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ABSTRACT: Manipulating neural stem cell (NSC) fate is of great importance for
improving the therapeutic efficacy of NSCs to treat neurodegenerative disorders.
Biophysical cues, in addition to biochemical factors, regulate NSC phenotype and
function. In this study, we assessed the extent to which surface nanotopography of
culture substrates modulates human NSC (hNSC) differentiation. Fibronectin-coated
polymer substrates with diverse nanoscale shapes (groove and pillar) and dimensions
(ranging from 300 to 1500 nm groove width and pillar gap) were used to investigate the
effects of topographical cues on hNSC morphology, alignment, focal adhesion, and
differentiation. The majority of nanopatterned substrates induced substantial changes in
cellular morphology and alignment along the patterned shapes, leading to alterations in
focal adhesion and F-actin reorganization. Certain types of nanopatterned substrates, in
particular the ones with small nanostructures (e.g, 300—300 nm groove ridges and
300—300 nm pillar diameter gaps), were found to effectively enhance focal adhesion
complex development. Consequently, these substrates enhanced hNSC differentiation toward neurons and astrocytes.
Nanotopographical-induced formation of focal adhesions in hNSCs activates integrin-mediated mechanotransduction and
intracellular signaling pathways such as MEK-ERK, which may ultimately promote gene expression related to NSC
differentiation. This strategy of manipulating matrix surface topography could be applied to develop culture substrates and tissue
engineered scaffolds that improve the efficacy of NSC therapeutics.
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1. INTRODUCTION

Manipulating stem cell fate is important for successful
therapeutic application of stem cells. Various factors, soluble
and insoluble, have been shown to control stem cell fate by
generating biochemical and biophysical signals.' Recent
research has focused on biophysical cues provided by
extracellular matrices (ECMs; e.g.,, topography, stiffness, and

patterned polymer substrates have been show to promote self-
renewal of embryonic stem cells (ESCs)."* Studies have also
elucidated the topographical effects of aligned micro- and
nanostructures on stem cell differentiation. Aligned groove
nanopatterned polymer substrates significantly enhance neuro-
nal differentiation of human mesenchymal stem cells
(hMSCs)'* and human ESCs (hESCs).!> Béduer et al

elasticity) that regulate stem cell phenotype and function.' ™
More specifically, surface topography has been shown to
modulate stem cell proliferation and differentiation by altering
intracellular signal transduction and gene expression.” "' By
engineering culture substrate surface topography to provide
more favorable microenvironments that enhance stem cell
proliferation or direct differentiation, we may be able to
improve the efficacy of stem cell therapies.

Micro- or nanoscale surface topography promotes and
facilitates self-renewal, proliferation, and lineage-specific differ-
entiation of stem cells. Specifically, McMurray et al. reported
that nanoscale-patterned polymer surfaces support long-term
maintenance of the undifferentiated phenotype and multi-
potency of mesenchymal stem cells.'* In addition, nano-
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demonstrated that human neural stem cells (hNSCs) grown
on groove micropatterned surfaces exhibited highly organized
neurite outgrowth along the aligned patterns, indicating
enhanced neuronal differentiation."® Topographical cues
generated by specific scales of submicro- or nanopatterns
significantly promote osteogenic differentiation of hMSCs."”
Alterations to stem cell focal adhesions may explain the
effects of surface topography on stem cell behavior.”'® Surface
topography typically facilitates integrin clustering and focal
adhesion assembly in stem cells, which induces cytoskeleton
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reorganization and alters cytoskeletal tension.”'” The mechan-
ical tension altered by topography stimulates nuclear
mechanotransduction via nucleus reorganization, which rear-
ranges the centromere through deformation of the nucleus.***'
These changes alter gene expression involved in stem cell
proliferation and differentiation, and ultimately affect stem cell
phenotype and function."

Despite accumulating evidence that suggests surface top-
ography effects on stem cell behavior through focal adhesions,
the majority of studies test patterned substrates containing only
a single type of geometry and dimension. In fact, the molecular
mechanism responsible for topographical manipulation of stem
cell proliferation and differentiation is not known. Identifying
specific surface topographies that promote focal adhesion of
stem cells is important for designing functional culture
substrates and tissue engineered scaffolds that maximize the
efficacy of stem cell therapeutics. To do this, we must examine
the effects of nanopatterned substrates with a wide variety of
dimensions and geometries concomitant with investigations
into the molecular mechanisms responsible for surface
topography promotion of stem cell proliferation and differ-
entiation.

In this study, we demonstrate that nanotopography can
manipulate focal adhesion and promote differentiation of
hNSCs. Nanopatterns with differing shapes (groove and pillar)
and dimensions (300 nm increases within the range of 300—
1500 nm) were tested to promote focal adhesion and enhance
differentiation of hNSCs. Expression and organization of
representative focal adhesion assembly and mechanosensitive
proteins (focal adhesion kinase (FAK) and vinculin) were
examined in hNSCs cultured on nanoscale groove and pillar
patterned surfaces. We determined that the size of nanopattern
structures (groove width and pillar gap) is critical for
promoting cellular alignment, focal adhesion formation, and
differentiation of hNSCs. Nanoscale groove and pillar patterns
at specific dimensions and geometries that facilitate focal
adhesion formation were found to efliciently induce differ-
entiation of hNSCs into neuronal and astrocyte lineages.
Because hNSCs possess the potential to differentiate into
neuronal and glial lineages,”** nanotopographical manipu-
lation of hNSC differentiation could be used to develop
functional stem cell therapeutics for the treatment of
neurodegenerative diseases.

2. MATERIALS AND METHODS

2.1. Fabrication of Nanopatterned Substrates. Nanopatterned
polyurethane acrylate (PUA) substrates were fabricated by nano-
imprinting. Briefly, we poured PUA solution (Ebecryl 265, SK-UCB
Co., Ulsan, Korea) onto a silicon master (produced by fabrication
technology) and covered it with a polyethylene terephthalate (PET)
film (SH82, SUNCHEM, Gyeongsan, Korea). The PUA was cured by
exposure to ultraviolet (UV) ray (22.5 W/cm?) for 30 s. The PET film
containing the PUA pattern was carefully peeled off from the silicon
master and further exposed to UV for 12 h. The prepared patterns
were cleaned by soaking in 70% ethanol for 1 h and treatment with O,
plasma for 30 s. The patterns were cleaned once more with 70%
ethanol for 1 h prior to surface coating of fibronectin, a major ECM
protein, by immersion in a fibronectin solution (10 ug/mL, Sigma, St.
Louis, MO) for 2 h. Surface coating of fibronectin was performed to
facilitate adhesion of cells to the pattern surface.

2.2, Culture of hNSCs. hNSCs were derived from the tele-
ncephalon (HFT13) as previously described.”* The cells were plated at
a density of 6.0 X 10° cells/ml and cultured in Dulbecco’s modified
Eagle’s medium/Nutrient Mixture F-12 (DMEM/F12) medium
(Gibco, Gaithersburg, MD) supplemented with basic fibroblast growth

factor (bFGF) (20 ng/mlL, Sigma), leukemia inhibitory factor (LIF)
(10 ng/mlL, Sigma), and N-2 supplement (Gibco) in humidified air
with 5% CO, at 37 °C. These conditions induce hNSC growth as
neurospheres.

2.3. Differentiation of hNSCs on Nanopatterned Substrates.
hNSCs that dissociated from the neurospheres were seeded onto
nanopatterned PUA substrates and cultured at a density of 3.0 X 10°
cells/mL. To induce spontaneous differentiation, hNSCs were
maintained in DMEM/F12 medium without supplementation of
mitogenic factors bFGF and LIF. Flat PUA substrates were used as a
negative control. The PUA substrates were coated with 10 ug/mL
fibronectin to facilitate adhesion of hNSCs. After 5 days in culture,
hNSC differentiation was analyzed by immunocytochemical staining
and quantitative real-time polymerase chain reaction (QRT-PCR).

2.4. Immunocytochemistry. Immunocytochemistry for hNSC
staining was performed as previously described.”* In brief, hNSCs
cultured on the nanopatterned substrates were fixed with 4% (w/v)
paraformaldehyde (Sigma) for 1S min and permeabilized with 0.1%
(v/v) Triton X-100 (Sigma) for S min. After blocking with 2% (v/v)
goat serum (sigma) for 45 min, the cells were incubated with primary
antibodies at 4 °C overnight. The following primary antibodies were
used for staining: rabbit polyclonal anti-nestin (1:200; Abcam,
Cambridge, U.K.), mouse monoclonal anti-neuronal class III S-tubulin
(Tujl) (1:100; Millipore, Temecula, CA), and mouse monoclonal
anti-glial fibrillary acidic protein (GFAP) (1:200; Millipore). After
washing with phosphate buffered saline (PBS), secondary antibodies
Alexa Fluor-488 goat anti-mouse IgG (1:500) and Alexa Fluor-594
donkey anti-rabbit IgG (1:500) (Invitrogen, Carlsbad, CA) were
added and incubated for 45 min. Cell nuclei were counterstained with
4/,6-diamidino-2-phenylindole (DAPI, Sigma). Antibody binding was
observed under a fluorescent microscope (Carl Zeiss, Jena, Germany)
or confocal microscope (LSM 700, Carl Zeiss).

2.5. gRT-PCR. Total RNA for gRT-PCR assay was prepared by
using an RNeasy Mini kit (Qiagen, Chatsworth, CA, USA) for each
sample (n = 3 per group) according to the manufacturer’s instructions.
RNA concentration was determined by measuring absorbance of the
samples at 260 nm using a spectrophotometer. Reverse transcription
for preparing cDNA from RNA samples was performed with 5 ng of
pure total RNA using the SuperScript III First-Strand Synthesis
System (Invitrogen). qRT-PCR was performed using a StepOnePlus
Real-Time PCR System (Applied Biosystems, Foster City, CA) as
previously described.”* TagMan Fast Universal PCR Master Mix
(Applied Biosystems) was used for the reaction. The hNSC gene
expression profiles were quantified with TagMan Gene Expression
Assays (Applied Biosystems) for each target (nestin, Hs00707120_s1;
Tujl, Hs00801390 s1; GFAP, Hs00909238 gl; FAK,
Hs01056457_m1; vinculin, Hs00419715_m1; and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), Hs02758991 gl). The ex-
pression level of target genes was determined by the comparative C,
method, whereby the target is normalized to the endogenous reference
(GAPDH).>® The relative expression of each marker in hNSCs
cultured on nanopatterned substrates was normalized to that of
hNSCs cultured on flat substrates.

2.6. Scanning Electron Microscopy (SEM). The morphology
and shape of cells adhering to the patterned substrates were observed
by SEM hNSCs on the patterned substrates were fixed with 4%
paraformaldehyde for 1 h and rinsed with PBS three times. The
samples were dehydrated with a graded ethanol series (50%, 70%,
80%, 90%, and 100% for 10 min each) and dried. The dried samples
were mounted on aluminum stub and sputter-coated with platinum.
SEM (FEI XL 30 ESEM, Philips, Eindhoven, Netherlands) was used to
image the samples.

2.7. Focal Adhesion Staining. hNSCs were stained for the
filamentous actin (F-actin), vinculin, and the nucleus using the Actin
Cytoskeleton and Focal Adhesion Staining Kit (FAK100) (Millipore)
according to the manufacturer’s instructions. The stained factors were
observed under a fluorescent microscope (Carl Zeiss).

2.8. Western Blot. Total protein was extracted from hNSCs grown
on flat or nanopatterned substrates using a lysis buffer (pH 7.4)
containing 25 mM Tris base, 0.4 M sodium chloride, 0.5% (w/v)
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Figure 1. Nanopatterned polymer substrates were fabricated to promote hNSC differentiation.
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Figure 2. Surface characterization of the nanopatterned PUA substrates revealed (A) nanoscale ridge/groove and pillar patterned arrays with groove
sizes and pillar gap ranges from 300 to 1500 nm. (B) SEM was used to image the patterned arrays, scale bars = 5 ym.

sodium dodecyl sulfate, and a protease inhibitor cocktail (Sigma).
Total protein concentrations in each sample were determined by BCA
assay kit (Thermo Scientific, Waltham, MA). The proteins in each
sample were separated by 10% sodium dodecyl sulfate polyacrylamide
gel electrophoresis and transferred to polyvinylidene fluoride
membranes (Millipore). The membranes were blocked with 5%
nonfat skim milk for 1 h at room temperature and incubated overnight
with primary antibodies at 4 °C. The following primary antibodies
were used: rabbit polyclonal anti-FAK[pY*’] (1:1000; Invitrogen)
and rabbit monoclonal anti-f-actin (1:2500; Cell Signaling, Beverly,
MA). The signals for target proteins were detected by using an
enhanced chemiluminescence kit (GE Healthcare, Buckinghamshire,
U.K.) according to the manufacturer’s instructions.

10531

2.9. Adhesion and Signal Transduction Inhibition Assay.
hNSCs were seeded on flat or nanopatterned substrates in DMEM/
F12 medium. To inhibit cell adhesion, the hNSCs were treated with 25
uM U0126 (ERK1/2 inhibitor, Cell Signaling) or anti-integrin 1
(1:40; Millipore). One day after treatment, F-actin and cell nuclei were
stained with phalloidin-Alexa Fluor 488 (1:200; Invitrogen) and DAPI
(Sigma), respectively. Stained structures were observed under a
fluorescent microscope. The expression of focal adhesion proteins
(vinculin and FAK) and differentiation markers (Tujl and GFAP) in
cells treated with U0126 and anti-integrin 1 was quantified by qRT-
PCR and compared to the untreated flat surface group.

2.10. Statistical Analysis. Quantitative data are expressed as mean
+ standard deviation. Statistical analyses were performed using an
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Figure 3. Expression of the undifferentiated NSC marker nestin is shown for hNSCs grown on nanopatterned polymer substrates for 5 days.
Immunocytochemical staining of nestin revealed nestin-expressing cells aligned in response to (A) groove and (C) pillar nanopatterns, scale bars =
100 ym. qQRT-PCR was used to measure nestin gene expression in hNSCs grown on (B) groove and (D) pillar nanopatterns. Data are expressed as
mean =+ standard deviation (n = 3, *p < 0.0S, compared to the flat surface group).
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unpaired Student’s t test with Sigma-Plot software (Systat Software
Inc., Chicago, IL) as previously described.*® Values of p < 0.01 or 0.05
were considered statistically significant.

3. RESULTS AND DISCUSSION

3.1. Fabrication of Nanopatterned Polymer Sub-
strates. Nanopatterned polymer substrates with diverse
geometries and sizes were prepared to examine the nanotopo-
graphical effects of culture substrates on adhesion, spreading,
and differentiation of hNSCs. Nanoscale groove and pillar
patterned arrays were fabricated on PET substrates using UV-
assisted capillary force lithography (Figure 1). A PUA solution
was poured and cured onto the PET substrates by exposure to
UV light (Figure 1). The sizes of the grooves in the resulting
patterns (ridge, 300 nm; height, 300 nm) ranged from 300 to
1500 nm (increased by 300 nm) (Figure 2A). The gaps in the
pillar patterns (diameter, 300 nm; height, 300 nm) also ranged
from 300 to 1500 nm (increased by 300 nm; Figure 2A). SEM
analysis showed highly uniform groove and pillar nanostructure
patterns on the fabricated substrates (Figure 2B). The
nanopatterned PUA substrates were coated with the ECM
protein fibronectin to facilitate hNSC adhesion.

PUA can provide several advantages for producing the
substrates with nanostructured features. PUA can be easily
cured by UV exposure. In addition, photocured PUA possesses
more favorable mechanical properties for nanopattern
fabrication compared with polymers typically used for micro-
patterned substrate and microfluidic device fabrication (e.g.,
polydimethylsiloxane; PDMS).”” Because PUA is more rigid,
elastic and exhibits better impact strength than PDMS, a PUA
replica can be easily peeled off from the silicon master without

significant compromises in flexibility while retaining nano-
patterned structures.”” Therefore, PUA can replicate efficiently
and accurately the nanopatterns of the silicon master mold.
This process is quite simple, inexpensive, and suitable for
reproducible and scalable production of nanostructured
features.”® Considering that the fidelity of nanopatterned
structures is critical for regulating stem cell behavior, PUA
can provide an efficient material platform for nanopatterned
substrate fabrication for stem cell experiments.

Stem cells or progenitors are usually exposed to diverse
biophysical cues from surrounding microenvironments includ-
ing topographical stimulation during development and tissue
repair process. Architectural complexities of ECM structures
with isotropic and anisotropic features can provide stem cells
with distinct topographies in nano- to microscale dimensions.*’
Several studies have described that nanopattern shapes and
dimensions modulate differentiation of stem cells. Thus, we
selected anisotropic groove and isotropic pillar nanopatterns
with the ranges of 300—1500 nm to mimic the topographical
cues produced by ECM structures of native tissue for hNSC
differentiation.

3.2. Alignment of hNSCs on the Nanopatterned
Substrates. hNSCs were seeded onto the fabricated nano-
patterned PUA substrates and cultured in the absence of
mitogenic growth factors, bFGF and LIF. NSCs undergo
spontaneous differentiation under culture conditions without
supplementation of mitogenic factors’* and growth factors that
induce neuronal or glial differentiation of hNSCs were not used
in this study. Immunofluorescent staining of the undiffer-
entiated NSC marker nestin revealed that hNSCs aligned in
response to the pattern shapes (Figure 3A and C). In addition,
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Figure 4. Enhanced differentiation of hNSCs occurred on groove nanopatterned substrates after S days in culture. Immunocytochemical staining was
performed for the (A) neuronal marker Tujl and (B) astrocyte marker GFAP, scale bars = 100 ym. qRT-PCR was used to examine hNSC
expression of (C) Tujl and (E) GFAP (n = 3, *p < 0.0S, **p < 0.01, compared to the flat surface group). Body length was quantified in (D) Tujl-
positive cells and (F) GFAP-positive cells (n = S, **p < 0.01, compared to the flat surface group).

hNSCs cultured on the grooved nanopatterned surfaces
exhibited elongated morphology along the axis of the groove
patterns (Figure 3A). hNSCs on the pillar nanopatterned
surfaces showed radial alignment (Figure 3C). Finally, hNSCs
cultured on the flat surfaces did not display aligned cell

morphology (Figure 3A and C). Interestingly, nestin expression
increased in hNSCs as the size of grooves and pillar gaps
increased from 300 to 1500 nm. This was confirmed by qRT-
PCR (Figure 3B and D) and may suggest that nanopatterned
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Figure 5. Enhanced differentiation of hNSCs occurred on pillar nanopatterned substrates after 5 days in culture. Immunocytochemical staining was
performed for the (A) neuronal marker Tujl and (B) astrocyte marker GFAP, scale bars = 100 ym. qRT-PCR was used to examine hNSC
expression of (C) Tujl and (E) GFAP (n = 3, *p < 0.05, **p < 0.01, compared to the flat surface group). Body length was quantified in (D) Tujl-
positive cells and (F) GFAP-positive cells (n = S, **p < 0.01, compared to the flat surface group).

substrates with small grooves (G300—300 nm) or pillar gaps of hNSCs was enhanced by the groove nanopatterned PUA

(P300—300 nm) accelerate hNSC differentiation. substrates, and this enhancement was modulated by the
3.3. Enhanced Differentiation of hNSCs on Nano- dimension of the nanopatterned structures. Immunofluorescent
patterned Substrates. Neuronal and astrocyte differentiation staining for the neuronal marker Tujl revealed elongated
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Figure 6. Altered differentiation propensity of hNSCs by nanopattern geometries after S days in culture. (A) Double immunofluorescent staining for
neuronal marker Tujl and astrocyte marker GFAP, scale bar = 100 ym. (B) Relative proportion of Tujl- or GFAP-positive cells (n = 3, **p < 0.01,
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group).

neurite extension along the grooved nanopatterns (Figure 4A).
gRT-PCR analysis showed that Tujl expression in hNSCs
cultured on nanopatterns was inversely proportional to
increases in groove size, from 300 to 1500 nm (Figure 4C).
Tujl gene expression was upregulated in hNSCs grown on
groove nanopatterned surfaces with small grooves (G300—300
nm and G300—600 nm) compared to those grown on flat
surfaces and the nanopatterned surfaces with large grooves
(G300—900 nm, G300—1200 nm, and G300—1500 nm)
(Figure 4C). Immunofluorescent staining for the astrocyte
marker GFAP revealed elongated GFAP-positive intermediate
filaments extending from differentiated hNSCs on the groove
nanopatterns (Figure 4B). hNSC GFAP gene expression was
higher on the majority of groove nanopatterned surfaces
compared to flat surfaces (Figure 4E). GFAP expression tended
to decrease concomitantly as groove size increased from 300 to
1500 nm (Figure 4E). The lengths of Tujl- and GFAP-positive
cells were notably shorter in the flat substrate group than in the
majority of the groove nanopatterned substrate groups (Figure
4D and F).

Neuron and astrocyte differentiation of hNSCs was enhanced
on pillar nanopatterned substrates with specific dimensions.
Immunofluorescent staining of Tujl showed radial alignment of
neurites extending from differentiated hNSCs on pillar
nanopatterns (Figure SA). hNSCs cultured on pillar nano-
patterns also exhibited radial alignment of GFAP-positive
intermediate filaments (Figure SB). Expression of Tujl and
GFAP was much higher in hNSCs grown on nanopatterns with
small pillar gaps (P300—300 nm) than on flat substrates or
larger pillar nanopatterns (Figure SC and E). These results
were similar to the gene expression profiles of hNSCs on
groove nanopatterns. Tujl- or GFAP-positive cells were much
longer when cultured on the majority of pillar nanopatterned
surfaces compared to those on flat surfaces (Figure SD and F).

Previous studies demonstrate that unidirectional patterns on
culture substrates can induce neuronal differentiation."*”'® In
addition to pattern geometry, nanostructure dimensions also
influence neuronal and glial differentiation of stem

cells.'*'%?%3% In these studies, stem cells displayed mature

neuronal marker (Tujl and microtubule associated protein 2
(MAP2)) and astrocyte marker (GFAP) upregulation, as well
as morphological changes to specific shapes and dimensions.
Interestingly, a study by Yim et al. suggests that the size of
patterned structures affects stem cell proliferation and differ-
entiation.'* They show that hMSC proliferation decreases and
MAP2 expression increases as the width of groove patterns
decreases from micrometers to nanometers (e.g., 10 pm, 1 pm,
to 350 nm)."* Our results also demonstrate that the geometry
and dimension of surface topography can modulate neuronal
and astrocyte differentiation of hNSCs (Figures 4 and S). An
explanation for this phenomenon may be that nanostructures
with specific shapes and dimensions induce alignment and
reorganization of the cytoskeleton in hNSCs, leading to
activation of intracellular signal transduction and gene
expression related to NSC differentiation.*”'**' While
previous studies have predominately focused on comparing a
single type of pattern shape and dimension, we examine the
effect of nanopatterned structures with a variety of shapes and
dimensions on hNSC differentiation.

Stem cell differentiation to lineages other than neuronal
lineages has also been manipulated by nanopatterned
substrates. Watari et al. demonstrated that nanoscale or
submicrometer scale topography provided by ridge/groove
patterns promotes osteogenic differentiation of hMSCs."”
Interestingly, hMSC osteogenic differentiation was enhanced
on groove nanopatterned substrates with a 400 nm pitch,
compared to the planar controls and submicrometer patterned
substrates with 1400 or 4000 nm pitches, as indicated by
enhanced expression of osteogenic markers, RUNX2 and
BGLAP, and calcium deposition.'” It appears that the
differentiation propensity of hMSCs according to pattern size
is similar to that of the hNSC differentiation observed in our
study. In fact, a recent study demonstrated that collagen I-
coated hydrogel substrates with small pore sizes increase
adhesive cell area and promote osteogenic differentiation of
hMSCs.* Substrates with other types of geometries, including

dx.doi.org/10.1021/am402156f | ACS Appl. Mater. Interfaces 2013, 5, 10529—10540
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Figure 7. Focal adhesion formation in hNSCs is regulated according to the size of nanopatterns (after S days in culture). qRT-PCR was used to
examine expression of focal adhesion genes (A, C) vinculin and (B, D) FAK in hNSCs grown on groove and pillar nanopatterned substrates (n = 3,
*p < 0.0S, **p < 0.01, compared to the flat surface group). (E) Cytoskeletal (F-actin; red) and focal adhesion proteins (vinculin; yellow) were
costained in hNSCs on flat and nanopatterned substrates (groove 300—300 nm, groove 300—1500 nm, pillar 300—300 nm, and pillar 300—1500
nm), scale bar = SO ym. The arrows indicate vinculin-positive focal contact points in hNSCs. (F) SEM images were obtained of hNSCs on flat and
nanopatterned substrates (groove 300—300 nm, groove 300—1500 nm, pillar 300—300 nm, and pillar 300—1500 nm), scale bars = 10 ym (top row)
and 2 ym (bottom row). (G) Western blot was used to examine expression of phosphorylated FAK in hNSCs on flat and nanopatterned substrates.
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nanopits and nanotubes, have also been shown to enhance
osteogenic differentiation of hMSCs by stimulating the bone
morphogenetic protein pathway.>**

Many studies employ a combination of topographical cues
and soluble factors to create synergistic effects that promote
stem cell commitment to a specific lineage of interest. For
example, Yim et al. used a biochemical reagent (retinoic acid)
to promote neuronal differentiation of hMSCs cultured on
nanopatterned substrates.'* Another study performed by
Watari et al. also used differentiation medium containing
osteogenesis-inducing soluble factors for osteo§enic differ-
entiation of hMSCs on patterned substrates.'” Although
combined topographical and biochemical cues may further
enhance lineage differentiation of stem cells, the combination
makes it difficult to interpret the effect of topography alone on
stem cell differentiation. For this reason, we did not use soluble
factors to guide hNSC lineage specification in our experiments
on nanopatterned substrates.

3.4. Altered Differentiation Propensity of hNSCs by
Nanopattern Geometries. Next, we examined the effects of
nanopattern geometries on lineage specification of differ-
entiated hNSCs. The cells on three types of substrates (flat,
groove 300—300, and pillar 300—300) were double immuno-
fluorescently stained for Tujl (neuronal marker) and GFAP
(astrocyte marker) to confirm which geometric nanopattern
favors neuronal and glial differentiation, respectively (Figure
6A). To quantify the relative proportion of cells expressing
Tujl or GFAP, we counted the number of Tujl- or GFAP-
positive cells in the images of double immunofluorescent
staining for Tujl and GFAP and calculated the percentage ratio
of each cell type to total cell population (DAPI-positive cells)
(Figure 6B).

The quantification result from double immunofluorescent
staining for Tujl and GFAP reveals that nanopattern
geometries can alter lineage specification of hNSCs. Given
that the proportion of GFAP-positive cells was generally higher
than that of Tujl-positive cells (Figure 6B), glial differentiation
to astrocytes seems to be more dominant in hNSCs on three
tested substrates (flat, G300—300, and P300—300) than
neuronal differentiation. Interestingly, the use of groove
nanopatterns increased the proportion of Tujl-positive cells
compared with pillar nanopatterns (Figure 6B), indicating
enhanced neuronal differentiation of hNSCs by anisotropic
groove nanopatterns. There was no significant alteration in
hNSC differentiation propensity depending on nanopattern
sizes (data not shown).

Several studies have described that shapes and dimensions of
topographical features modulate differentiation propensity of
stem cells. Moe et al. reported that nano- and microscale
anisotropic patterns (250 nm grafting, 2 ym grafting) enhance
neuronal differentiation of neural progenitor cells (NPCs)
while isotropic patterns (1 gm pillar, 2 gm hole) promote glial
differentiation of NPCs.”” The study reported by Ankam et al.
also reported similar observation in differentiation propensity of
hESCs to neuronal or glial lineage, which is dependent on
shapes and sizes of substrate topography.*

Considering the role of nanopattern geometries on hNSC
lineage specification, the choice of specific nanopatterns would
be critical for therapeutic applications. Since anisotropic groove
nanopatterned substrate can enhance neuronal differentiation
and neurite extension of hNSCs along the patterned lines
(Figure 4A), this type of nanopattern may be more advanta-
geous for stem cell therapy to regenerate axons with elongated,

extended neurites in longitudinal direction. Isotropic pillar
nanopattern may be more appropriate to regenerate highly
branched neural networks or dendrites with glial cells because it
can promote astrocyte differentiation as well as radial neurite
extension of hNSCs (Figures SA and Figure 6).

3.5. Regulation of hNSC Focal Adhesion by Nano-
patterned Structures. We examined whether nanopatterned
substrates can modulate hNSC focal adhesion to enhance
differentiation. qRT-PCR analysis revealed that vinculin
expression, a representative focal adhesion protein, was much
higher in hNSCs grown on the majority of groove and pillar
nanopatterned substrates, especially those with smaller grooves
(G300—300 and G300—600 nm) and pillar gap (P300—600
nm), compared to those grown on flat substrates (Figure 7A
and C). Expression of FAK, another important protein involved
in focal adhesion complex formation, was also significantly
enhanced in hNSCs cultured on nanopatterns with smaller
grooves (G300—300 and G300—600 nm) and pillar gaps
(P300—300 and P300—600 nm) compared to the flat substrates
(Figure 7B and D). In general, hNSC expression of vinculin
and FAK decreased on patterns with large grooves (G300—
1200 and G300—1500 nm) or pillar gaps (P300—1200 and
P300—1500 nm) (Figure 7A—D). These results may indicate
that substrates with submicrometer scale groove and pillar
patterns (1200, 1500 nm) are less effective at promoting focal
adhesion complex development in hNSCs than nanoscale-
patterned substrates with grooves or pillar gaps below 600 nm.

Costaining of cytoskeletal (F-actin) and focal adhesion
(vinculin) proteins supported that focal adhesion formation in
hNSCs (indicated by vinculin staining) was enhanced on
nanopatterned surfaces with smaller grooves and pillar gaps
(300—300 nm) compared to those on flat surfaces or surfaces
with larger grooves and pillar patterns (300—1500 nm; Figure
7E). Alignment and reorganization of the F-actin filament,
observed by phalloidin staining, was further facilitated on
nanopatterns with 300—300 nm dimensions (Figure 7E). SEM
analysis demonstrated that nanopatterned substrates with small
grooves and pillar gaps (300—300 nm) may provide more
contact points that facilitate hNSC focal adhesion formation
than those on flat substrates or substrates with 300—1500 nm
dimensions (Figure 7F). Western blot analysis revealed that
phosphorylated FAK, an activated form of FAK in the focal
adhesion signaling pathway, was upregulated in hNSCs cultured
on nanopatterned surfaces with grooves and pillars at 300—300
and 300—600 nm dimensions compared to those on flat
surfaces and surfaces with grooves and pillar patterns with
300—1200 and 300—1500 nm dimensions (Figure 7G). This
result suggests that the FAK signaling pathway in hNSCs can
be stimulated by nanoscale patterned arrays (300—300 and
300—600 nm).

Extracellular nanotopography of specific shape and dimen-
sion may facilitate focal adhesion protein assembly and
cytoskeleton reorganization in cells.”® Cell adhesion to the
ECM is mediated by specific cell surface receptors called
integrins (e.g,, fibronectin to the aSA1 integrin)."®** When
integrins are activated by binding to nanoscale ECM structures
on the surface of patterned substrates, additional integrins
cluster around the activated sites and FAK and other adapter
proteins such as vinculin and paxillin are recruited to the
integrin clusters.” This results in the formation of focal
adhesion complexes that respond to ECM surface topography.”
Because the focal adhesion complex links ECM to the
contractile cytoskeleton, rearrangement of focal adhesions
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Figure 8. Inhibition of adhesion, alignment, and differentiation was achieved in hNSCs by blocking the integrin-mediated focal-adhesion-signaling
pathway (after 1 day in culture). (A) The cytoskeleton (F-actin) of hNSCs treated with U0126 (MEK-ERK pathway inhibitor) and antibodies
against integrin 1 was stained with phalloidin, scale bar = 100 gm. Cell nuclei were stained with DAPI. gqRT-PCR was used to examine gene
expression of (B) focal adhesion proteins (FAK and vinculin) and (C) differentiation markers Tujl and GFAP in hNSCs treated with U0126 and
anti-integrin 1 and in untreated hNSCs (*p < 0.05 vs each flat group, #p < 0.0S, and ##p < 0.01 vs no treated flat group, *p < 0.0S and **p < 0.01 vs

no treated nanopattern group).

induced by surface topography reorganizes cytoskeletal
components such as F-actin, which alters mechanical tension
in the cells. Thus, mechanical stimulation can be propagated by
the focal adhesion complex to activate focal adhesion signaling
pathways such as FAK phosphorylation, as shown in Figure 7G.
In this study, we also found that reorganization of the focal
adhesion—cytoskeleton complex occurs according to the size
and geometry of the nanopatterned structures coated with
fibronectin (Figure 7E). Our results show that enhanced focal
adhesion formation occurs in hNSCs on patterns with small
nanostructures. This is consistent with findings from a previous
study that show reduced focal adhesion of hMSCs on RGD
peptide-coated groove nanopatterns with increased gaps.>® In
other words, the ability of stem cells to form mature focal
adhesions may be reduced on patterned substrates with
increased lateral spacing.*

As mentioned previously, the rearrangement of focal
adhesions and the cytoskeleton in response to ECM surface
topography can alter nucleus organization and consequently
influence gene expression profiles in cells.® Cytoskeletal
reorganization causes changes to cell morphology. These
changes cause mechanical tension to be transferred to the
nucleus through reorganized actin filaments, which can
rearrange the centromere by deformation of the nucleus.*>°
This ultimately alters gene expression related to stem cell
differentiation.'**"*¢ As a result, this type of mechanosensitive
transduction may be an important pathway that determines
stem cell function and phenotype. Therefore, topographical
manipulation of stem cell focal adhesions is expected to
enhance differentiation into specific lineages by activating
mechanosensitive intracellular signaling pathways.**” In sup-
port of this concept, Yu et al. reported that micropattern arrays
modulate myogenic differentiation of hMSCs through focal
adhesion regulation.*®
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Several stusdies have employed similar sizes of nano-
patterned substrates to ours for promoting focal adhesion
formation and neuronal differentiation of stem cells. Teo et al.
reported that nanotopography with 250 nm line patterns
enhances neuronal differentiation of hMSCs through FAK
activation.”® It was also reported that the culture of stem cells
on nanopatterned surfaces with 350-nm groove/ridge promotes
neuronal differentiation of hESCs and hMSCs compared with
flat or micropatterned surfaces."*'> These results are consistent
with the findings from our study demonstrating that nano-
patterns with small size groove and pillar (300—300 nm) are
more effective for developing focal adhesion formation in
hNSCs and facilitating differentiation of hNSCs (Figures 4, S,
and 7).

One of potential future studies would be comparison of stem
cell behavior on the substrates with nanotopographical features
and the substrates produced by microcontact printing. Several
studies have reported microcontact printing technique to
produce the substrates with the patterns of ECM proteins
and cell—cell signaling ligands on nonadhesive background
surface for stem cell engineering.***" These studies demon-
strated that ECM, adhesion molecule, and cell signaling ligand
printed patterns on the substrates modulate spatial differ-
entiation of NSCs even though these patterns do not provide
topographical cues for enhanced focal adhesion formation in
stem cells. Considering that microcontact printing technology
can provide a valuable tool for investigating stem cell—
biomaterial interfaces, comparison studies would be interesting
to examine whether hNSC differentiation on the substrates
produced by microcontact printing is similar to that on
nanopatterned substrates employed in our study.

3.6. Mechanism of Nanotopographical Stimulation
for Enhanced hNSC Differentiation. Last, we investigated
the mechanism of nanotopographical-enhanced hNSC differ-
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Figure 9. Potential mechanism for nanotopographical manipulation of the focal adhesion signaling pathway and differentiation of hNSCs is depicted.

entiation. In this study, we used the ECM protein fibronectin to
coat the nanopatterned substrates for hNSC adhesion and
differentiation. Because ECM proteins can activate integrin-
dependent signaling pathways leading to tyrosine phosphor-
ylation of FAK,*** we focused on integrin-mediated binding of
hNSCs to fibronectin as an initial point of activation for the
focal adhesion signaling pathway. We also examined the MEK/
ERK pathway as a downstream intracellular signaling pathway
to mechanosensitive FAK phosphorylation because this path-
way is involved in neurite outgrowth during stem cell
differentiation, *>**

Inhibition of the integrin-mediated intracellular signaling
pathway diminished the effects of nanopatterned topography
on enhancement of hNSC focal adhesion and differentiation.
Adhesion of hNSCs to the fibronectin-coated nanopatterned
substrates was completely abolished using antibodies against
integrin 1, an integrin that mediates cell binding to fibronectin
(Figure 8A).* Blocking integrin-mediated binding of hNSCs
inhibited hNSC alignment along the nanopatterned topography
(Figure 8A). We also blocked the MEK-ERK pathway, one of
the mechanosensitive intracellular signaling pathways related to
NSC differentiation.*” Treatment with an inhibitor (U0126) of
the MEK-ERK pathway led to significant inhibition in hNSC
adhesion, spreading, and neurite outgrowth (Figure 8A).
hNSCs treated with integrin flantibodies and U0126 exhibited
small circular cluster morphology, whereas hNSCs in the
untreated control group adhered well to the substrates and
displayed extended and aligned morphology on the groove-
patterned substrates (Figure 8A). FAK and vinculin expression
in hNSCs was significantly reduced by treatment with integrin
Plantibodies and U0126 compared to the no treatment group
(Figure 8B). Decreased expression of these proteins was more
evident in the nanopatterned substrate group than in the flat

substrate group. This indicates the significance of nanotopo-
graphical stimulation to focal adhesion formation.

Nanotopography-enhanced hNSC differentiation was re-
versed by treatment with integrin 1 antibodies and U0126,
as indicated by qRT-PCR analysis of Tujl and GFAP (Figure
8C). This means that inhibition of hNSC adhesion and
decreased expression of focal adhesion proteins impaired the
activation of mechanosensitive intracellular signal transduction
that promotes stem cell differentiation. Our results suggest that
integrin-f/1-mediated binding of hNSCs to fibronectin on
nanopatterned substrates facilitates focal adhesion formation
and FAK phosphorylation, and subsequently activates the
MEK/ERK signaling pathway (Figure 9). This activation of the
MEK/ERK pathway may ultimately enhance hNSC differ-
entiation to neurons or astrocytes even without supplementa-
tion with %rowth factors or lineage specification reagents
(Figure 9).*

4. CONCLUSIONS

In summary, our study demonstrates that nanotopographical
cues manipulate focal adhesion and differentiation of hNSCs.
We identified the optimal scale of surface nanostructures to
promote hNSC differentiation by showing that nanopatterns of
biomimetic sizes (scale of 300—600 nm) enhanced neuronal
and astrocyte differentiation. Our results indicate that nanoscale
patterns alone can effectively induce differentiation of hNSCs
into neuronal and astrocyte lineages without addition of
biochemical or biological agents. We also elucidated the
underlying mechanisms for how these biomechanical cues
influence hNSC differentiation. Future functional assessment of
synaptic transmission and electrophysiological properties of the
differentiated hNSCs will be of great interest. Our results can
provide insights into developing culture substrates and tissue
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engineering scaffolds that improve the efficacy of stem cell
therapeutics.
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