 °C with an H2 ﬂow at 8
standard cubic centimeters per minute (sccm) at
90 mTorr. Then, high-quality graphene ﬁlms were
grown on the CU foil under a mixture CH4/H2 gases
at ﬂow rates of 24 and 8 sccm for 30 min, respectively.
During growth, the reactor pressure was maintained at
460 mTorr. After that, the CVD-grown monolayer
graphene ﬁlms were covered with PMMA
(Mw=240 kg mol−1) and ﬂoated in Cu etchant and
subsequently the graphene ﬁlm with the PMMA
support was transferred to a PUA nanopatterned
substrate. Finally, the suspended monolayer graphene
membrane on the PUA nanogrooved structure was
removed the PMMA support with acetone. To investigate the mechanical properties, the AFM measurements were performed by means of a Park systems XE100 scanning probe microscope at ambient conditions. Silicon cantilever NSC-36 C (Mikromasch Inc.)
having pyramidal tips with 10 nm nominal radii of
curvature (Rc). Cantilever spring constant of
0.60 N m−1 was used. The contact AFM mode was
used to get topography images of samples. Topological
data was employed a compressive load of 10 nN during
scanning. And then, z-scanner displacement versus
force curves were recorded. Forward and backward
rate was 0.3 μm s−1 and a maximum compressive load
of 40 nN was used to the surface during data acquisition. The Young’s modulus of the sample was obtained
using the Hertzian model equation.
Isolation and culturing of hMSCs
Adipose tissues were obtained from the patients
undergoing ear surgeries under sufﬁcient informed
consent at the Ajou University School of Medicine
(Suwon, Korea). The experimental protocol was
approved by the Institutional Review Board at the
Ajou University School of Medicine (Suwon, Korea).
Adipose tissues were washed using PBS and digested
with 100 Unit/ml collagenase type I (Sigma-Aldrich,
St. Louis, MO, USA) with low glucose Dulbecco’s
modiﬁed Eagle’s medium (DMEM; Gibco-BRL,
Grand Island, NY, USA) and incubated for 8 h to lyse
the tissues. The stromal fraction was collected by
centrifugation. And then, it was passed through a cell
strainer (100 μm size) to remove any large cell clumps
8

and particles. The adipose-derived hMSCs were cultured in low glucose DMEM with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin (Gibco,
Milan, Italy) at 37 °C in a 5% CO2 atmosphere. All
cells used in this work were at passage 3 or 4.
Immunoﬂuorescence staining
Cells used in this work on samples were ﬁxed with a
4% paraformaldehyde solution (Sigma-Aldrich, Milwaukee, WI, USA) for 20 min. And then, they were
permeabilized with 0.2% Triton X-100 (SigmaAldrich, WI, Milwaukee, USA) for 15 min, and stained
with TRITC-conjugated phalloidin (Millipore, Billerica, MA, USA) and 4, 6-diamidino-2-phenylindole
(DAPI; Millipore, Billerica, MA, USA) for 1 h. A
monoclonal anti-vinculin antibody (1:100; Millipore,
Billerica, MA, USA) and a FITC-conjugated goat antimouse secondary antibody (1:500; Millipore, Billerica,
MA, USA) were used to stain for FAs. Images of the
stained cells were observed using a ﬂuorescence
microscope (Zeiss, Germany). The images obtained by
ﬂuorescence microscopy and the custom written
MATLAB script. were used for the quantitative
analysis of the body and nuclear shape as well as FA of
hMSCs.
Proliferation and differentiation analysis
hMSCs (4×104 cells/samples) were cultured for in
DMEM (Sigma-Aldrich, Milwaukee, WI, USA) with
10% FBS (Sigma-Aldrich, Milwaukee, WI, USA) and
1% antibiotics (Sigma-Aldrich, Milwaukee, WI, USA)
at 37 °C in a humidiﬁed atmosphere containing 5%
CO2. The quantitative analysis of the cell proliferation
on the samples was performed using WST-1 assay
(EZ-Cytox Cell Viability Assay Kit, Daeillab Service
Co., LTD).
hMSCs (4×104 cells/sample) were cultured in
osteogenic differentiation media (100 nM dexamethsone, 50 μM ascorbic acid, and 10 mM glycerol
2-phosphate in normal media). For conﬁrming osteogenic differentiation of hMSCs on the samples, Alizarin Red S (Sigma-Aldrich) staining was used. The
degree of mineralization was measured by Alizarin
Red S staining of hMSCs cultured on the samples, and
this measurement was analyzed used for quantiﬁcation of the osteogenic differentiation of hMSCs. Cells
were stained with Alizarin Red S and were destained
with cetylpyridinium chloride (Sigma-Aldrich). And
then, the extracted stains were analyzed using an
ELISA reader (VERSAMAX reader, Molecular Devices, Sunnyvale) at 540 nm.
To differentiate hMSCs into neuronal cells,
hMSCs (2×104 cells/sample) were cultured in the
neurogenesis media (NPBM media (Bio Whittaker)
with 5 mM cAMP, 5 mM IBMX, 25 ng ml−1 NGF,
10 ng ml−1 BDNF, 2.5 mg ml−1 insulin, and
50 μg ml−1 ascorbic acid (Sigma-Aldrich)). To evaluate neurogenesisin mRNA expression levels, qRTPCR was performed. Total RNA was extracted from
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cells according to the manufacturer’s instructions
using an Easy-BLUE RNA extraction kit (iNtRON
Biotech, Sungnam, Korea). First-strand cDNA synthesis was carried out in a 20 μl RT reaction with oligo
dT, dNTPs and reverse transcriptase (GenDEPOT,
Barker, TX, USA). Fuorescence based real-time PCR
was carried out using SYBR Green Premix Ex Taq
(TaKaRa, Dalian, China) and an applied Biosystems
7500 Real-Time PCR system (Applied Biosystems;
Foster City, CA, USA). The following primers were
used for qRT-PCR: human Nestin (Fw) 5′- GAA ACA
GCC ATA GAG GGC AAA-3′; (Rv) 5′- TGG TTT TCC
AGA GTC TTC AGT GA-3′, beta III tubulin (Fw) 5′CGA AGC CAG CAG TGT CTA AA-3′; (Rv) 5′- GGA
GGA CGA GGC CAT AAA TA -3′, beta III tubulin
(Fw) 5′- CCA ATG GAT TCC CAT ACA GG -3′; (Rv)
5′- TCC TTG CAG ACA CCT CCT CT–3′, GAPDH
(Fw) 5′- GCA AAT TCC ATG GCA CCG TC -3′; (Rv)
5′- TCG CCC CAC TTG ATT TTG G–3′. For quantiﬁcation, GAPDH was used as the reference for normalization of each sample.
Microarray and pathway analysis
Gene expression differences between two groups were
interrogated by whole genome microarray. Sure Print
G3 Human Gene Expression 44 k chip (Agilent, Inc.,
Santa Clara, CA) was used following the manufacturer’s protocol. Labeled cRNA were prepared from 1
to 5 μg total RNA using the Agilent’s Quick Amp
Labeling Kit. Following fragmentation, 1.65 μg of
cRNA were hybridized to the Agilent expression
microarray. Arrays were scanned using the Agilent
Technologies G2600D SG12494263 and Array data
export processing and analysis was performed using
Agilent Feature Extraction v11.0.1.1. Quantile normalization was implemented to normalize the expression value. Fold change value >|2| was selected for
DEGs in downstream analysis. Transcripts with differential expression were analyzed through the use of
QIAGEN’s Ingenuity® Pathway Analysis (IPA®, QIAGEN Redwood City, www.qiagen.com/ingenuity).’ A
Fisher’s exact test, based on the hypergeometric
distribution, is then performed to determine the
likelihood of obtaining at least the same number of
molecules by chance (i.e., from a random input set), as
actually overlap between the input gene set and the
genes present in each identiﬁed network and pathway.
Statistical analysis
Student’s t-test was used for statistical analysis. All
quantitative results were presented as mean±standard deviation (SD).
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