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ABSTRACT: Graphene has shown great potential for biomedical engineering
applications due to its electrical conductivity, mechanical strength, flexibility,
and biocompatibility. Topographical cues of culture substrates or tissue-
engineering scaffolds regulate the behaviors and fate of stem cells. In this study,
we developed a graphene oxide (GO)-based patterned substrate (GPS) with
hierarchical structures capable of generating synergistic topographical
stimulation to enhance integrin clustering, focal adhesion, and neuronal

differentiation in human neural stem cells (hNSCs). The hierarchical structures oo hanced fieuronal  Improved electrophysiclogical
of the GPS were composed of microgrooves (groove size: S, 10, and 20 ym), ot -
ridges (height: 100—200 nm), and nanoroughness surfaces (height: ~10 nm).
hNSCs grown on the GPS exhibited highly elongated, aligned neurite extension
along the ridge of the GPS and focal adhesion development that was enhanced
compared to that of cells grown on GO-free flat substrates and GO substrates
without the hierarchical structures. In particular, GPS with a groove width of 5
pum was found to be the most effective in activating focal adhesion signaling, such as the phosphorylation of focal adhesion kinase
and paxillin, thereby improving neuronal lineage commitment. More importantly, electrophysiologically functional neuron-like
cells exhibiting sodium channel currents and action potentials could be derived from hNSCs differentiated on the GPS even in
the absence of any of the chemical agents typically required for neurogenesis. Our study demonstrates that GPS could be an
effective culture platform for the generation of functional neuron-like cells from hNSCs, providing potent therapeutics for
treating neurodegenerative diseases and neuronal disorders.

Graphene oxide hierarchical pattern
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1. INTRODUCTION

Graphene, a carbon-based material fully packed into a
honeycomb lattice," has attracted a massive amount of interest
over a wide range of fields such as electronics, nanotechnology,

adhesion, proliferation, and differentiation of mesenchymal
stem cells on graphene or GO substrates based on their
chemical properties and patterning.'”'” In addition, it has been
demonstrated that the differentiation of neural stem cells

energy harvesting, and biological engineering due to its
electrical conductivity, high mechanical strength, flexibility,
and biocompatibility.”” In particular, many studies have verified
the utility of graphene-based materials for biomedical engineer-
ing applications such as antiviral" and bactericidal nanomateri-
als,® disease diagnosis,é’7 drug delivery,s_m and tissue engineer-
ing."'™" Stem cell engineering using the graphene or
chemically exfoliated graphene oxide (GO) has been
investigated as one such potential biomedical application due
to its physicochemical and electrical properties that allow
control of cellular behaviors (e.g, adhesion, proliferation,
differentiation, polarization, and paracrine secretion) and
biocompatibility.*~"* Previous studies have reported enhanced
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(NSCs), which are sensitive to electrical signals, could be
promoted on the surface of graphene or GO substrates due to
their electrical properties.*’

The topographical features of culture substrates or tissue-
engineering scaffolds can provide biophysical stimulation that
regulates the self-renewal and differentiation of stem cells.”' ~**
Specific topographies of the surfaces have been found to induce
morphological changes and cellular alignment in stem cells,
evoking a series of cellular events of integrin clustering,
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assembly of focal adhesion proteins (focal adhesion kinase
(FAK), vinculin, and paxillin), cytoskeleton reorganization, and
nuclear deformation.”>~*” Therefore, topographical stimulation
can activate mechanotransduction pathways for transcriptional
regulation, which ultimately lead to alterations in the expression
profiles of genes associated with self-renewal, proliferation, and
differentiation of stem cells, thereby inducing phenotypic
changes in stem cells and affecting stem cell functions.”*****
Several studies have indeed reported axonal alignment and
enhanced neuronal differentiation of NSCs by graphene-based
topographical structures.'”**

In this study, we developed a highly effective graphene-based
culture platform to provide hierarchical topographical cues that
can substantially enhance focal adhesion signals of human
NSCs (hNSCs) and derive functional neuronal phenotypes
from hNSCs. GO-based patterned substrates (GPS) with these
hierarchical topographies were fabricated to contain both
microscale-grooves and nanoscale-roughness/ridges to generate
synergistic topographical stimulation, enabling enhanced neuro-
nal differentiation of hNSCs by simultaneously providing
integrin clustering sites and guiding cytoskeleton extension. We
previously demonstrated the effectiveness of hierarchically
patterned substrates made of block copolymer for significantly
enhancing the differentiation of hNSCs to neuronal lineage.”®
In the present study, we verified the hypothesis that GPS with
hierarchical topographies of specific dimensions has the ability
to promote enhanced integrin clustering, focal adhesion signals,
and the subsequent neuronal differentiation of hNSCs
compared to that of flat SiO, substrates or GO substrates
without hierarchical topographies. The derivation of electro-
physiologically functional neuron-like cells from hNSCs
differentiated on the GPS was demonstrated using patch-
clamp analysis, indicating that the GPS could be an effective
culture platform that can produce functional stem cell
therapeutics with enhanced therapeutic efficacy to address
neurodegenerative diseases and neuronal disorders.

2. MATERIALS AND METHODS

2.1. Fabrication of the GO-Based Patterned Substrate (GPS).
For the fabrication of GPS with various sizes of grooves on the SiO,
substrates, the substrates were first cleaned with successive sonication
in acetone, isopropyl alcohol, and deionized (DI) water. Anisotropic
line patterns with various groove sizes were prepared using a
conventional photolithography process with a negative photoresist
(DNR-L300—30, Dongjin SemiChem Co. Ltd., Seoul, Korea) on the
SiO, substrates. Before GO was coated on the samples, the surfaces of
the samples were functionalized with a self-assembled monolayer of
positively charged 3-aminopropyltriethoxysilane (APTES) by being
immersed in a 4 mM solution of APTES dissolved in DI water for 30
min at room temperature. The samples were then heated at 110 °C for
S min. The functionalized samples were immersed into a GO solution
(Graphene Supermarket, Reading, MA, United States) at a
concentration of 0.6 mg/mL for 1 h and then annealed at 110 °C.
After 5 min, the samples were dried under nitrogen flow, and the
photoresist was lifted by weak sonication in acetone.

2.2. Surface Characterization. Surface morphologies were
examined using a JEOL JSM-7001F field emission scanning electron
microscope (FE-SEM, JEOL Ltd., Tokyo, Japan) and a Park System
XE-100 atomic force microscope (AFM, Park Systems, Suwon, Korea).
The Raman spectrum of GO was obtained using a HORIBA Lab Ram
ARAMIS Raman spectrometer (HORIBA, Ltd, Kyoto, Japan). A
Nd:YAG laser (532 nm) was used as a light source, and the excitation
light was focused on the sample using a 100X microscope objective
and a diffraction grating of 600 gr/mm.

2.3. Adsorption of Fibronectin. The substrates were coated with
fibronectin (FN) (R&D Systems, Minneapolis, MN, United States) to
facilitate hNSC adhesion. For FN adsorption, the substrates were
immersed into an FN solution (10 mg/mL FN in phosphate-buffered
saline (PBS)) for 2 h at 37 °C. To quantify the adsorption efficiency of
FN on the substrates, the solution containing the unattached FN was
retrieved immediately after completing a coating process. The
concentration of FN in the retrieved solution was determined using
a BCA assay kit (Thermo Scientific, Waltham, MA, United States)
according to the manufacturer’s instruction.

2.4. hNSC Culture. The seeding and culture conditions for the
expansion of undifferentiated hNSCs are described in our previous
reports.®>*! For differentiation experiments, hNSCs were seeded onto
the substrates (seeding density: 3.0 X 10° cells/mL), and spontaneous
differentiation of hNSCs on the substrates was induced by maintaining
the cells under culture conditions without the mitogenic factors
fibroblast growth factor (bFGF) and leukemia inhibitory factor
(LIF).*° hNSCs at passages 10—15 were used for the experiments.

2.5. Immunocytochemistry. All procedures for immunocyto-
chemical staining of hNSCs cultured on the substrates (fixation,
permeabilization, blocking, and primary/secondary antibody incuba-
tion) were performed according to our previous protocols.”**> The
primary antibodies used for the staining are as follows: mouse
monoclonal antineuronal class III S-tubulin (Tujl) (1:100; Millipore,
Temecula, CA, United States), rabbit polyclonal antimicrotubule-
associated protein 2 (MAP2) (1:200; Santa Cruz Biotechnology, Santa
Cruz, CA, United States), rabbit polyclonal antiglial fibrillary acidic
protein (GFAP) (1:200; Millipore), rabbit polyclonal antineural cell
adhesion molecule (NCAM) (1:200; Millipore), mouse monoclonal
antipaxillin (1:200; Millipore), and mouse monoclonal anti-f1 integrin
(1:200; Millipore). The following secondary antibodies were used for
immunofluorescent staining: Alexa Fluor-488 goat antimouse IgG
(1:500) and Alexa Fluor-594 donkey antirabbit IgG (1:500)
(Invitrogen, Carlsbad, CA, United States). Counterstaining of cell
nuclei was performed with 4',6-diamidino-2-phenylindole (DAP],
Sigma, St. Louis, MO, United States). A confocal microscope (LSM
700, Carl Zeiss, Jena, Germany) was used to detect fluorescent signals.
Neurite formation and body len§ths of Tujl-positive cells were
quantified as previously described.”** To stain the focal adhesion
protein (vinculin) and cytoskeleton (filamentous actin: F-actin) in
hNSCs after S days in culture, the cells on the substrates were stained
with the Actin Cytoskeleton and Focal Adhesion Staining Kit
(FAK100) (Millipore) and observed under a confocal microscope
(LSM 700, Carl Zeiss).>

2.6. Quantitative Real-Time Polymerase Chain Reaction
(qQRT-PCR). All procedures for qRT-PCR analysis (total RNA
extraction, cDNA synthesis, and PCR) were conducted as described
in our previous literature.”® Gene expression in hNSCs on each
substrate was measured (n = 3 per group) using TagMan gene
expression assays (Applied Biosystems, Foster City, CA, United
States) (Nestin: Hs00707120_s1, Tujl: Hs00801390 sl, MAP2:
Hs00258900_m1, GFAP: Hs00909238_gl, oligodendrocyte tran-
scription factor 2 (Olig2): Hs00300164_sl1 and FAK:
Hs01056457_m1, paxillin: Hs01104424_m1l1, vinculin:
Hs00419715_m1, and f1 integrin: Hs00559595_m1). The compara-
tive C, method was applied to determine the relative expression of
each target gene by normalizing the expression of the target gene to
that of an endogenous reference (glyceraldehyde 3-phosphate
dehydrogenase (GAPDH): Hs02758991 g1).*

2.7. Scanning Electron Microscopy (SEM). The morphology of
hNSCs on the substrates was observed by SEM. Fixation, dehydration,
and drying of the samples for SEM imaging were carried out as
previously described.”® The dried samples mounted on an aluminum
stub were sputter-coated with platinum and then imaged by FE-SEM
(JEOL Ltd.).

2.8. Western Blot. All procedures for Western blot analysis (total
protein extraction, gel electrophoresis, membrane transfer, blocking,
and antibody incubation) were conducted using our previous
protocols.”®** The primary antibodies used for Western blot are as
follows: rabbit polyclonal anti-FAK (pY397, 1:1000; Invitrogen),
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Figure 1. Preparation of GO-based patterned substrates. (A) Schematic illustration of GPS fabrication. (B) High-magnification SEM images of the

GPS (groove size: 10 ym). (C) Raman spectroscopy analysis of the GPS.

rabbit polyclonal antipaxillin (pY118, 1:1000; Cell Signaling
Technology, Beverly, MA, United States), and rabbit monoclonal
anti-f-actin (1:2500; Cell Signaling). A Clarity Western ECL Substrate
(Bio-Rad, Hercules, CA, United States) was used to detect the signal
of the target proteins.

2.9. Inhibition Assay. To identify potential mechanisms of the
enhancement in focal adhesion formation and differentiation of
hNSCs on the GPS, inhibition assays for several cellular events were
performed according to a protocol modified from our previous
studies.”*® Adhesion of hNSCs onto FN-coated substrates was
inhibited by the treatment of anti-$1 integrin (1:40; Millipore). To
inhibit the myosin II and Rho-associated protein kinase (ROCK)
pathways involved in actin organization, hNSCs were treated with 50
4M blebbistatin (Sigma) and 10 uM Y27632 (Millipore), respectively.
To inhibit the mitogen-activated protein kinase/extracellular signal-
regulated kinase (MEK-ERK) pathway, cells were treated with ERK1/
2 inhibitor (25 M U0126, Cell Signaling Technology). All inhibitors
(anti-A1 integrin, blebbistatin, Y27632, and U0126) were added to the
culture medium when the cells were seeded onto the substrates. After
one day in culture, the treated cells were immunofluorescently stained
for F-actin, vinculin, Tujl, and GFAP and observed using a confocal
microscope (LSM 700). The gene expression profiles of focal adhesion
proteins (FAK and vinculin) and differentiation markers (Tujl and
GFAP) in hNSCs treated with inhibitors were examined by qRT-PCR
analysis. The gene expression in the treated cells on each substrate was
normalized to that in cells on the flat SiO, substrate with no treatment.
One day after inhibitor treatments, the proliferation of hNSCs was also
determined by measuring the mitochondrial activity of the cells using a
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay (Sigma) and normalizing the mitochondrial activity of cells on
each substrate to that of nontreated cells on the flat substrate.

2.10. Electrophysiology. Whole-cell patch-clamping for the
investigation of electrophysiological functionality of hNSCs was
conducted using a protocol employed in our previous studies.”**°
Electrophysiological recordings of action potentials and ion channel
currents from differentiated hNSCs on the GPS were carried out S
days in the culture. To examine whether the currents and spikes were
Na* channel specific, the cells were treated with 0.5 yM tetrodotoxin
(TTX) (Sigma) for S—10 min.

2.11. Statistical Analysis. Statistical analyses were conducted as
previously described.”® An unpaired Student’s t-test for statistical
analysis was performed with Sigma-Plot software (Systat Software Inc.,
Chicago, IL, United States). Values of p < 0.01 or 0.0S were
considered statistically significant.

3. RESULTS AND DISCUSSION

3.1. Fabrication of GO-Based Patterned Substrates.
Here, three types of substrates with different widths of groove
patterns (5, 10, and 20 um, spacing ratio: 1) were tested to
derive functional neuron-like cells from hNSCs: flat SiO,
substrates (FS), GO-coated substrates (GS), and GO-based
patterned substrates (GPS). To prepare the structures,
photoresist-based line patterns with various groove widths
were first fabricated on SiO, substrates through a conventional
photolithography process (Figure 1A). We used SiO, for the
fabrication of GO substrates because it is a widely used material
for a variety of microfabrication processes with graphene, and
the SiO, substrate has been applied as a typical template for the
culture of various types of cells due to its biocompatibil-
ity."7?%%° Because GO is negatively charged due to its carboxyl
groups, a self-assembled monolayer of positively charged
APTES was applied on the surface of the line-patterned
samples before coating with GO via electrostatic interaction. To
deposit GO on the surfaces of the substrates, the substrates
were immersed in an aqueous GO solution for 1 h and
annealed at 110 °C under ambient conditions. After 5 min, a
GPS that exhibited nanoroughness on the GO surface as well as
microsized line patterns was successfully obtained through a
photoresist lift-off step. The ridges at both ends of each GO
line pattern were generated by an annealing step following GO
coating (Figure 1B).

The structural characteristics of the GO in the GPS were
confirmed by Raman spectroscopy, which indicates the
presence of a D peak (1347 cm™') and a G peak (1594
cm™") (Figure 1C). Figure 2A provides SEM and AFM images
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Figure 2. Surface characterization of the substrates. (A) SEM and AFM images of flat substrate, GO-coated substrate, and GO-based patterned
substrates with microgroove (S, 10, and 20 ym) ridges. (B) Cross-sectional topography of GS and GPS with 10 ym microgrooves. The image of GS
showed nanoroughness formed on the GO-coated substrate. Two images of GPS (10) showed the presence of nanoroughness on the groove
between the ridges, indicating hierarchical patterned structures on the GPS.

showing the FS, GS, and well-defined GPS with various groove
widths and the same spacing ratio of 1. Cross-sectional graphs
from AFM images of the GS and GPS with 10 um groove
widths were taken along the dashed line A—A’ displayed in the
corresponding AFM images (Figures 2A and B). The formation
of GS and GPS can be clearly verified from the cross-sectional
graphs of the AFM images. The GS provided only nanorough-
ness with a root-mean-square (rms) value of 3.86 nm over the
whole surface of the substrates, whereas the GPS exhibited a
hierarchical structure of GO, including nanoroughness, micro-
sized grooves, and ridges, with an average height of 179 + 19
nm at both ends of each GO line pattern (Figure 2B). These
fabricated GO-based substrates did not exhibit cytotoxicity
when tested for hNSC culture, as confirmed by a Live/Dead
staining assay (Supplementary Figure S1), suggesting the
excellent biocompatibility of GO-based substrates.

3.2. Enhancement of Integrin Clustering, F-actin
Alignment, and Focal Adhesion Formation of hNSCs
by GO-Based Topography. First, we tested whether GO-
based nanoscale roughness topography can efliciently induce
integrin clustering and focal adhesion development in hNSCs
derived from human fetal brain. The GO substrates were coated
with FN to facilitate adhesion of hNSCs. FN could be
efficiently deposited onto the GO substrates due to the
presence of several functional groups (e.g., epoxide, carboxyl,
and hydroxyl groups) in the GO for protein absorption.'>*°

The nanoscale roughness generated on the coated GO layers
(GS group in Figure 2A) could potentially provide focal contact
points that can interact with integrin molecules. Immuno-
fluorescent staining of hNSCs for #1 integrin interacting with
FN showed strong signals, indicating clustered integrins in
hNSCs cultured on GS compared with the cells on FS (Figure
3A, bottom row images) and enhancement of integrin
clustering in hNSCs due to the GO-based nanoscale roughness
topography. The enhancement of focal adhesion formation in
hNSCs on the GS was confirmed by the increased expression of
focal adhesion proteins (vinculin and paxillin) (Figure 3A, top
and middle row images).

The hierarchical structures of GPS with both nanoroughness
and microgroove patterns further enhanced integrin clustering
and also facilitated the alignment of the cytoskeleton in hNSCs.
Immunofluorescent staining of A1 integrin revealed that
integrin clustering in the hNSCs cultured on the GPS with $
pum groove patterns was the most extensive, compared to those
on other substrates (FS, GS, and GPS with 10 and 20 pm
groove widths) (Figure 3A; images in the bottom row). In
addition, qRT-PCR analysis of hNSCs cultured on the
substrates also showed that hNSCs on the GPS with S ym
groove patterns exhibit the most upregulated gene expression
of f1 integrin (Figure 3C). The images in the top and middle
rows in Figure 3A indicate that the cytoskeleton (F-actin) of
hNSCs on the FS or GS was randomly extended, whereas the

DOI: 10.1021/acsami.6b01804
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acsami.6b01804/suppl_file/am6b01804_si_001.pdf
http://dx.doi.org/10.1021/acsami.6b01804

ACS Applied Materials & Interfaces

Research Article

A
F

S

C

GS GPS (5)

GPS (10) _GPS (20)

L

35 2.0
c fﬁ c xx
8 _ 30 ST . 2| vaer
»w = 3
0L 25 a0 15 P = e
o0 o & .
e . |EE FAK RN X LA
* %9 10 (125 kDa)
> >3 45 kD:
gL10 E20s sz
S o5 5= FS GS GPS GPS GPS
0.0 0.0 (5) (10) (20)
FS GS 5§ 10 20 FS GS 5 10 20
GPS
# ##
3 A £ 3.0 x pY118
ST 20 sE Paxillin " . A, S
20 2o 25
£2 15 £5 20 Gractin
i S - e
u’j%w L e, [GE1s (45 kDa) = us
= ! *
23 2210 FS GS GPS GPS GPS
Efos 5 . ﬂ ﬂ (6) (10) (20)
4 €=
0.0 0.0
FS GS 5 10 20 FS GS 5 10 20

GPS

Figure 3. Focal adhesion formation and cytoskeleton alignment of hNSCs on each substrate (FS, GS, and GPS) S days in culture. (A) Co-staining of
F-actin (cytoskeleton) and vinculin or paxillin (focal adhesion proteins) in hNSCs (scale bar = SO ym). Co-staining of NCAM (adhesion molecule)
and f#1 integrin in hNSCs. (B) SEM observation of hNSCs on the substrates (scale bars = 10 ym (top) and 20 ym (bottom)). Sprouting of neurites
from cells was indicated by the white arrowheads. (C) qRT-PCR analysis for examining the gene expression of focal adhesion proteins (FAK,
vinculin, and paxillin) and f1 integrin in hNSCs grown on the substrates (n = 3; *p < 0.0, **p < 0.01 versus the FS group; #p < 0.0S, ##p < 0.01
versus the GS group). (D) Western blot analysis to compare the expression of phosphorylated FAK (at Y397) and paxillin (at Y118) in hNSCs

cultured on each substrate.

F-actin fiber bundles of hNSCs on the GPS were highly
organized, elongated, and aligned along the groove/ridge
topographical features. The expression of NCAM in hNSCs
was also increased on the GPS with 5 gm microgroove patterns
and aligned along the groove patterned lines (Figure 3A; the
images at bottom row).

GPS surfaces with hierarchical topographies significantly
promoted focal adhesion formation and subsequently activated
focal adhesion signaling in the hNSCs. Immunofluorescent
staining for focal adhesion-associated proteins (vinculin and
paxillin) (top and middle row images of Figure 3A) indicate

that focal adhesion development of hNSCs is greatly promoted
on the GPS, especially on the one with a 5 ym groove width
compared to that in FS and GS. Figure 3B shows the SEM
images of hNSCs cultured on each substrate, indicating that the
GPS with S pm groove patterns can provide more contact
points for focal adhesion development of hNSCs and neurite
sprouting from cell bodies (arrowheads) than FS or GS. qRT-
PCR analysis also confirmed that the gene expression levels of
focal adhesion proteins, including vinculin, paxillin, and FAK, in
hNSCs cultured on the GPS with 5 um groove patterns was the
highest among all tested substrates (Figure 3C). Western blot
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Figure 4. Enhancement of neuronal differentiation of hNSCs on the GPS after S days in culture. (A) Immunofluorescent staining to check for the
expression of Tujl and MAP2 (neuronal markers) and GFAP (astrocyte marker) in hNSCs cultured on each substrate (scale bar = 50 ym). (B)
Neurite formation (n = 3) and cell body length (n = 10) quantified from the Tujl-stained images (*p < 0.0S, **p < 0.01 versus the FS group; #p <
0.0, ##p < 0.01 versus the GS group). (C) gRT-PCR analysis to examine the gene expression levels of Tujl, MAP2, GFAP, Olig2, and Nestin in
hNSCs grown on the substrates (n = 3; *p < 0.0, **p < 0.01 versus the FS group; #p < 0.0S, ##p < 0.01 versus the GS group). (D) Relative
proportions of Tujl-positive cells and GFAP-positive cells in total populations of differentiated hNSCs on the substrates (n = 3; **p < 0.01 versus

the FS group; #p < 0.05, ##p < 0.01 versus the GS group).

analysis showed that phosphorylation of FAK at Y397 was
highly increased in cells cultured on the GPS with a § um
groove width compared with that of cells on the other
substrates (Figure 3D). In addition, the expression of
phosphorylated paxillin (at Y118), which interacts with FAK
and recruits it into focal adhesion sites,”’ was greatly
upregulated in hNSCs cultured on the GPS with a 5§ um
groove width (Figure 3D). These data may indicate that the
hierarchical structures of the GPS further increase focal
adhesion formation and activate FAK-derived signal cascades
in the hNSCs by providing combined topographical stim-
ulations capable of promoting both integrin clustering and F-
actin alignment. Enhanced integrin clustering and F-actin
alignment by GO-based hierarchical topographies may be able
to facilitate FAK recruitment to adhesion sites and activate the
autophosphorylation of FAK (at Y397), leading to FAK-
mediated phosphorylation of paxillin and vinculin associated
with paxillin.*® These series of signaling pathways contribute to
the maturation of focal adhesion and regulation of the dynamics
of cytoskeletal structures, which ultimately affects the differ-
entiation of stem cells.””*’

3.3. Enhanced Neuronal Differentiation of hNSCs by
Hierarchical GO Topography. Next, we investigated whether
focal adhesion development and FAK signal activation induced
by hierarchical GO topographies really lead to an enhancement
in the neuronal differentiation of hNSCs. To verify this
hypothesis, hNSCs on the substrates were maintained under
culture conditions without any mitogenic factors (bFGF and
LIF) for inducing spontaneous differentiation. Immunofluor-
escent staining for neuronal markers (Tujl and MAP2)
indicated highly elongated morphology along the GO micro-
groove/ridge patterns on the GPS (Figure 4A). The GPS,
especially the one with a 5 um groove width, significantly
promoted the neuronal differentiation of hNSCs in comparison
to ES and GS. Moreover, hNSCs differentiated on the GPS had
a Tujl-positive body length much greater than that of the cells
on the FS and GS (Figure 4B). hNSCs grown on the GPS with
a 5 pm groove width also exhibited the most extensive neurite
formation (Figure 4B). These results indicate that the GO-
based hierarchical topography could enhance neurite formation
and outgrowth in hNSCs during neuronal differentiation.
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inhibitor), and Y27632 (ROCK inhibitor) after 1 day in culture. (A) Co-staining of vinculin (focal adhesion protein) and F-actin (cytoskeleton) and
(B) immunofluorescent staining of neuronal differentiation marker (Tujl) in hNSCs on the substrates in the presence or absence of treatments with
p1 integrin antibodies, blebbistatin, and Y27632 (scale bars = 50 ym). qRT-PCR analysis results quantifying the expression of (C) FAK and vinculin
(focal adhesion proteins) and (D) Tujl (neuronal marker) in hNSCs on the substrates with or without treatments of f1 integrin antibodies,
blebbistatin, and Y27632 (*p < 0.0S, **p < 0.01 versus the untreated FS group; +p < 0.0S, ++p < 0.01 versus the untreated group for each substrate).

Interestingly, the GPS shifted the propensity of hNSC
differentiation toward the neuronal lineage during spontaneous
differentiation. qRT-PCR analysis revealed that neuronal (Tujl
and MAP2) gene expression was highly increased in hNSCs on
the GPS with a 5 um groove width compared to cells cultured
on the FS, GS, and other GPS substrates (10 ym and 20 gm
groove widths) (Figure 4C), indicating that hierarchical
topographies of specific dimensions on the GPS resulted in
enhanced differentiation of hNSCs into the neuronal lineage. In
contrast, no significant difference was observed in the
expression of astrocyte (GFAP) and undifferentiated NSC
(nestin) markers among the groups (Figure 4C). Expression of
the oligodendrocyte lineage marker (Olig2) was slightly
upregulated in hNSCs cultured on the GPS with a 5§ ym
groove width (Figure 4C). These results may indicate that GPS
facilitated lineage specification of hNSCs toward neuronal
lineage but did not affect the self-renewal capacity and astrocyte
differentiation of hNSCs. Quantification of the relative ratio of
the neuronal lineage to other lineages (e.g, astrocytes)
confirmed that the Tujl-positive cell population increased on
the GPS with a 5 um groove width, whereas the GFAP-positive
cell population simultaneously decreased on the GPS with a §
um groove width (Figure 4D), indicating again that the GPS
directs the fate of differentiated hNSCs toward neuronal lineage
rather than astrocyte lineage.

3.4. Mechanisms of Enhanced Differentiation of
hNSCs by Hierarchical GO Topography. Several critical

cellular events and pathways involved in mechanotransduction
signaling were examined as potential mechanisms of promoted
focal adhesion development and differentiation of hNSCs by
the hierarchical GO topographical cues containing both
nanoroughness and microgroove patterns. Because mechano-
transduction signaling is usually initiated from integrin-
mediated binding to the substrate, integrin binding and
clustering are critical for control of a variety of cellular
behaviors, including adhesion, proliferation, and differentia-
tion."" In particular, A1 integrin interacting with FN is known
to play a major role in roughness recognition on graphitic
carbon-coated substrates.*” In this study, GPS was coated with
FN to increase hNSC adhesion, and thus we first targeted the
integrin-mediated binding of hNSCs onto FN-coated GO
substrates as an initial point for activation of the FAK pathway.
Blocking A1 integrin-mediated binding of hNSCs by treating 1
integrin antibodies significantly inhibited the adhesion and
alignment of cells along the microgroove patterned structures,
abolishing the effect of the GPS with a 5 um groove on
enhanced focal adhesion development (Figure SA) and
consequently reducing hNSC differentiation into the neuronal
lineage (Figure SB). These results may reflect that 1 integrin
binding and clustering of hNSCs promoted by GO nano-
roughness in the GPS are essential for enhanced focal adhesion
development and neuronal differentiation in hNSCs.
Cytoskeleton organization and alignment by the microgroove
patterns of the GPS may also be important processes to explain
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Figure 6. Inhibition of focal adhesion, alignment, and differentiation of hNSCs upon treatment with U0126 (ERK1/2 inhibitor) after 1 day in
culture. (A) Co-staining of vinculin (focal adhesion protein) and F-actin (cytoskeleton) and (B) immunofluorescent staining of Tujl (neuronal
marker) and GFAP (astrocyte marker) of hNSCs on the substrates in the presence or absence of treatment with U0126 (scale bars = 50 um). qRT-
PCR analysis results quantifying gene expression of (C) FAK and vinculin (focal adhesion proteins) and (D) Tujl and GFAP (differentiation
markers) in hNSCs with or without treatment of U0126 (*p < 0.0S, **p < 0.01 versus nontreated FS group, ++p < 0.01 versus no treatment in each
substrate group). (E) Relative proportion of Tujl- and GFAP-positive cells in total populations of differentiated hNSCs with or without treatment of
U0126 on each substrate (n = 3, **p < 0.01 versus Tujl-positive cells in the nontreated FS group, ++p < 0.01 versus Tujl-positive cells in nontreated
GS group, ##p < 0.01 versus Tujl-positive cells in each substrate group without U0126 treatment).

the enhanced neuronal differentiation of hNSCs by hierarchical
GO patterns. Thus, hNSCs seeded onto the substrates were
treated with two inhibitors of cytoskeleton organization,
blebbistatin (myosin II inhibitor) and Y27632 (ROCK pathway
inhibitor). Treatment with blebbistatin and Y27632 interrupted
hNSC alignment, reduced focal adhesion (Figure SA), and
significantly decreased neuronal differentiation of hNSCs
(Figure SB). qRT-PCR analysis for FAK and vinculin revealed
that the gene expression levels of those focal adhesion proteins
in hNSCs grown on the GPS with a 5 ym groove width were
remarkably downregulated by the treatments with $1 integrin
antibodies, blebbistatin, and Y27632 compared to those with no
treatment (Figure SC). Accordingly, the gene expression of
Tujl in hNSCs on the GPS was greatly reduced by the
treatments of f1 integrin antibodies, blebbistatin, and Y27632
(Figure SD), indicating that cytoskeleton organization, align-
ment, and the ROCK pathway in hNSCs are critical events for
the promoted neuronal differentiation of hNSCs on the GPS.

Enhancement of neuronal differentiation of hNSCs by
hierarchical GO topographies may also be due to the activation
of downstream signal cascades associated with differentiation
following a series of events, including integrin clustering,
cytoskeletal rearrangement, focal adhesion assembly, and FAK
signal activation.”> Our previous study demonstrated that
topographical stimulation-induced mechanotransduction in
hNSCs can upregulate gene expression associated with the

differentiation of hNSCs via signaling pathways such as MEK-
ERK,” suggesting that this pathway may also be involved in the
enhancement of neuronal differentiation by hierarchical GO
topographies in the present study. Thus, we examined whether
the MEK-ERK pathway is really associated with enhanced
neuronal differentiation of hNSCs by the GPS. To conduct an
inhibition assay of the MEK-ERK pathway, hNSCs on the
substrates were treated with a MEK-ERK pathway inhibitor
(U0126).”>**** The treatment of U0126 disrupted cytoskeletal
alignment, elongation, and neurite extension of hNSCs along
the groove patterns on the GPS (Figures 6A and B). The
expression of focal adhesion proteins (FAK and vinculin) and a
neuronal marker (Tujl) in hNSCs on the GPS were
significantly downregulated by the treatment of U0126 (Figures
6C and D). Interestingly, no significant difference was observed
in the expression of an astrocyte marker (GFAP) between
nontreated and UO0126-treated cells (Figure 6D). The
quantification of the relative percentage ratio of neuronal
lineage cells (Tujl-positive cells) and astrocyte lineage cells
(GFAP-positive cells) indicated that the elevated level of hNSC
differentiation into neuronal lineage on the GPS was
completely reversed by U0126 treatment (Figure G6E),
suggesting that the MEK-ERK pathway may be responsible
for directing hNSC differentiation toward neuronal lineage
rather than astrocyte lineage on the GPS. Overall, our results
indicate that the MEK-ERK pathway may be involved in the
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Figure 7. Electrophysiological analysis of differentiated hNSCs on the GPS with S ym microgroove patterns for S days. (A) Whole-cell patch clamp
analysis results measuring sodium channel-mediated currents and action potentials of hNSCs grown on the GPS with S ygm microgroove patterns.
(B) Recording of sodium currents in neuronal lineage cells derived from hNSCs on the GPS with S ym microgroove patterns (left). Electrical
stimulation from —60 mV to 20 mV was applied to the patched cells (right). The currents were completely eliminated after treatment with 0.5 M
TTX, a sodium-channel blocker (middle). Red boxes show more clearly the presence of transient inward currents before TTX treatment and
disappearance of the currents after TTX treatment. The generation of action potential spikes was observed in response to depolarizing current
injections (left). Membrane potential was maintained at about —60 mV (right). The action potential spikes disappeared upon treatment with TTX
(middle). (C) Comparison of the percentage of cell populations generating sodium currents on different substrates (n = 8—10).

enhanced focal adhesion and neuronal differentiation of hNSCs
by the GPS, which is consistent with the findings from several
previous studies demonstrating that the MEK-ERK pathway is
associated with topography-mediated mechanotransduction
signal cascades for promoting stem cell differentiation.”>">**
We also investigated whether treatments of the inhibitors
cause a change in other cellular properties in addition to
adhesion, alignment, and differentiation. As one such cellular
property, we compared the proliferation of hNSCs grown on
different substrates (FS, GS, and GPS) using an MTT assay
after treatments with f1 integrin antibodies and three inhibitors
(Y27632, blebbistatin, and U0126). The results obtained from
the MTT assay indicated that the mitochondrial metabolic
activity of hNSCs treated with these inhibitors on each
substrate was not significantly different from that of the
hNSCs without inhibitor treatments (Figure S2). This might be
because of the optimized doses of each inhibitor that do not
affect cell viability while abolishing the effects of substrate
topography.”**** Therefore, we conclude that treatments of
these inhibitors reversed the enhancement in focal adhesion,
cytoskeleton alignment, and differentiation of hNSCs by the
surface topography of the GPS but did not affect the viability
and proliferation of the cells on the substrates. MTT data
(Figure S2) also revealed that hNSCs grown on the GPS (no
treatment group in GPS) exhibited proliferative capacity similar
to that of the cells cultured on other control substrates (no

treatment groups in FS and GS). Thus, these data may indicate
that the activation of FAK and ROCK pathways in hNSCs by
surface topographies of the GPS did not lead to uncontrolled
cell growth.

Graphene-based materials have also been known to influence
cellular behaviors such as adhesion and differentiation due to
their inherent electrical or physicochemical properties.'”"”
Previous studies have shown that GO may be able to alter stem
cell differentiation patterns due to protein adsorption from the
culture medium onto the graphene-coated substrates, changes
in surface properties due to graphene coating, or graphene-
inherent electrical stimulation, which needs to be further
elucidated in future studies.'”'”*° In this study, FN was
deposited on the GO substrates to improve hNSC adhesion.
Nano- and microscale GO surface topographies can influence
FN coating in the contexts of protein density and
conformation. Because FN directly regulates cell adhesion
and differentiation,”"*>*° it is important to investigate whether
GO patterned topographies affect FN adsorption onto the
substrates and how the alteration in FN adsorption influences
hNSC differentiation. Thus, we compared the adsorption of FN
on each substrate (FS, GS, and GPS) and confirmed that the
amount of adsorbed FN was greater (p < 0.05) on the GO
substrates (GS and 5 ym GPS) than on the FS without GO
coating and surface topographies (Figure S3). This indicates
that GO could increase FN adsorption onto the substrates.
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Interestingly, there was no significant difference in the
adsorption of FN between GS and the 5 um GPS groups
(Figure S3). Because GS enhanced neuronal differentiation of
hNSCs compared to that of FS (Figure 4), we guess that the
increase in FN adsorption by the presence of GO enhanced
differentiation of hNSCs into neuronal lineage on the
substrates. The data presented in Figure 4 also revealed that
GPS was more effective for promoting neuronal differentiation
of hNSCs than GS without hierarchical patterned structures.
When a similar level of the adsorption of FN on the GS and
GPS groups is considered (Figure S3), the promoted neuronal
differentiation of hNSCs on the GPS might be mainly
attributed to the effect of hierarchical surface topographies of
the GPS. Together, our results may suggest a potential
mechanism of promoted neuronal differentiation of hNSCs
on the GPS by a combined effect of GO-mediated control of
FN adsorption and surface topographical cues of the GPS.

3.5. Derivation of Electrophysiologically Functional
Neuron-like Cells from hNSCs Cultured on GO-based
Hierarchical Patterned Substrates. Finally, we performed a
whole-cell patch clamp analysis to investigate whether hNSCs
differentiated on the GPS are functional neuronal cells that
exhibit electrophysiological functionalities (Figure 7A). Neuro-
nal cells derived from hNSCs on the GPS displayed voltage-
dependent ionic currents and action potentials which are
electrophysiological characteristics specific to functional,
mature neurons, as shown in Figure 7B. To confirm the
channel subtypes mediating currents and spikes, the cells were
treated with sodium channel antagonist TTX. Due to blocking
of sodium channels by TTX treatment, sodium currents and
action potentials disappeared (Figure 7B), which revealed that
voltage-gated sodium channels mediated the currents and
spikes in differentiated hNSCs on the GPS. The percentage of
firing cells generating sodium current in the analyzed cells was
quantified and compared between different substrate groups.
The percentage of sodium current-generating cells in the 5 ym
GPS group was higher than that in the FS and GS groups (S
pum GPS at 37.5% versus FS at 10% and GS at 25.0%) (Figure
7C), suggesting that GPS could promote induction of
electrophysiologically active neuronal lineage cells from
hNSCs. Therefore, GPS is expected to serve as an effective
culture platform to produce functional stem cell therapeutics
that exhibit electrophysiological properties comparable to those
of functional, mature neurons.

4. CONCLUSIONS

In summary, GO-based hierarchical topography enhanced
hNSC alignment by GO microgroove/nanoridge and integrin
clustering due to GO nanoroughness, which resulted in the
promotion of focal adhesion development in hNSCs.
Accordingly, the hierarchical GO surfaces enhanced hNSC
differentiation and also directed lineage specification of hNSCs
into electrophysiologically functional neuron-like cells that
generate sodium currents and action potential. The enhanced
neuronal differentiation of hNSCs by the hierarchical GO
topography seems to be associated with mechanotransduction
events, including integrin binding/clustering, focal adhesion
development, F-actin alignment, and activation of the FAK,
ROCK, and MEK-ERK pathways. Our results suggest that GO
surfaces with combined nano- and microstructured top-
ographies could be developed into functional substrates or
scaffolds to produce stem cell therapeutics with enhanced

neuronal differentiation capacity, which may give rise to various
applications in neural tissue engineering and stem cell therapy.

We believe that our current study has novel views of material
design and biological outcomes. First, we used GO-based
patterned substrates capable of providing biophysical micro-
environments with hierarchically patterned topographies and
graphene-inherent effects to stem cells, which could further
increase the effect of surface topographical stimulation. Second,
we revealed that the use of GPS with hierarchically structured
topographies could improve electrophysiological functionality
of differentiated hNSCs. With the consideration that previous
studies have employed mostly topographies with simple
patterned structures for stem cell differentiation and have not
provided an evaluation of differentiated stem cells in terms of
electrophysiological functionality, our current study may have
benefits in material design for stem cell differentiation and
biological outcomes by topographical stimulation.
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