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ue to the ability to generate the
D main phenotypes in the nervous sys-
tems, neural stem cells (NSCs) offer
great potential in regenerative medicine.'
For therapeutic applications, such as re-
building damaged nerves, one should be
able to precisely control the direction and
structural polarization of individual axonal
growth.? Previously, attempts have been
made to control the structural polarization
of cultured neurons by using several key
strategies such as molecular cues of diffu-
sible gradient or substrate-bound chemical/
extracellular matrix (ECM) protein patterns
and topographical cues.>~ ' However, they
have several disadvantages. For example, a
diffusible gradient is not suitable for the
membrane/matrix proteins due to the diffi-
culty of maintaining it over time. In the case
of printed protein patterns, the protein
molecules may undergo conformational
changes during the process of stamping,
which often leads to the denaturation and
the loss of biological activities.'® Besides,
to create optimal nanotopographical cues
which can help cell growth, various micro-
or nanofabrication techniques are required,
such as electron-beam lithography or che-
mical/reactive-ion etching.'* On the other
hand, various synthetic nanomaterials such
as biocompatible nanofibers and carbon nano-
materials have been recently proposed for
novel nanostructured scaffolds."* ' How-
ever, neuronal polarization control of NSCs,
especially at the level of individual axons or
dendrites, has not been demonstrated
using these nanomaterials.
Herein, we report a method for the
structural-polarization-controlled neuronal
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ABSTRACT We report a method for selective growth and structural-polarization-controlled
neuronal differentiation of human neural stem cells (hNSCs) into neurons using carbon nanotube
network patterns. The CNT patterns provide synergistic cues for the differentiation of hNSCs in
physiological solution and an optimal nanotopography at the same time with good biocompatibility.
We demonstrated a polarization-controlled neuronal differentiation at the level of individual NSCs.
This result should provide a stable and versatile platform for controlling the hNSC growth because

CNT patterns are known to be stable in time unlike commonly used organic molecular patterns.
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differentiation of human NSCs (hNSCs) using
the patterns of CNT network structures with
good biocompatibility. In this strategy, the
CNT network patterns provided synergistic
cues of selective laminin adsorption and
optimal nanotopography, which resulted
in selective adhesion and growth of hNSCs
on them. CNT network structures were
found to induce the enhanced adhesion
and growth of hNSCs even better than
conventional cell-culture substrates, such
as glass. CNT patterns with various geome-
tries were utilized to explore their effect on
the outgrowth of hNSC during the growth
and differentiation process. As a proof of
concept, a structural-polarization-controlled
neuronal differentiation using CNT network
patterns was demonstrated at the level of
individual axons and neurites. Furthermore,
we applied our strategy for the controlled
hNSC growth on flexible and biocompatible
polymer substrates such as polyimide. Since
CNT monolayer coatings can be applied to
versatile substrates and provide stable mi-
croenvironments for hNSC growth control
even better than commonly used organic
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Figure 1. CNT network patterns for selective hNSC growth and polarization. (a) Schematic diagram showing structural-po-
larization-controlled neuronal differentiation using CNT patterns. CNT monolayer patterns were fabricated on a substrate
using a previously reported method,?? and laminin was absorbed selectively on the CNT-coated regions. This structure in-
duced preferential adhesion of hNSCs, finally achieving structural-polarization-controlled neuronal differentiation. (b) SEM
image of CNT patterns (dark spots). Scale bar represents 40 um. (c) Immunofluorescence image of anti-laminin (green) bound
to the laminin which was selectively adsorbed on the CNT patterns. The scale bar represents 200 um. It confirms the selective
adsorption of laminin on the CNT. The inset shows the AFM topography image of the laminin-coated CNT monolayer in phos-
phate buffered saline (PBS). The scale bar in the inset represents 2 um. (d) Cell viability assay of hNSCs on CNT patterns for
3 day proliferation. The viability was measured by flow cytometry. The obtained data in the graph clearly indicate that 98% of

hNSCs grown on the CNT layer were alive (red).

molecular patterns, our work should provide a simple
but efficient way to control the structural polarization
of NSCs and may open up various applications in
neural engineering and regenerative medicine.

RESULTS AND DISCUSSION

Figure 1a shows a schematic diagram illustrating our
basic experimental procedure. CNT patterns were pre-
pared according to previously reported methods.?*?'
Briefly, a self-assembled monolayer (SAM) of methyl-
terminated 1-octadecanethiol (ODT) was first pat-
terned on thin Au films on cover glass substrates by
microcontact printing, while leaving some bare Au
surface regions unaltered (see method in Supporting
Information). When the patterned substrate was placed
in CNT suspensions (0.05 mg/mL in 1,2-dichlorobenz-
nene), CNTs were selectively adsorbed onto bare Au
regions, forming CNT monolayer patterns. The CNT pat-
terns were then placed in laminin solution (10—20 ug/mL)
for 10—30 min so that laminin molecules were selec-
tively adsorbed onto the CNT patterns. Laminin is one
of the ECM components that is helpful for hNSC
adhesion and growth. After cell seeding, the hNSCs
grew preferentially along these laminin-coated CNT
patterns in the culture media with growth factors, such
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as basic fibroblast growth factor (bFGF) and epidermal
growth factor (EGF). For hNSCs, the growth factors
(bFGF and EGF) are known to enhance hNSC growth
and proliferation, while blocking the differentiation
process. Afterward, the substrate was placed in culture
media without bFGF and EGF for 2 weeks to study
the differentiation of hNSCs on laminin-coated CNT
patterns.

Figure 1b shows the scanning electron micrograph
(SEM) image of the prepared CNT patterns. It shows the
well-defined CNT regions (darker square regions) as
well as ODT-coated area (lighter region). The high-
resolution atomic force microscopy (AFM) image also
confirmed the highly selective adsorption of CNTs on
bare Au regions (Figure S1a in Supporting Information).

When placed in laminin solution, CNT patterns selec-
tively adsorb laminin molecules from solution. This was
verified by immunochemistry (Figure 1c). For this pur-
pose, after the laminin adsorption, the substrate was
placed in the fluorescent-labeled anti-laminin solution
so that the anti-laminin molecules would bind to the
laminin molecules on the substrate. The fluorescence
image shows much stronger fluorescence intensity in
the CNT regions (brighter green regions in Figure 1c) than
on ODT regions, confirming the high-density adsorption
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Figure 2. hNSC growth and differentiation depending on the size of CNT patterns. The phase contrastimages of hNSCs grown
for 1 day (a,d,g) and those of the differentiated cells for 2 weeks (b,e,h), and the immunofluorescence images of the differ-
entiated cells (c,f,i) are shown. The immunofluorescene markers are Hoechst for nuclei, glial fibrillary acidic protein (GFAP) for
astroglial cells, and TUJ1 and neurofilament light (NF-L) for neuronal cells. All scale bars represent 200 um, unless otherwise
noted. The dotted black squares (a,b,d,e) indicate some of the CNT-coated regions. (a—c) hNSC growth and differentiation on
rather large square-shape CNT patterns (300 um x 300 um, 200 um spacing). Note that neural networks were constructed in
arbitrary manner after differentiation. The immunofluorescence image (c) shows the differentiated cells positive for the
astroglial marker, GFAP (green). (d—f) Restrictive neurite growth of hNSCs in individual CNT square patterns (50 um x 50 um,
50 um spacing). We did not observe any indication of neurite outgrowth of hNSC after the growth and differentiation from the
immunostaining image of NF-L (red). (g—i) Outgrowths of hNSCs directed by rather small square-shape CNT patterns (5 um x
5 um, 5 um spacing). The inset figure (g) shows that a single hNSC was attached on seven individual CNT square patterns. The
immunofluorescence image (i) indicates that the differentiated cells are positive for neuronal cell marker, TUJ1 (red). The scale

bar in the phase contrast image (g) represents 100 um.

of laminin molecules on the CNT patterns. It is also
consistent with previous reports regarding the preferen-
tial adsorption of protein molecules to CNT sidewalls****
and the resistance of alkyl chains of the ODT SAM to
laminin adsorption.?* The CNT patterns with laminin
coating were also investigated via an AFM topography
image (inset in Figure 1c and Figure S1b in Supporting
Information). It exhibited the average roughness of
26 nm, which is in the optimal range of surface roughness
(20—50 nm) promoting the adhesion and longevity of
primary neurons.?>?® This result indicates that the nano-
topographic cues of CNT network structures as well as
laminin molecules adsorbed on the CNT patterns can
synergistically induce the selective growth of hNSCs.
The biocompatibility of the CNT network structure as
a substrate for hNSC growth was investigated via cell
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viability assay using flow cytometry. For the assay, the
adherent hNSCs were detached from the CNT patterns
after 3 day growth and 3 day differentiation, respec-
tively. After the 3 day growth period, 98% of the cells
were found to be viable (Figure 1d). The assay result of
a 3 day differentiation also exhibited nearly 97% cell
viability (Figure S2 in Supporting Information). This
suggests the good biocompatibility of CNT patterns
for hNSC growth and differentiation. Furthermore, we
utilized the Western Blot method to confirm the pro-
tein expression of hNSCs before and after the differ-
entiation (Figure S3 in Supporting Information). The
results show that the hNSCs grown with the growth
factors (EGF and bFGF) were positive for neural stem
cell markers (nestin and SOX2), which shows that they
just proliferated and undifferentiated. Meanwhile, those
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Figure 3. Control of hNSC orientation using line shape CNT patterns. (a—c) hNSC growth on CNT line shape patterns (30 um
width). The hNSCs inside individual 30 um wide line patterns were observed to grow, extending their neurites in the same
direction along the predefined CNT line patterns. (d—f) Individual hNSC growth on each CNT line pattern (5 um width). The
hNSCs were aligned to form a bipolar shape on the CNT line patterns during the growth and differentiation. (g—i) Neural
network formed on narrow line shape CNT patterns combined with large square-shape ones. Note that highly oriented hNSC
growth was induced by the predefined CNT patterns, and eventually well-organized neural networks were formed after dif-
ferentiation. (a,d,g) Phase contrast images of hNSC grown for 1 day, and the scale bars in the phase contrast images are
200 um. (b,e,h) Phase contrast images of the differentiated cell. (c,f,i) Inmunofluorescence images of the differentiated cells.
The scale bars in the phase contrast images are 50 um. The dotted black squares indicate some of the CNT-coated regions.

grown without these growth factors were positive for
glial fibrillary acidic protein (GFAP) and neuron-specific
class Il f-tubulin (TUJ1), which indicates that they
differentiated.

When the hNSCs were seeded on the laminin-coated
CNT patterns in the culture media with the growth
factors, they selectively adhered onto the CNT pattern
regions and grew along the patterns (Figure 2a,d,g).
In this stage, the growth factors blocked the differen-
tiation of hNSCs. When the substrate was placed in
the culture media without the growth factors, the
hNSCs started to differentiate (Figure 2b,e,h). The
differentiation was confirmed by immunocytochemis-
try (Figure 2¢/f,i). Here, we used three different markers
to look at cytoskeletal distributions on the CNT pat-
terns after the differentiation: GFAP as an astroglial cell
marker (Figure 2¢), neurofilament light (NF-L, Figure 2f),
and TUJ1 (Figure 2i) as neuronal cell markers. We also
performed an experiment to investigate the hNSC
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growth on CNT networks compared with that on
conventional substrates such as coverglass (Figure S5
in Supporting Information). After the hNSC seeding on
the laminin-coated CNT patterns that were prepared
on coverglass (Figure S5A), we observed that the
hNSCs grew selectively in the CNT regions (Figure
S5B—D). This result clearly indicates that the CNT net-
work can provide a better extracellular environment
for hNSC growth than conventional cell-culture sub-
strates such as coverglass.

Depending on the geometries of CNT patterns, the
hNSCs exhibited significantly different outgrowing be-
haviors during growth and differentiation (Figure 2a—c).
When the size of the CNT square patterns was large
enough (300 um x 300 #m, 200 um spacing) to hold
multiple cells, the hNSCs in the CNT patterns could
maintain their cell—cell interactions and proliferated
very well (Figure 2a). Eventually, they outgrew over the
200 um wide ODT SAM regions toward the adjacent
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Figure 4. Control of hNSC growth and differentiation on biocompatible and flexible polyimide (PI) substrate. (a) Optical im-
age of a polyimide membrane with CNT patterns, which is flexible and transparent. (b) Immunofluorescence image of
antilaminin (green). It confirms that the laminin was selectively adsorbed onto the CNT patterns on PI substrate. Scale bar
represents 200 um. (c) Phase contrast image of selective hNSC adhesion on CNT patterns on Pl after cell seeding. Scale bar
represents 200 um. (d) Immunofluorescence image of the differentiated hNSCs on CNT patterns on Pl (TUJ1 for neural cells
and GFAP for astroglial cells). The inset shows the magnified image of the region marked by the white solid square. Scale bar
represents 200 um, and that of the inset represents 50 um. It should be noted that the orientation-controlled neural networks

were constructed along the CNT patterns on the Pl membrane.

CNT square patterns and formed the neural networks,
where the cells grown on the distanced CNT square
patterns were connected (Figure 2b). The fluorescence
image clearly shows that the outgrowing astrocytes
(green regions marked as GFAP) were connecting the
hNSC population on the distanced patterns after dif-
ferentiation (Figure 2c).

We then reduced the size of CNT square patterns
(50 um x 50 um, 50 um spacing) such that each square
could hold only a single hNSC (Figure 2d—f). In this
case, the hNSC outgrowth was extremely restricted
during the growth and differentiation process
(Figure 2d). Even after we removed the growth factors
to induce differentiation, the hNSCs did not exhibit any
indication of major outgrowth over the ODT regions
(Figure 2e). The fluorescence image of neuronal cyto-
skeletons (NF-L, red) does not show any outgrowing
hNSCs from the patterns (Figure 2f). This result clearly
shows that the cell—cell interaction can be controlled
by the geometries of CNT patterns, which can be
critical for hNSC growth and differentiation.

We also tested hNSC behaviors on CNT square
patterns smaller (5 um x 5 um, 5 um spacing) than
individual hNSCs (Figure 2g—i). Here, the hNSCs first
adhered and outgrew over several CNT square patterns
(Figure 2g). Note that each cell was bound strongly on
the small CNT pattern regions and outgrew and ex-
tended over the ODT regions. In this case, the spacing
of the CNT square patterns should significantly affect
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the cytoskeletal tensions of the individual hNSCs,
which probably should affect the differentiation of
stem cells.” After the differentiation, we could observe
that the neuronal outgrowths extended and bound on
the nearby CNT patterns (Figure 2h). The fluorescence
image clearly shows the neuronal cytoskeletal marker
(TUJ1, green) indicating the connected neural net-
works bound on the small CNT patterns. Overall, the
results in Figure 2 clearly show that the size and
spacing of CNT patterns can play a critical role in
controlling the hNSC outgrowths during the growth
and differentiation process, which can possibly affect
cell—cell interactions or cytoskeletal tensions.

Furthermore, line shape CNT patterns can be utilized
to control the neuronal orientation with high precision
(Figure 3). In the line shape CNT patterns with a line
width (30 um width, 60 um spacing) that can hold
two or three cells, the hNSCs adhered (Figure 3a) along
the line pattern. We observed that they differenti-
ated to form neural networks along the inside of the
line patterns (Figure 3b). Here, the differentiation was
also confirmed by immunocytochemistry with the
TUJ1 marker. When the CNT line width was narrowed
down to about 5 um, which can hold only a single
hNSC, the hNSCs grew and differentiated into bi-
polar shapes along the individual CNT line patterns
(Figure 3f). Significantly, this result indicates that we
can control the orientation of hNSCs with single-cell-
level precision.
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Figure 5. Structural-polarization-controlled neuronal differentiation of individual hNSCs using CNT patterns. (a) SEM image
of a CNT pattern with a single narrow strip as shown in dark gray. (b) Phase contrastimages of hNSC adhesion on CNT patterns.
The dotted square and line (red) represent the CNT patterns. Scale bar represents 50 um. After cell seeding, the cell bodies of
hNSCs were attached within the CNT square region. (c) Phase contrast images of the differentiated cells on the CNT patterns.
Note that the growing parts in the hNSCs were observed along the CNT single narrow strip regions during the differentiation.
(d) Immunofluorescence images of growth-associated protein 43 (GAP 43, green) and Hoechst (blue, for nucleus). Scale bar
represents 50 um. It should be noted that the GAP 43 (green dots) was distributed along the narrow strip region. (e) Immu-
nofluorescence image of GFAP (green), TUJ1 (red), and Hoechst (blue). Scale bar represents 50 um. It should be noticed that
the differentiated neuronal cells (TUJ1, red) were surrounded by astroglial cells (GFAP, green) on the structural-polarization-
controlled CNT pattern, where the neuronal polarization was also directed by the CNT narrow strip region.

When circle-shape patterns are connected with
narrow line shape ones, we observed quite an interesting
hNSC behavior during the growth and differentiation
(Figure 3g—i). After being seeded in the culture media
with growth factors, the cell bodies of hNSCs tended to
adhere and proliferated on the circle-shape pattern re-
gions (Figure 3g). After withdrawal of the growth factors
in the culture media, they started to differentiate and
the outgrowing neurites were observed mostly along
the narrow line shape CNT pattern regions (Figure 3h).
The differentiation was also confirmed via immunostain-
ing (Figure 3i). Since the hNSCs first adhered and grew on
the circle-shape patterns, their nuclei (blue regions) were
mostly located on the circle regions, while the long
neurites (red regions) extended along the line shape
regions (Figure 3i). This result indicates that the CNT
patterns can be utilized to control both of the locations
of cell nuclei and the direction of neurite growth,
thus allowing us to control the structural polarization of
the neuronal differentiation of hNSCs. Furthermore, the
synapse formation of the neurons was checked by a
neuronal presynaptic vesicle marker, synaptophysin
(Figure S6 in Supporting Information). The results clearly
show that the neurons differentiated from the hNSCs
grown on the CNT patterns can also form the synapses,
which are important for a neuron to pass a chemical/
electrical signal to another neuron.
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For future therapeutic applications, such as regen-
erative medicine, it would be crucial to apply our
strategy to a flexible and biocompatible substrate such
as polyimide (Pl) (Figure 4), which has been widely
utilized for implantable neural devices such as three-
dimensional artificial nerve conduits®® and stimulating
electrodes.”**° We prepared CNT patterns on thin Au-
film-coated PI substrates and performed the experi-
ments of hNSC growth and differentiation on them
(Figure 4a). We could achieve high-quality CNT pat-
terns on the Au-coated PI substrates, as shown in the
SEM images (Figure S7a in Supporting Information).
The immunofluorescence image indicates the highly
selective adsorption of laminin onto the CNT patterns
on the Pl substrate (green regions in Figure 4b). After
being seeded on it, the hNSCs adhered selectively onto
the CNT pattern regions on Pl substrates and prolifer-
ated (Figure 4c). Eventually, we achieved the orienta-
tion-controlled growth and differentiation of hNSCs
along the CNT patterns on the flexible Pl substrate
(Figure 4d and Figure S7b in Supporting Information).

Finally, the structural-polarization-controlled differ-
entiation of individual hNSCs can be achieved by CNT
patterns composed of one square and one line shape
(Figure 5a). Here, the width of the line shape region is
much smaller than the size of an individual hNSC. After
cell seeding, we were able to observe the selective
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hNSC adhesion inside the square regions (Figure 5b).
Then, the hNSCs on the square region outgrew along
the narrow line shape regions during the growth
and differentiation stages (Figure 5c). The neuronal
differentiation was confirmed by growth associated
protein 43 (GAP 43, green in Figure 5d), which is
known to be expressed in the growth cone regions
of neural cells. We observed that GAP 43 was also
highly expressed on the line shape CNT regions,
indicating that the neurites outgrew along the line
shape regions (Figure 5d and Figure S8 in Supporting
Information).

We carried out immunocytochemistry to check the
neural lineages of the differentiated cells on these CNT
patterns (Figure 5e). Here, GFAP and TUJ1 indicate
astroglial and neural cells, respectively. To confirm
their lineages, the relative fluorescence intensities of
GFAP and TUJ1 from the cell nuclei on the square
pattern regions were quantified using a method similar
to that reported previously (Figure S9 in Supporting
Information).>' The result shows that 20% of them
were TUJ1-positive, whereas another 20% were
GFAP-positive. It should be noted that the hNSCs were
differentiated with controlled structural polarity on the
CNT patterns, while maintaining their capabilities to
differentiate into the main phenotypes in the nervous
system, such as neuronal or astroglial cells.

EXPERIMENTAL METHODS

Fabrication of CNT Monolayer Patterns. CNT (multiwalled CNT,
98% purified, NanoLab, MA, USA) patterns were fabricated on
Au-coated glass substrate according to the methods described
previously (Supporting Information).>*2' To prepare a polymer
substrate, polyimide (PI, VTEC Polyimide 1388, Richard Blaine
International, Inc., PA, USA) in solution was coated on a cover
glass by spin coating at 1000 rpm for 1 min and then cured on a
hot plate (Supporting Information). CNT patterns on Au-coated
Pl were generated by the same method as before.2%?'

hNSC Culture. Immortalized human NSCs (ReNcell VM, Milli-
pore, Temecula, CA, USA) were purchased and maintained
according to the manufacturer's protocol.>? Differentiation was
initiated by removal of growth factors such as basic fibroblast
growth factor (bFGF) and epidermal growth factor (EGF) from
the culture media, and the cells were allowed to differentiate
usually for 2 weeks. For the hNSC culture, the prepared CNT
patterns were incubated in laminin solution (20 xg/mL, Sigma,
MO, USA) for 30 min. The laminin-coated CNT patterns were
washed with PBS several times and subsequently seeded with
suspensions of hNSC at a cell density of 10°/mL. All of the hNSC
experiments were carried out between passages 3 and 10.

Cell Viability Assay. The hNSCs were either grown for 3 days or
subsequently differentiated for 3 days, and then they were used
for cell viability assay. The NSCs were first detached and made
into 10%/mL cell suspensions, of which only a fraction was used
for counting cell viability. The cells were incubated with a
reagent composed of a mixture of a cell permeant and a noncell
permeant dye (ViaCount Reagent, Millipore, Heyward, CA, USA)
according to the manufacturer's protocol, and the viability was
determined using a single-laser four-color flow cytometry de-
tection system (EasyCyte Plus, Millipore, Heyward, CA, USA) at
500 cells per one flow rate with predefined gating.

PARK ET AL.

CONCLUSION

In summary, we demonstrated a structural-polar-
ization-controlled neuronal differentiation of hNSCs
using the patterns of CNT monolayer coating. Due to
the synergistic effect of CNT network structures for
selective laminin adsorption and optimal nanotopo-
graphy, we could effectively promote the selective
growth of hNSCs on the CNT patterns. The result of
the cell viability assay (>97%) suggested the good
biocompatibility of CNT patterns for hNSC growth
and differentiation. We also confirmed that CNTs
could induce the adhesion and growth of hNSCs
even better than conventional cell-culture sub-
strates such as bare glass. Importantly, the structur-
al-polarization-controlled neuronal differentiation
was demonstrated at the level of an individual axon
or neurite. Furthermore, we also applied it to flexible
and biocompatible PI substrates, which should sig-
nificantly expand the possible therapeutic applica-
tions of our method. Since CNT monolayer coatings
can be applied to versatile substrates including
flexible ones and provide a better cell-growth envir-
onment than conventional cell-culture substrates
such as glass, our strategy should provide many
new opportunities in various areas such as neural
engineering, stem cell therapy, and regenerative
medicine.

Immunocytochemistry. The hNSCs were fixed for 15 min in 4%
paraformaldehyde in PBS and permeabilized with 0.1% Triton
X-100 in PBS for 15 min, followed by overnight incubation at
4 °C in the following primary antibodies: TUJ1 (1:500; clone
SDL.3D10, Sigma, MO, USA), GFAP (1:1000; Dako, Glostrup,
Denmark), NF-L (1:200; Millipore, Temecula, CA, USA), GAP 43
(1:200; Millipore, Temecula, CA, USA), and synaptophysin
(Millipore, Temecula, CA, USA). Cells were washed with PBS,
incubated with either goat anti-mouse FITC (1:200; Sigma, MO,
USA) or goat anti-rabbit TRITC (1:500; Sigma, MO, USA), then
counterstained with 10 mM Hoechst 33342 (Sigma, MO, USA).
The mounted samples were imaged using an inverted fluores-
cence microscope (Nikon, TE2000, Tokyo, Japan) with an
EMCCD monochrome digital camera (DQC-FS, Nikon, Tokyo,
Japan). ImageJ software (freely downloadable from National
Institutes of Health Web site, http://rsbweb.nih.gov/ij/) was
used for subsequent processing of the fluorescence images.
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