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ABSTRACT Various biophysical and biochemical factors are im-
portant for determining the fate of neural stem cells (NSCs). Among
biophysical signals, topographical stimulation by micro/nanopatterns
has been applied to control NSC differentiation. In this study, we
developed a hierarchically patterned substrate (HPS) platform that can
synergistically enhance the differentiation of human NSCs (hNSCs) by
simultaneously providing microscale and nanoscale spatial controls to
facilitate the alignment of the cytoskeleton and the formation of focal
adhesions. The multiscale HPS was fabricated by combining microgroove

patterns (groove size: 1.5 .«m), prepared by a conventional photolitho-
graphic process, and nanopore patterns (pore diameter: 10 nm),
prepared from cylinder-forming block copolymer thin films. The hNSCs grown on the HPS exhibited not only a highly aligned, elongated morphology, but also
a greatly enhanced differentiation into neuronal and astrocyte lineages, compared to hNSCs on a flat substrate (FS) or single-type patterned substrates [microgroove
patterned substrate (MPS) and nanopore patterned substrate (NPS)]. Interestingly, the application of the HPS directed hNSC differentiation toward neurons rather
than astrocytes. The expression of focal adhesion proteins in hNSCs was also significantly increased on the HPS compared to the FS, MPS, and NPS, likely a result of
the presence of more focal contact points provided by nanopore structures. Inhibition of both /31 integrin-mediated binding and the intracellular Rho-associated
protein kinase pathway of hNSCs eliminated the beneficial effects of the HPS on focal adhesion formation and actin filament alignment, which subsequently reduced
hNSC differentiation. More importantly, hNSCs on the HPS differentiated into functional neurons exhibiting sodium currents and action potentials. The multiscale,
hierarchically patterned topography would be useful for the design of functional biomaterial scaffolds to potentiate NSC therapeutic efficacy.
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he development of artificial microen-
Tvironments that achieve systematic

control of stem cell fate is a key issue
for effective stem cell therapies. Diverse
stem cell niches regulate proliferation and
differentiation of stem cells by providing
biochemical signals (e.g., soluble chemical
factors,"? growth factor proteins,>* and
peptides®), biophysical cues (e.g., elastic
modulus,® ™8 shear stress,” stiffness,'® and
geometry'"'?), and cell—cell interactions.'>™
In particular, the essential roles of the surface
topographies of matrices and scaffolds have
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been highlighted to modulate adhesion, cy-
toskeletal organization, and differentiation of
stem cells.'>~"” Indeed, stem cell differentia-
tion can be altered by the sizes and shapes of
surface topographical structures.'’®=2' Our
previous studies also demonstrated that sub-
strates with a certain size of groove or pillar
nanopattern significantly promote the neuro-
nal differentiation of human neural stem cells
(hNSCs) and the osteogenic differentiation of
human mesenchymal stem cells (MSCs) by
enhancing focal adhesion formation in these
stem cells. >
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Substrates containing the hierarchical structures of
microscale and nanoscale patterns allow for more
efficient spatial control of stem cell differentiation
via the simultaneous modulation of the alignment of
the cytoskeleton and intracellular focal adhesion
protein assembly. Patterned topographies with cell
dimensions ranging from submicrometers to tens of
micrometers directly influence the alignment and
orientation of stem cells by inducing cellular morpho-
logical changes along the patterns. This process leads
to the rearrangement of the cytoskeleton, alterations
of the shape of the nucleus, and changes in the
expression levels of genes involved in stem cell
differentiation.?* Nanometer-sized patterns with the
dimensions of integrin (8—12 nm),**?® important
transmembrane receptor proteins involved in signal
transduction from extracellular matrices (ECMs) to
cells, induce nanoscale integrin clustering, which acti-
vates the integrin-mediated intracellular signaling cas-
cade for stem cell differentiation.”” However, there are
few studies reporting spatial control of stem cell
differentiation using patterned topographies with dif-
ferent spatial dimensions ranging from nanometers to
micrometers as a result of difficulties in the fabrication
of such multiscale, hierarchically patterned structures
on a single substrate.”® To generate functional sub-
strates for the spatial control of stem cell adhesion,
alignment, and differentiation, it is essential to fabri-
cate hierarchical patterns that incorporate a few tens of
nanometer-sized patterns into microscale structuresina
reliable, reproducible way, which remains challenging.

Among several possible approaches for such nano-
fabrication, the self-assembly of block copolymer (BCP)
can be applied to produce such hierarchical patterns.
The self-assembly of BCP has been used as an attractive
strategy for fabricating uniform nanopatterns over
large areas.?® This method can produce various nano-
scopic structures, including spheres, cylinders, bicon-
tinuous gyroids, and lamellae, depending on the block
composition and chain architecture of the BCPs. The
feature sizes of the microdomains prepared by BCP
self-assembly range from approximately 5 to 50 nm,
which match well with those of relevant proteins
(e.g., integrins), but it is quite difficult to obtain this
range of patterns by conventional photolithography
processes.>? 3! However, such microdomain sizes are
relatively easy to achieve using the BCP method, and
the control of pattern size is systematically tunable
by simply varying the molecular weights of the BCPs.
From a practical point of view, the nanopatterns
from BCPs can be fabricated over large areas (>150 x
150 mm?) using a simple spin-casting process;>? thus, it
is an inexpensive process compared to other conven-
tional lithographic techniques to access sub-50 nm
resolution. Moreover, it has been confirmed that the
mechanical properties of BCP films are comparable to
those of conventional photoresists, and thus the BCP
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process is quite compatible with current photolitho-
graphic conditions for the fabrication of microgroove-
patterned structures.°

In this study, we developed substrates with well-
defined hierarchically patterned topographies through
a bottom-up assembly of microscale groove patterns
and nanometer-scale pore structures. Large-area hier-
archical patterns were fabricated using a combination
of selective etching of phase-segregated BCPs and
standard photolithography. Using this process, a hier-
archical pattern with nanopores (10 nm diameter)
incorporated into the microgroove structures (1.5-um
width) was prepared on a large surface of 25 x 25 mm?Z.
The hNSCs grown on these hierarchical patterns ex-
hibited significantly enhanced focal adhesion devel-
opment, aligned cytoskeletal morphogenesis, and
neuronal differentiation compared to hNSCs on a flat
silicon substrate or single-type patterned substrate
due to the integrated spatial control of actin filament
alignment along the microgroove structures and focal
adhesion formation by nanopores. More importantly,
the hierarchical patterns directed hNSCs into electro-
physiologically active neurons exhibiting sodium
currents and action potentials. To the best of our
knowledge, this is the first study reporting the genera-
tion of functional neurons from hNSCs using the
patterned substrates. Our study suggests the effective
use of hierarchically patterned topography for the
delicate regulation of stem cell differentiation.

RESULTS AND DISCUSSION

Fabrication of Hierarchically Patterned Substrate (HPS). In
this study, four types of substrates were prepared: flat
substrate (FS), nanopore patterned substrate (NPS)
from BCPs, microgroove patterned substrate (MPS),
and hierarchically patterned substrate (HPS) consisting
of both microgroove and nanopore patterns (Figure 1).
For the preparation of HPS, microgroove structures
incorporated with BCP nanopore patterns were formed
via a conventional photolithography technique. In this
case, itis critical that the underlying BCP films are cross-
linked to avoid perturbations from various organic
solvents used during the photolithography process,*~3°
which is extremely challenging and expensive in other
lithography techniques such as E-beam lithography.
For this purpose, we synthesized a cross-linkable BCP
poly(styrene-b-methyl methacrylate) (PS-b-PMMA), via
reversible-addition—fragmentation chain transfer (RAFT)
polymerization containing Meldrum's acid in a styrene
block (Supporting Information, Figure S1). Meldrum's acid
can generate reactive ketene functional groups upon
heating, allowing for cross-linking via dimerization.>>3*
The total molecular weight of cross-linkable PS-b-PMMA
was controlled to 61000 g/mol with 32% (v/v) of PMMA
block; thus, it exhibits a cylindrical microstructure.

For the preparation of NPS, a solution of cross-
linkable PS-b-PMMA was spin-cast on a silicon wafer

VOL.8 = NO.8 = 7809-7822 = 2014 F@L@Mi{\)

WWW.acsnano.org

7810



Spm casting Spln casting
Crasslmked crusslmked Phutomhagraphy

Silicon wafer Neutralized layer of

PS-r-PMMA

SU-8 §| Photolithography

Microgroove
patterned substrate
(MPS)

PS-b-PMMA block
copolymer patterns

Dry etching Dry etching
Nanopore Hierarchically
patterned substrate patterned substrate
(NPS) (HPS)

Figure 1. Schematic illustration of the fabrication of various topographic-patterned substrates. (A) Microgroove-patterned
substrate (MPS), (B) nanopore-patterned substrate (NPS), and (C) hierarchically patterned substrate (HPS).
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Figure 2. SEM images of (A) BCP nanopore patterns, (B) microgroove patterns, and (C) hierarchical patterns. (D) High
magnification image of hierarchical patterns shown in (C).

neutralized with PS-r-PMMA random copolymers
(Figure 1). Film thickness was controlled to be approxi-
mately 35 nm, and the films were thermally annealed
at 190 °C for 48 h, leading to perpendicularly oriented
cylindrical patterns. To generate nanopore patterns,
the PMMA block was selectively removed by reactive
ion etching (Figure 1B). The domain spacing and
pore sizes of the nanopatterns were 28 and 10 nm,
respectively (Figure 2A). The micrometer-sized groove
patterns were prepared by standard I-line photo-
lithography with an SU-8 photoresist (Figure 1A).
For the fabrication of the hierarchical patterns, the
PS-b-PMMA thin films were first prepared by the
aforementioned procedure, and then the films were
thermally cross-linked at 250 °C for 10 min under
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nitrogen. After fabricating the microgroove patterns
via standard photolithography with an SU-8 photore-
sist, the PMMA domains were removed by reactive ion
etching (Figure 1C). As seen in Figure 2D, the nanopore
patterns were formed between the groove trenches,
indicating that the BCP films were efficiently cross-
linked and the resulting nanopatterns were not af-
fected by the photolithography process. In both the
microgroove and hierarchical patterns, the distance
between the groove patterns was 1.5 um (Figure 2B,C).

Enhancement of Cytoskeletal Alignment and Focal Adhesion
Formation of hNSCs by Hierarchical Patterns. The application
of hierarchical patterns facilitated cytoskeletal align-
ment of hNSCs and significantly promoted focal adhe-
sion development of hNSCs. Phalloidin staining of the
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Figure 3. Focal adhesion and alignment of the cytoskeleton of hNSCs on the substrates after 5 days in culture. (A) Staining of
the cytoskeleton (F-actin; red) and focal adhesion protein vinculin (yellow/green) in hNSCs on the FS, NPS, MPS, and HPS; scale
bar = 50 um. The white arrows indicate the focal adhesion points. Co-localization of the adhesion molecule (NCAM) and
integrin 31 (yellow) in hNSCs on the FS, NPS, MPS, and HPS. (B) SEM images of hNSCs on each substrate; scale bar = 20 um. The
white arrowheads indicate sprouting of neurites from cell bodies across the microgroove patterns (top rows). High
magnification images of hNSCs on each substrate (middle and bottom rows); scale bars = 1 um. (C) Orientation of hNSCs
grown on each substrate (n = 40) represented in the compass plots. (D) qRT-PCR analysis to examine the expression of focal
adhesion protein genes (FAK and vinculin) in hNSCs grown on each substrate (n = 3; *p < 0.05, **p < 0.01, compared to the FS
group; *p < 0.01, compared to the NPS group; *p < 0.05, " p < 0.01, compared to the MPS group).

cytoskeleton (filamentous actin; F-actin) showed that the patterned groove (Figure 3A). In contrast, hNSCs on
hNSCs cultured on the MPS and HPS exhibited the either the FS or NPS did not show such an extended, actin-
highly elongated alignment of actin filaments along aligned morphology (Figure 3A). The immunofluorescent
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staining for vinculin, a representative focal adhesion
protein, indicated that focal adhesion formation of hNSCs
was significantly enhanced on the HPS compared to other
control substrates (FS, NPS, and MPS) (Figure 3A; arrows),
possibly as the result of the presence of more focal contact
points provided by nanopore structures incorporated into
the HPS. The colocalization of integrin 41 and neural cell
adhesion molecule (NCAM) was significantly enhanced in
the hNSCs grown on the HPS compared to the cells on
other control substrates (FS, NPS, and MPS) (Figure 3A;
yellow), indicating a significant enhancement of focal
adhesion development in the hNSCs by hierarchically
patterned topography. Given that the size of integrin is
8—12 nm,”® the nanopore structures of 10 nm diameter
on the HPS may serve as focal adhesion contact points
that are capable of interacting with single integrin
molecules.

Scanning electron microscopy (SEM) also revealed
an extended, aligned cellular morphology of hNSCs
along the microgroove patterns on the MPS and HPS
(Figure 3B). Interestingly, it appears that HPS increases
the sprouting of neurites from cell bodies across
the microgroove patterns (Figure 3B, top rows;
arrowheads), which was less observed on the MPS
(Figure 3B, top rows). This finding may also be attrib-
uted to nanopore structures that provide potential
contact points for focal adhesion. Neurite sprouting
across the cells can enhance cell—cell interactions by
increasing direct contact with neighboring cells. HPS
induced the direct and simultaneous contact of hNSCs
with both types of surface topographies of micro-
groove and nanopore patterns (Figure 3B, middle
and bottom rows). This data indicates that HPS can
provide synergistic topographical stimulation to pro-
mote focal adhesion formation and subsequent differ-
entiation of hNSCs. Most of the differentiated hNSCs on
the MPS and HPS were oriented along the microgroove
patterns, whereas hNSCs on either the FS or NPS
exhibited random orientations (Figure 3C). Quantita-
tive real-time polymerase chain reaction (qRT-PCR)
revealed that the expression of genes for focal adhe-
sion kinase (FAK) and vinculin in the hNSCs was
significantly increased (p < 0.05) on the HPS compared
to other control substrates (FS, NPS, and MPS)
(Figure 3D), indicating the enhanced focal adhesion
formation in the hNSCs on the HPS.

To confirm that nanopore topography is essential
for enhancing focal adhesion development, we inves-
tigated whether the coating of ECMs that can bind to
integrin 51 on the hNSCs can replace the nanopore
structures of the HPS. Since laminin is one of the major
ECM types that bind to integrin 41 and has been widely
used for neuron and NSC culture,® the relative gene
expression of focal adhesion proteins (vinculin and
FAK) was compared between the hNSCs cultured on
the MPS coated with laminin proteins and the hNSCs
cultured on other substrates (Supporting Information,
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Figure S2). qRT-PCR analysis showed that laminin
coating on the MPS did not increase significantly the
MRNA expression of vinculin and FAK in the hNSCs
(Supporting Information, Figure S2; MPS versus
MPS-LM). The gene expression level of vinculin and
FAK was lower in the hNSCs cultured on the MPS
coated with laminin proteins than in the hNSCs cul-
tured on the HPS (Supporting Information, Figure S2;
HPS versus MPS-LM). These results indicate that the
nanopore structures (10 nm diameter) in the hierarchi-
cally patterned topography cannot be replaced by a
simple ECM coating and are indispensable for focal
adhesion formation enhancement.

Enhanced Differentiation of hNSCs by Hierarchical Patterns.
The promotion of F-actin alignment and focal adhesion
formation of hNSCs on the HPS can lead to significant
enhancement of hNSC differentiation. Activation of the
FAK pathway following cytoskeletal rearrangement
and focal adhesion formation is known to stimulate
downstream signals for stem cell differentiation.?>*°
Moreover, an increase in cell—cell contact by hierarch-
ical patterns may be able to further enhance hNSC
differentiation via the stimulation of cell—cell signal-
ing.>” Therefore, we hypothesized that the hierarchical
patterns containing both microgroove and nanopore
structures can generate synergistic effects on the
enhancement of hNSC differentiation by improving
cytoskeletal reorganization, FAK pathway activation,
and cell—cell interactions, which are early events in
mechanotransduction signal pathways involved in
stem cell differentiation. To test this hypothesis, we
cultured hNSCs on each substrate under spontaneous
differentiation medium conditions without supple-
mentation of mitogenic growth factors such as basic
fibroblast growth factor (bFGF) and leukemia inhibitory
factor (LIF).

The combination of microgroove structures and
nanopore patterns constructed on the HPS signifi-
cantly enhanced the differentiation of hNSCs com-
pared with the FS or single-type patterned substrates
(MPS and NPS). Immunocytochemical staining for neu-
ronal markers [neuronal class Ill S-tubulin (Tuj1) and
microtubule-associated protein 2 (MAP2)] and astro-
cyte marker [glial fibrillary acidic protein (GFAP)] re-
vealed the alignment of Tuj1-positive neurites, MAP2-
positive cell bodies, and GFAP-positive intermediate
filaments along the microgroove patterns on the MPS
and HPS (Figure 4A). Neurite formation was the most
extensive in the HPS group compared to other control
substrate groups (Figure 4B). The hNSCs differentiated
on the HPS exhibited much longer neurite outgrowth
than the cells on the control substrates (Figure 4B).
These data indicate that neurite formation and out-
growth of hNSCs during differentiation were enhanced
by hierarchically patterned topography.

A gRT-PCR analysis revealed that the expression of
genes for neuronal markers (Tuj1 and MAP2) and an
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Figure 4. Differentiation of hNSCs on the substrates after 5 days in culture. (A) Immunofluorescent staining of hNSCs
differentiated on each substrate for neuronal (Tuj1 and MAP2), astrocyte (GFAP), oligodendrocyte (04), and undifferentiated
NSC (nestin) markers; scale bars = 50 #m. (B) Quantification of neurite formation (n = 4) and the length of neurite outgrowth (n = 15)
in the Tuj1-stained images (*p < 0.05, **p < 0.01, compared to the FS group; **p < 0.01, compared to the NPS group; "p < 0.05,
compared to the MPS group). (C) qRT-PCR analysis to measure the expression of the genes for Tuj1, MAP2, GFAP, Olig2, and nestin
in hNSCs grown on each substrate (n = 3; *p < 0.05, **p < 0.01, compared to the FS group; *p < 0.01, compared to the NPS group;
**p <0.01, compared to the MPS group). (D) Relative proportion of MAP2- or GFAP-positive cells and Tuj1- or GFAP-positive cells
on each substrate (n = 4; *p < 0.05, **p < 0.01, compared to the FS group; *p < 0.01, compared to the NPS group; "p < 0.05, " p <
0.01, compared to the MPS group). (E) Western blot analysis of MAP2 protein expression in hNSCs grown on each substrate. A
nuclear protein (TATA binding protein; TBP) was used as a loading control for the comparison of MAP2 protein expression.

astrocyte marker (GFAP) was significantly upregulated on the FS, MPS, and NPS (Figure 4C), indicating en-
in hNSCs grown on the HPS compared to hNSCs grown hanced differentiation of hNSCs into neuron and
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astrocyte lineage by hierarchical patterns. Immuno-
fluorescent staining and qRT-PCR analysis for examin-
ing the expression of other cell phenotype markers
(oligodendrocyte lineage markers; O4 and oligoden-
drocyte transcription factor 2 (Olig2) and undifferentiated
NSC marker; nestin) (Figure 4A,C) showed that the ex-
pression of O4 and Olig2 was significantly increased in the
hNSCs grown on the HPS compared to the cells on other
control substrates (FS, NPS, and MPS) (Figure 4A,C). The
gene expression of nestin was not significantly different
between the groups (Figure 4C). These results imply that
HPS promotes hNSC differentiation including oligoden-
drocyte lineage as well as neuron and astrocyte and does
not affect self-renewal and undifferentiated status of
hNSCs. Together our results demonstrate that hierarchi-
cally patterned topography can accelerate hNSC differ-
entiation but does not support self-renewal of hNSCs.

More interestingly, the population of MAP2-posi-
tive neuronal lineage cells was increased on the HPS
(43.5 & 5.7% vs FS 15.1 £ 2.3%, NPS 25.4 4+ 5.6%, and
MPS 33.0 £ 3.7%), whereas the relative population of
GFAP-positive astrocytes was concurrently decreased
on the HPS (47.7 4 3.1% vs FS 54.6 & 9.6%, NPS 56.8 +
8.0%, and MPS 48.6% =+ 3.6%) (Figure 4D), suggesting
that hierarchical patterns direct the fate of differen-
tiated hNSCs to a neuronal lineage rather than a glial
lineage. The proportion of Tuj1-positive cells relative to
GFAP-positive cells was also increased on the HPS
compared to other substrates (FS, NPS, and MPS), con-
firming the promoted differentiation of hNSCs toward a
neuronal lineage on the HPS (Figure 4D). Western blot
analysis to compare the relative expression of MAP2
protein in the hNSCs grown on each substrate indicated
that MAP2 protein expression was enhanced by hier-
archically patterned topography (Figure 4E).

In this study, NPS alone did not enhance the gene
expression of focal adhesion proteins including FAK
and vinculin (Figure 3D). We think that pore patterns
may be relatively less effective in focal adhesion devel-
opment than pillar and groove patterns with the
protruded structures. Although the nanopore pattern
alone did not promote focal adhesion development, it
could synergistically enhance focal adhesion formation
in the hNSCs when incorporated into MPS (Figure 3D),
ultimately leading to enhanced neuronal differentia-
tion of hNSCs on the HPS (Figure 4C,D). This indicates
that spatial distribution of surface topographies as well
as topography shapes and dimensions is also critical
for focal adhesion formation and differentiation of
stem cells. Therefore, our results suggest that hierarchi-
cally patterned topographies capable of facilitating
focal adhesion formation are required for the develop-
ment of biomaterial scaffolds promoting stem cell
differentiation or lineage specification of stem cells.

Mechanotransduction Mechanism of Enhanced Differentia-
tion of hNSCs by Hierarchical Patterns. Topographical sti-
mulation by hierarchical patterns may enhance hNSC
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differentiation by activating intracellular mechanotrans-
duction pathways initiated from integrin-mediated bind-
ing to substrates. The cell-matrix interaction via integrin
binding is important for the regulation of various cellular
behaviors, such as adhesion, spreading, proliferation, and
differentiation.3® Integrin activation induced by specific
nanotopographical features can promote focal adhesion
development and activate the FAK pathway,*® which
ultimately induces stem cell differentiation.'”*%° Thus,
the HPS with nanopore structures of integrin dimensions
(10 nm) may enable integrin-mediated activation of the
FAK pathway for enhanced hNSC differentiation by facil-
itating integrin binding of hNSCs onto the nanopores.
Rho-associated protein kinase (ROCK), one of the
key regulators of cytoskeletal organization, can also
serve as a transducer of mechanical signals from
hierarchical patterns.*® Considering that ROCK modu-
lates mechanotransduction pathways affecting stem
cell differentiation, such as focal adhesion formation,
actin organization, and FAK phosphorylation,*® ROCK
might be a potential modulator of hNSC differentiation
and lineage specification promoted by hierarchical
patterns. Several studies have indeed reported that
substrates with a specific topography, pattern shape,
and stiffness accelerate osteogenic differentiation of
MSCs via focal adhesion and actin polymerization
enhanced by the ROCK signaling pathway.'>*"42
Inhibition studies using integrin antibodies and
an inhibitor of the ROCK pathway performed in our
study confirmed that a series of mechanotransduction
events, including integrin binding, F-actin reorganiza-
tion, and focal adhesion assembly, are involved in
enhanced differentiation of hNSCs by the hierarchically
patterned topography (Figure 5). In our study, all tested
substrates were coated with fibronectin to facilitate
hNSC adhesion and antibodies against 31 integrin,
which binds to fibronectin, were used to block hNSC
adhesion onto the fibronectin-coated substrates. Ad-
dition of f1-integrin antibodies disrupted adhesion
and alignment of hNSCs along the patterns, which
eliminated the effects of the hierarchical patterns on
the focal adhesion formation (Figure 5A) and the
enhanced differentiation of hNSCs into neurons and
astrocytes (Figure 5B). Treatment with Y27632, a ROCK
inhibitor, also interrupted hNSC alignment (Figure 5A)
and reduced differentiation of hNSCs (Figure 5B).
gRT-PCR analysis of focal adhesion proteins (FAK and
vinculin) indicated that gene expression of FAK and
vinculin in the hNSCs on each substrate was reduced
by treatment with both B1-integrin antibodies and
Y27632 compared to no treatment (Figure 5C). In
particular, a reduction in gene expression was most
significant in hNSCs cultured on the HPS compared
to hNSCs cultured on other control substrates (FS, NPS,
and MPS) (Figure 5C). Accordingly, the expression
levels of differentiation marker genes (neuron: Tuj1;
astrocyte:  GFAP) enhanced by the hierarchical
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Quantification of nonadherent cells (vinculin-negative cells) in the vinculin- and F-actin-stained images (n = 4; **p < 0.01
versus the untreated FS group; **p < 0.01 versus the Y27632-treated FS group; " "p < 0.01 versus the no-treatment group of
each substrate). (F) Western blot to compare the expression of phosphorylated FAK [pFAK(Y397)] in hNSCs cultured on the

MPS and HPS with or without treatment with Y27632 and j31-integrin antibodies.

patterns were significantly decreased by treatment
with 31-integrin antibodies and Y27632 (Figure 5D).
The level of nonadherent cells defined as vinculin-
negative cells was quantified on each substrate 1 day
after treatments of integrin 31 antibodies and Y27632
(Figure 5E). In case of hNSCs without treatments of
integrin 1 antibodies and Y27632 (no treatment), the
proportion of nonadherent cells was the lowest in the
HPS group compared to other substrate groups (FS,
NPS, and MPS) (Figure 5E). The treatments of integrin
1 antibodies and Y27632 significantly increased the
level of nonadherent cells on all substrates (Figure 5E),
indicating that integrin B1-mediated binding and
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ROCK pathway are critical for focal adhesion of hNSCs
on the patterned substrates. Western blot analysis
revealed that phosphorylation of FAK was enhanced
in hNSCs on the HPS compared to the cells on the MPS,
indicating the activation of the FAK pathway by the
hierarchical patterns (Figure 5F). Treatment with both
B1-integrin antibodies and Y27632 significantly re-
duced FAK phosphorylation in hNSCs grown on the
HPS (Figure 5F). Overall, these data demonstrate that
B1 integrin-mediated binding and ROCK-mediated
intracellular signaling pathways are responsible for
the promotion of focal adhesion formation, FAK pathway
activation, and, in turn, the enhanced differentiation of

VOL.8 = NO.8 = 7809-7822 = 2014 K@}Nﬁ@i{\j

WWW.acsnano.org

7816



hNSCs on the HPS, which may suggest potential mechan-
otransduction mechanisms of hNSC differentiation en-
hanced by hierarchical patterns.

The viability of hNSCs treated with integrin f1
antibodies and ROCK inhibitor (Y27632) was examined
because integrin binding and ROCK pathway are
known to be involved in various cellular functions
including survival and proliferation in addition to
adhesion.'”3® Live/Dead staining and 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay of the hNSCs treated with integrin 1 antibodies
and Y27632 (Supporting Information, Figure S3) indi-
cated that these treatments disrupted alignment and
elongation of hNSCs along the patterns but did not
reduce the viability and mitochondrial metabolic ac-
tivity of hNSCs on each substrate. The treated hNSCs
did not exhibit strong adhesion and extended cellular
morphology, but most cells were viable 1 day after the
treatments (Supporting Information, Figure S3A). MTT
assay of hNSCs treated with integrin 51 antibodies and
Y27632 also indicated that the treated cells showed
similar mitochondrial metabolic activity and prolifera-
tive ability to nontreated cells (Supporting Information,
Figure S3B). In our study, these treatments decreased
adhesion, alignment, and elongation of hNSCs on the
patterned surface topographies, but did not reduce the
viability, survival, and metabolic activity of hNSCs on
each substrate due probably to the optimized doses of
each treatment that do not affect the cell survival while
diminishing the effect of substrate topographies.'’*°

The strategy of modulating cytoskeleton organiza-
tion can be considered to further enhance neuronal
differentiation of stem cells. Several recent studies
report the matrix stiffness- and rigidity-dependent
manipulation of stem cell differentiation via mechan-
otransduction signaling pathways.'®**~*> Modulation
of actomyosin cytoskeleton integrity, contractility, and
organization in stem cells by matrix stiffness and
rigidity was found to regulate mechanosensitive tran-
scription factor activity and ultimately alter stem cell
differentiation.’®**~%* Although we did not examine
the effects of the stiffness and rigidity of patterned
substrates on focal adhesion formation and differentia-
tion of hNSCs, it would be an interesting future study to
employ a substrate-induced modulation of cytoskele-
ton integrity and organization for activating mechan-
otransduction signal pathways, which can render stem
cells more sensitive to geometry features and ulti-
mately enhance stem cell differentiation.

In this study, we used a-tubulin as a loading control
for Western blot analysis to check FAK phosphorylation
(Figure 5F). Glyceraldehyde 3-phosphate dehydrogen-
ase (GAPDH) was applied as a housekeeping control for
normalization of target gene expression in qRT-PCR
analysis (Figures 3D, 4C, 5C,D). a-tubulin is a cytoske-
letal microtubule protein and GAPDH is recently found
to be implicated in axonal transport.*® Thus, the
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expression of these molecules (o-tubulin and GAPDH)
may be altered by microtubule dynamics and axonal
reorganization. These molecules have been typically
applied as the standard controls for Western blot and
gRT-PCR analysis, but they may not be the most
appropriate controls for our study because the expression
of these molecules might be affected by cytoskeletal and
microtubule dynamics altered by substrate topographies.
Therefore, it would be more appropriate to use other
loading or normalization control less affected by micro-
tubule dynamics such as nuclear proteins. For these
reasons, a nuclear protein (TATA binding protein; TBP)
was tested as a loading control in Western blot analysis for
the comparison of MAP2 protein expression (Figure 4E).

Functional Neuronal Differentiation of hNSCs on the Hier-
archically Patterned Substrate (HPS). We examined whether
neurons differentiated from hNSCs on the HPS are
electrophysiologically active. Whole cell patch clamp
was performed to determine the electrophysiological
properties of the cells 5 days after hNSC culture on the
HPS as previous studies reported that Na® currents
and action potentials are observed when hNSCs differ-
entiate to neurons.*’”*® In the voltage clamp mode,
voltage-activated currents were recorded from the
hNSC-differentiated neurons (Figure 6A). Membrane
potential was hold to —60 mV and sequential voltage
steps with 10 mV steps were given ranged from —50 to
450 mV. A transient inward current was followed by
slower outward current responding to voltage steps.
The transient inward current generally represents the
voltage activated Na* current and the outward current
with slower kinetics represents the K™ currents. We
could not observe the transient inward current in
nondifferentiated hNSCs (data not shown), indicating
that this inward current appears only when hNSCs
differentiated to neurons. The maximum peak ampli-
tude of transient inward current was —120.8 pA.

Next, we injected depolarized currents into the cells
to depolarize the membrane potential in the current
clamp mode. The action potential was generated only
in the cells which showed inward currents (Figure 6B),
suggesting that the channel mediating transient in-
ward currents also produces action potential. To iden-
tify that the channels which mediated currents and
spikes were voltage-activated Na®™ channels, Na™
channel antagonist tetrodotoxin (TTX) was applied in
the bath for 5—10 min. TTX blocked Na™ channels, and
action potentials and Na™ currents were completely
disappeared (Figure 6A,B, after TTX) showing that
the currents and spikes in previous recording were
mediated by Na® channel. Together these results
suggest that some of hNSCs cultured on the HPS could
differentiate into functional neurons that are excitable
and can respond to electrical stimuli. To the best of our
knowledge, this is the first study reporting the genera-
tion of electrophysiologically active, functional neu-
rons from hNSCs on the patterned substrates.
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Figure 6. Whole-cell patch clamping to detect Na* channel-mediated currents and action potential spikes generated in
differentiated hNSCs on the HPS. (A) Recording of Na* currents in the neurons differentiated from hNSCs on the HPS. Electrical
stimulations from —60 to +50 mV (right) were applied into the patched cells, and transient inward currents were recorded
(left). These currents were abolished after treatment of 0.5 M TTX (Na™ channel blocker) (middle), suggesting that these
currents were mediated by Na* channels. Enlarged traces (in red boxes) reveal the presence of transient inward currents (before
TTX treatment) and their disappearance (after TTX treatment) more clearly. (B) Action potential spikes were generated in
response to the depolarizing current injections (left). These action potential spikes were also blocked by TTX treatment (middle).
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Figure 7. Maintenance of functional neuronal phenotype of hNSCs harvested from the HPS. (A) Light microscopic observation
and immunofluorescent neuronal marker (Tuj1) staining of hNSCs cultured on the tissue culture polystyrene plate for 4 days;
scale bars = 50 um. The hNSCs were harvested from patterned substrates and transferred onto the flat tissue culture
polystyrene plate. (B) The level of neurite formation (n = 4) and the length of neurite outgrowth (n = 11) quantified from Tuj1-
stained images (*p < 0.05, **p < 0.01, compared to the FS group; *p < 0.01, compared to the NPS group; "p < 0.05, compared
to the MPS group). (C) The density of hNSCs cultured on the tissue culture polystyrene plate for 4 days after cell transfer.

Mechanical Memory of hNSCs Harvested from the Hierarchi- on the HPS can still maintain such phenotypes after
cally Patterned Substrate (HPS) to Maintain Their Functional being harvested from the HPS. Interestingly, micro-
Neuronal Phenotype. Finally, we examined whether the scopic observation and neuronal marker staining (Tuj1)
hNSCs exhibiting enhanced neuronal differentiation indicated that hNSCs harvested from the HPS and
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transferred onto the flat polystyrene culture plate
exhibit cellular morphology with highly extended,
elongated neurites even after the hierarchically
patterned topographies are removed (Figure 7A).
The level of neurite formation and the length of neurite
outgrowth were much greater in the hNSCs harvested
from the HPS than in the cells from other control
substrates (FS, NPS, and MPS) (Figure 7B). The cell
density was not significantly different between the
groups (Figure 7C). This data, together with Figure 7A,
B, indicates that the attachment and growth levels of
hNSCs harvested from the HPS were similar to hNSCs
from other control substrates, but only hNSCs from the
HPS exhibited enhanced neuronal differentiation even
after being transferred onto new culture substrates. These
results suggest that hNSCs harvested from the HPS retain
the capability of enhanced neuronal differentiation and
functional neuronal phenotypes, which may be impli-
cated in a mechanical memory of stem cells; stem cells
remember the information from past mechanical and
physical environments.** This is important in that me-
chanical memory of stem cells can influence a long-term
fate of stem cells even after transplantation into the
body.** Therefore, HPS can provide an efficient stem
cell culture platform to produce functional neuronal

MATERIALS AND METHODS

Synthesis of Cross-Linkable BCP. Thermally cross-linkable
PS-b-PMMA BCP was synthesized via RAFT polymerization.
Meldrum's acid-based materials were used for thermal cross-
linking as reported previously.333* All chemicals were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA) and used as
received except when mentioned specifically. The functional
comonomer containing Meldrum's acid was synthesized using
a one-step process from two commercially available materials,
2,2,5-trimethyl-1,3-dioxane-4,6-dione (5-methyl Meldrum's acid)
and 4-vinylbenzyl chloride, under mild basic conditions; the
crude product was recrystallized to afford the desired monomer
as an analytically pure crystalline solid.*** The resulting como-
nomer is denoted as Meldrum's acid monomer. For the polym-
erization, methyl methacrylate (50 g, 499 mmol), 2,20-azobis-
(2-methylpropionitrile) (AIBN) (24 mg, 0.15 mmol), and RAFT
agent (450 mg, 1.50 mmol) were mixed and degassed. The reac-
tion was carried out at 70 °C for 12 h. The reaction product was
then precipitated into cold methanol, resulting in a PMMA-RAFT
macroinitiator as a pink powder (M,, = 19000 g/mol and PDI =
1.10). To add the cross-linkable block, PMMA-RAFT (10 g), styrene
(71.9 g), Meldrum'’s acid monomer (5.85 g), and AIBN (0.0082 g)
were mixed and degassed. The reaction was carried out at 70 °C
for 48 h. The reaction product was then precipitated into cold
methanol, resulting in cross-linkable PS-b-PMMA BCP as a pink
powder (M,, = 61 kg/mol, PDI = 1.09).

Fabrication of the HPS. To prepare various topographical
patterns, a silicon wafer was first neutralized using the cross-
linkable PS-r-PMMA random copolymer as reported pre-
viously.3* The PS-r-PMMA solution in toluene [0.4% (w/w)] was
spin-coated on a 6-in. silicon wafer (3000 rpm, 120 s). The films
were thermally cross-linked under N, for 10 min. Thin films of
cross-linkable PS-b-PMMA BCP were prepared on these sub-
strates by spin-casting the toluene solutions. The thickness of
the BCP films was controlled to be 35 nm. The films were then
annealed at 190 °C for 48 h under a vacuum. To secure solvent
resistance, the cylindrical layer was subsequently cross-linked at
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lineage cells possessing the improved regenerative po-
tential for neural tissue engineering or neurodegenera-
tive disease treatment.

CONCLUSIONS

In summary, the multiscale, hierarchical patterned
topographies of microgroove and nanopore structures
enhanced focal adhesion formation and differentiation
of hNSCs. The BCP nanopore-patterned topography
that mimics the dimension of integrin molecules could
be incorporated into the microgroove-patterned struc-
tures in a simple, reproducible, and cost-effective
manner. The fabricated HPS not only promoted hNSC
differentiation, but also directed hNSC lineage specifi-
cation into functional neurons exhibiting sodium cur-
rents and action potentials. The enhanced neuronal
differentiation of hNSCs on the HPS appears to be
associated with a series of mechanotransduction events,
such as integrin binding, focal adhesion formation, align-
ment of the cytoskeleton, FAK activation, and stimulation
of the ROCK pathway. The hierarchical patterning tech-
nique to incorporate multiple scales and diverse pattern
shapes would be useful for the development of func-
tional biomaterial scaffolds with surface topographies to
potentiate the therapeutic efficacy of stem cells.

250 °C for 10 min under inert N; (for nanopore patterns). The
microgroove structures were prepared using an I-line photo-
lithography process with a negative photoresist (SU-8) on top of
the neutral layer (for microgroove patterns) or a cross-linked
cylindrical layer (for hierarchical patterns). To remove the PMMA
microdomain, the reactive ion etching (RIE system SNTEK,
SNTEK, Suwon, Korea) mode was operated with Ar (3 sccm)/O,
(15 sccm) by an RF power of 20 W at 0.1 Torr.

Substrate Characterization. Gel permeation chromatography
(GPCQ) was performed in THF on a Waters instrument equipped
with a refractive index detector (Waters 2414, Waters, Milford,
MA, USA). Molecular weights of the polymers were calculated
relative to linear polystyrene standards. Film morphologies
were examined by field-emission scanning electron microscopy
(FE-SEM, S-4800, Hitachi, Tokyo, Japan).

hNSC Culture. hNSCs were derived from the telencephalon
(HFT13) as previously described.*® hNSCs were cultured at a
density of 6.0 x 10°/ml in Dulbecco's Modified Eagle's Medium/
Nutrient Mixture F-12 (DMEM/F12) medium (Gibco, Gaithers-
burg, MD, USA) supplemented with bFGF (20 ng/mL, Sigma), LIF
(10 ng/mL, Sigma), and N-2 supplement (Gibco) in humidified
air with 5% CO, at 37 °C. hNSCs were grown as neurospheres
under these conditions. Single hNSCs dissociated from the
neurospheres were seeded onto the substrates and cultured
at a density of 3.5 x 10° cells/mL. To induce spontaneous
differentiation, hNSCs were maintained in DMEM/F12 medium
without supplementation of mitogenic factors (bFGF and LIF).
The FS was used as a negative control. All substrates were
coated with 10 ug/mL fibronectin (Sigma) to facilitate hNSC
adhesion. After 5 days in culture, hNSC differentiation was
analyzed by immunocytochemical staining and qRT-PCR.

Immunocytochemistry. Immunocytochemical staining of hNSCs
was performed as previously described.* hNSCs cultured on the
substrates were fixed with 4% (w/v) paraformaldehyde (Sigma)
for 15 min and then permeabilized with 0.1% (v/v) Triton X-100
(Sigma) for 5 min. After blocking with 2% (v/v) goat serum
(sigma) for 45 min, hNSCs were incubated with primary anti-
bodies at 4 °C overnight. The following primary antibodies were
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used for staining: mouse monoclonal anti-Tuj1 (1:100; Millipore,
Temecula, CA, USA), rabbit polyclonal anti-MAP2 (1:200; Santa
Cruz Biotechnology, Santa Cruz, CA, USA), mouse monoclonal
anti-GFAP (1:200; Millipore), rabbit polyclonal antinestin (1:200;
Abcam, Cambridge, UK), mouse monoclonal anti-O4 (1:100;
Millipore), rabbit polyclonal anti-NCAM (1:200; Millipore), and
mouse monoclonal anti-integrin 51 (1:200; Millipore). After wash-
ing with phosphate-buffered saline (PBS), secondary antibodies
[Alexa Fluor-488 goat antimouse IgG (1:500) and Alexa Fluor-594
donkey antirabbit 1gG (1:500); Invitrogen, Carlsbad, CA, USA]
were added and incubated with the cells for 45 min. Cell nuclei
were counterstained with 4',6-diamidino-2-phenylindole (DAPI,
Sigma). The fluorescently stained signals were observed under a
confocal microscope (LSM 700, Carl Zeiss, Jena, Germany).
Neurite formation was quantified as the percentage ratio of
Tuj1-positive cells with neurites to total cells (DAPI-positive cells).
The length of neurite outgrowth was quantified by measuring
the length of the projections from Tuj1-positive cell body.

Focal Adhesion and Cytoskeleton Staining. The hNSCs on the
substrates were stained for the cytoskeleton (F-actin), focal
adhesion protein (vinculin), and nucleus using the Actin Cytos-
keleton and Focal Adhesion Staining Kits (FAK100) (Millipore)
according to the manufacturer's instructions. The stained sig-
nals were observed under a confocal microscope (LSM 700, Carl
Zeiss). The proportion of nonadherent cells was defined as the
percentage ratio of vinculin-negative cells to total cell popula-
tion (DAPI-positive cells) in the vinculin- and F-actin-stained
images of hNSCs.

qRT-PCR. Total RNA for qRT-PCR analysis was prepared 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
the absorbance of the samples at 260 nm using a spectro-
photometer. Reverse transcription to prepare cDNA from each
RNA sample was performed using a TaKaRa PrimeScript Il First
Strand cDNA Synthesis Kit (TaKaRa, Shiga, Japan). qRT-PCR was
performed using a StepOnePlus Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA) as previously described.*
TagMan Fast Universal PCR Master Mix (Applied Biosystems)
was used for the reaction. The gene expression profiles in hNSCs
were quantified using TagMan Gene Expression Assays (Applied
Biosystems) for each target (Tuj1: Hs00801390_s1, MAP2:
Hs00258900_m1, GFAP: Hs00909238_g1, FAK: Hs01056457_m1,
vinculin: Hs00419715_m1, olig2: Hs00300164_s1, and nestin:
Hs00707120_s1). The relative expression level of each target
gene was determined using the comparative C; method, where
the expression was normalized to that of an endogenous refer-
ence transcript (human GAPDH: Hs02758991_g1).>°

SEM. The hNSC morphology on the substrates was observed
by SEM hNSCs on the substrates were fixed with 4% parafor-
maldehyde for 1 h and rinsed with PBS three times. The samples
were dehydrated using a graded series of ethanol (50, 70, 80, 90,
and 100% for 10 min each) and dried. The dried samples were
mounted on an aluminum stub, sputter-coated with platinum, and
imaged by SEM (FEI XL 30 ESEM, Philips, Eindhoven, Netherlands).

Western Blot. Total protein was extracted from hNSCs grown
on each substrate using a RIPA lysis buffer (Sigma) and a
protease inhibitor cocktail (Roche Diagnostics, Mannheim,
Germany). The concentrations of total protein in each sample
were determined using a BCA assay kit (Thermo Scientific,
Waltham, MA, USA). The proteins in each sample were sepa-
rated by 10% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and transferred onto polyvinylidene fluoride
membranes (Millipore). The membranes were blocked with
5% skim milk for 1 h at room temperature and incubated
overnight with primary antibodies [rabbit polyclonal anti-FAK
(pY397, 1:1000; Invitrogen), rabbit polyclonal anti-MAP2 (1:500;
Santa Cruz Biotechnology), rabbit monoclonal anti-a-tubulin
(1:2500; Cell Signaling, Beverly, MA, USA), and rabbit polyclonal
anti-TBP (1:500; Cell Signaling)] at 4 °C. The signals of the target
proteins were detected using a Clarity Western ECL Substrate
(Bio-Rad, Hercules, CA, USA) according to the manufacturer's
instructions.

Inhibition of Adhesion and Alignment of the Cytoskeleton. To inhibit
cell adhesion onto fibronectin-coated substrates, the hNSCs
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were treated with anti-31 integrin (1:40; Millipore). The cells
were also treated with 10 uM Y27632 (Millipore) to inhibit the
ROCK pathway involved in actin organization. One day after
treatment, immunofluorescent staining for vinculin/F-actin and
Tuj1/GFAP was performed. The stained signals were observed
under a confocal microscope (LSM 700, Carl Zeiss). The expres-
sion of differentiation markers (Tujl and GFAP) and focal
adhesion proteins (vinculin and FAK) in NSCs treated with
anti-integrin 51 and Y27632 was quantified by qRT-PCR and
normalized to the expression in hNSCs on the FS without
treatment. The viability of hNSCs on each substrate 1 day after
treatments of anti-31 integrin and Y27632 was examined using
a Live/Dead viability kit (Invitrogen, Carlsbad, CA, USA). In this
assay, calcein AM stains the cytoplasm of viable cells green and
ethidium homodimer stains the nuclei of nonviable cells red.
The mitochondrial metabolic activity of hNSCs was determined
by MTT assay (Sigma) 1 day after treatments. The mitochondrial
metabolic activity of hNSCs on each substrate was normalized
to that of nontreated hNSCs on the FS.

Examination of Neuronal Phenotype of hNSCs Harvested from the
HPS. The hNSCs cultured on each substrate for 5 days were
detached from the substrates and transferred onto flat poly-
styrene tissue culture plate at a density 3.0 x 10° cells/ml. The
hNSCs were maintained in DMEM/F12 medium without supple-
mentation of bFGF and LIF. Neuronal phenotype of the hNSCs
was examined by microscopic observation and immunocyto-
chemical staining for a neuronal marker (Tuj1) after 4 days in
culture.

Electrophysiology. For electrophysiological recording of differ-
entiated hNSCs on the HPS, the coverslip with cultured cells on
was transferred to the recording chamber (Warner Instrument,
Hamden, CT, USA) and placed on the microscope (Olympus,
Japan) while continuously superfusing with artificial cerebrosp-
inal fluid (aCSF) containing 124 mM NacCl, 3 mM KCl, 1.3 mM
MgSO,, 1.25 mM NaH,P0,, 26 mM NaHCO3, 2.4 mM CaCl,-2H,0,
and 10 mM glucose. The solution was continuously aerated by
0, 95%/CO, 5% mixed gas at room temperature. Whole cell
patch clamping was performed by glass capillary pipet tips that
were fabricated by pipet puller (P-97, Sutter Instrument, Novato,
CA, USA) and filled with internal pipet solution. Glass capillary
pipet was carefully located onto the cell surface and negative
pressure was carefully applied to form gigaseal between
glass pipet and cell membrane. Attached cell membrane was
ruptured to generate whole cell configuration. Internal pipet
solution contains 115 mM K-gluconate, 10 mM KCI, 10 mM
HEPES, 10 MM EGTA, 5 mM Mg-ATP, and 0.5 mM Na?*-GTP, with
pH 7.3 and 280—285 mOsm. Holding potential was —60 mV and
voltage steps ranging from —60 to +50 mV (+10 mV per each
step) were given to the cell to elicit the voltage activated
currents in voltage clap mode. In current clamp mode to check
the generation of action potential, the cells received 15 steps of
current steps (initial level = 0 pA, A10—20 pA per steps). A value
was adjusted according to the membrane capacity of the
cells. To identify that currents and spikes are specific to Na™
channel, 0.5 uM TTX (Sigma-Aldrich) was applied into the bath
for 5—10 min.

Statistical Analysis. Quantitative data are expressed as the
mean =+ standard deviation. Statistical analyses were performed
using a one-way analysis of variance (ANOVA) followed by
Tukey's multiple comparison test (SPSS Statistics 21.0, IBM SPSS,
Armonk, NY, USA) as previously described.”’ Values of p less
than 0.01 or 0.05 were considered statistically significant.
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