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Inspired by ultrastructural analysis of ex vivo human tissues as well as the physiological importance of
structural density, we fabricated nanogrooves with 1:1, 1:3, and 1: 5 spacing ratio (width : spacing, width =
550 nm). In response to the nanotopographical density, the adhesion, migration, and differentiation of
human mesenchymal stem cells (hMSCs) were sensitively controlled, but the proliferation showed no
significant difference. In particular, the osteo- or neurogenesis of hMSCs were enhanced at the 1: 3 spacing
ratio rather than 1:1 or 1:5 spacing ratio, implying an existence of potentially optimized
nanotopographical density for stem cell function. Furthermore, such cellular behaviors were positively
correlated with several cell morphological indexes as well as the expression of integrin f1 or N-cadherin. Our
findings propose that nanotopographical density may be a key parameter for the design and manipulation of
functional scaffolds for stem cell-based tissue engineering and regenerative medicine.

tem cells are characterized by their unique ability to differentiate into various types of cells, allowing for

many alternatives and opportunities in tissue engineering and regenerative medicine'~. It is therefore

important to develop a platform to regulate or improve stem cell functions from an integrative aspect of
biology and engineering''®. Stem cells reside within instructive and tissue-specific niches in the body, such as
complex and controlled biochemical mixtures of soluble and insoluble factors”. In particular, it is widely
accepted that stem cells display high sensitivity to the extracellular matrix (ECM) composed of complex and
well-defined nanostructures of protein fibers such as fibrillar collagens and elastins with feature sizes (diameter
and spacing) ranging from tens to several hundreds of nanometers. In conjunction with these observations,
previous ex vivo and in vitro studies suggest that the use of nanotopographical cues hold great potentials to control
stem cell functions'”*°.

The structure of the natural ECM in various tissues including bone, tooth, nerve, skin, muscle, and heart usually
reveals highly oriented grooved structures with various length scales in nanometers (Fig. 1A)". For example, the
concentric nanoscale-thick cylinders enhance mechanical properties of cortical bone, while the aligned collagen
matrix in the dermis of skin layer presents anisotropic mechanical properties'. Inspired by such ultrastructural
observations, the utilization of nanoengineering technology to develop a nanogrooved matrix has been greatly
attractive to biologists and engineers in the fields of classical stem biology and regenerative medicine">*°-*,
According to previous studies, the controlled polarity and subsequent mechanical tension turned out to be crucial
for the cell behaviors such as spreading®~, migration®**, proliferation®, cell division®, tissue function® and
tissue formation®, and more importantly differentiation in stem cells®*~****~*. For example, Leong’s group
demonstrated that molded nanogrooves could enhance migration®, stemness* and neurogenesis® of hMSCs
by inducing nuclear polarity. Dalby’s group reported that slightly disordered arrangement of nanoimprinted
nanopit arrays could further induce osteogenesis compared to the regularly ordered organization®***. In the case
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Figure 1| Rational design and fabrication of bio-inspired anisotropic nanotopography with various nanogroove sizes. (A) Graphical illustrations and
SEM images of ex vivo bone, nerve and skin of human, showing the well aligned nanostructures with various nanogrooves. The white arrows indicate
different sizes of nanogrooves. (B) A photograph of tissue-inspired nanopattern on 1-inch scale coverslip fabricated with PUA. (C) Flat and various
nanogroove pattern matrices of 1:1, 1:3, and 1:5 spacing ratios (ridge to groove width) used in this study.

of electrospun fibers, Xia’s group showed that unidirectionally
aligned matrices elicited more neurogenesis than the randomly
oriented ones presumably due to an increased stem cell polarity™.
In this context, ongoing research has provided important insights
into the role of nanotopographical cues as an enabling tool to ad-
vance the current stem cell-based tissue engineering and regenerative
medicine.

Despite the significant findings mentioned above, there appear a
large gap and limitation in several aspects, in order to fully under-
stand the response of stem cells to an anisotropic nanopographical
cue such as nanoridges and nanogrooves. First, most studies have
dealt with a simple structural design (e.g., nanopattern vs. flat) partly
because the nanofabrication techniques were complex, time-
consuming, and expensive with less control over feature sizes** .
Second, the underlying mechanisms behind the nanotopography-
guided stem cell differentiation have remained unexplored in terms
of cell-substrate and cell-cell interactions. Finally, the fate and func-
tions of stem cells in response to a nanotopographical density have
been largely unknown not to mention the differentiation of stem cells
via various nanotopographical densities even though the density of
ECM is known as a critical mediator in maintaining integrity, home-
ostasis and remodeling of mechano-sensitive tissues such as bone
and skin®*,

To address these challenges, we designed and fabricated nano-
grooved matrices with various groove densities using ultraviolet
(UV)-assisted capillary force lithography (CFL)®. It is hypothesized
that the defined nanotopographical density would an important fac-
tor for controlling morphology and function of stem cells. We inves-
tigated whether the focal adhesion, cytoskeletal organization,
migration, proliferation, and differentiation of stem cells were regu-
lated by the nanotopographical density. Furthermore, the correla-
tions among the topography-induced morphologies, intracellular
and produced protein levels, and stem cell functions were analyzed.

Results

Design and fabrication of nanogrooved matrices. In the body, vari-
ous ECMs exist in the form of well-organized nanoscale protein
fibers, and they are naturally oriented toward certain directions for
tissue-specific functions"’. Thus the ECM’s aligned architectures or
oriented nanotopographic features may regulate the morphology
and function of stem cells through specific cell-surface interactions
such as mechanotransduction***. To examine the human tissue

organization in detail, we performed ultrastructural analysis of ex
vivo human bone, nerve, and skin. The results indicate that there are
naturally anisotropic ECM nanostructures with various length scales
in the human bone, nerve, and skin (Fig. 1A). This observation
suggests that the nanotopographical control of ECM may provide
a simple route to guiding the structure and function of stem cells in
bone, nerve, and skin of human. It is hypothesized in this regard that
the nanotopographical density (i.e., changing the spacing between
nanogrooves) is a key parameter in engineering cell responses, which
would allow us to better understand stem cell behaviors as well as to
control stem cell functions.

Inspired by the highly oriented nanogrooved structures of natural
ECMs in human body (Fig. 1A), we fabricated nanotopographically
variable grooved matrices using UV-assisted CFL with UV-curable
polyurethane acrylate (PUA) polymer (Figs. 1B, C, and S1)*. The
550 nm-wide parallel nanoridges (depth of 600 nm) with the three
different inter-groove widths of 550, 1,650, and 2,750 nm (spacing
ratios of 1:1, 1:3, and 1:5, respectively) were fabricated onto the
glass cover slip along with the flat control (no patterns on PUA
surface). Here, the spacing ratio is defined as the ratio of the width
of inter-groove spacing to that of nanoridges. The PUA nanogrooved
matrices were then coated with gelatin prior to cell plating. As can be
seen from Figs. 1B and C, the structures were well-defined with high
physical integrity and uniformity over an area of 2.5 X 2.5 cm™

Analysis of hMSC shape and orientation by nanotopographical
density in single and multi-cell level. To investigate the effects of
stem cell shape and orientation by the nanotopographical density in
the single cell level, the immunofluorescence staining analysis was
used. As shown in Figs. 2A and B, the nanotopographical density
greatly influenced the hMSC polarity as supported by the aligned
cytoskeletal structure of hMSCs in response to various nanotopogra-
phical densities. The hMSCs on the sparser nanogrooves elongated
more strongly than those on the relatively denser nanogrooves (i.e.,
1:5>1:3 > 1:1 nanogrooved pattern) (Fig. 2A). Also, the hMSCs
showed relatively spherical shapes on the flat control (unpatterned
substrate) compared to those on the nanogrooved matrices (Fig. 2A).
To quantify the observed cell polarities, cell elongation factors [CEF;
defined as (major axis)/(minor axis)] of hMSCs were calculated.
Surprisingly, the CEF of hMSCs on the 1:5 nanogrooved pattern
was approximately 2 times higher than that on the 1: 1 nanogrooved
matrices (Fig. 2B).
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Figure 2 | Effect of nanotopographical density on the cell morphology. (A) Representative immunofluorescent images of F-actin (red), vinculin (green),
and DAPI (blue) of hMSCs cultured on the flat and various nanopatterned surfaces, indicating that the structure of hMSCs was sensitively regulated by
nanotopographical density. (B and C) Quantification of cell body and nucleus. The values of perimeter and area were normalized to the flat substrates.
The 50-100 cells were used for quantification. Error bars represent the SD about the means. (D) Correlation between cell body and nucleus.

We also analyzed the nucleus of hMSCs on the nanogrooved mat-
rices since it has been known that the nuclear architecture and organ-
ization may influence cell function®***. It was reported earlier that the
presence of nanogrooves strongly influenced the structural changes
of nucleus of hMSC**. As shown in the immunofluorescence staining
images of Fig. 2A, the nucleus of hMSCs on the sparser nanogrooves
elongated more than those on the denser nanogrooves, which was

also confirmed with a quantitative analysis of the nuclear elongation
factor [NEF; defined as (major axis)/(minor axis)] (Fig. 2C).
Interestingly, the increase of NEF was correlated with the decrease
of short axis, not with the increase of long axis.

Unlike the monotonic trends of CEF and NEF, the perimeter of
cell body and nucleus pertinent to a specific nanotopographical den-
sity was lowest at the 1:3 pattern as compared to the other 1:1 and
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Figure 3 | Representative SEM images of cellular morphologies on various nanopatterned surfaces. (A) SEM images of cellular morphologies on 1:1,
1:3,and 1:5 nanogrooved matrices (top view). (B) Low- and (C) high- magnification images of the tilted view of hMSCs on the flat and nanogrooved
matrices. The (*) indicates the flat substrate. The black arrows indicate that the cells were adhered on the ridge of the nanogrooved matrices. The

deformation of ridges on the nanopattern was observed (white arrow).

1:5 patterns (Figs. 2B and C). In parallel, the spreading area of cell
body and nucleus monotonically decreased with the decrease of the
nanotopographical density (Figs. 2B and C). As an alternative mor-
phological index, we introduce here the cell shape index which is
calculated as follows: cell shape index (CSI) = (cell area)/(cell peri-
meter)’s and nucleus shape index (NSI) = (nucleus area)/(nucleus
perimeter)’ **-*¢. Unlike the increasing trend of CEF and NEF, the
CSI and NSI showed higher values at the 1:3 pattern. Interes-
tingly, strong correlations were observed between the calculated
values of the cell body and nucleus (Fig. 2D), indicating that the body
and nucleus of hMSCs might be closely interconnected each other to
regulate their functions**.

To investigate the polarity of stem cells by the nanotopographical
density in the multi-cells level, we cultured hMSCs on the nano-
grooved matrices for 148 h, after cell seeding (Fig. S2). Two notable
findings were derived from this experiment. First, the hMSCs on the
nanogrooves with larger spacing ratio were more orientated along
the direction of nanogrooves than those on the denser nanogrooves
in the multi-cell level (i.e., 1:5 > 1:3 > 1:1 nanogrooved pattern).
Second, the hMSCs were becoming more orientated along the dir-
ection of nanogrooves with time even for the dense nanogroove
pattern (1:1 nanogrooved matrix), which was confirmed via a
time-resolved quantitative analysis (Fig. S2). Taken together, these
findings suggest that the density of nanogrooves can determine the
morphology and orientation of stem cells and, thus, may be em-
ployed as an efficient regulator of stem cell adhesion and functions.

Analysis of hMSC adhesion by nanotopographical density.
Scanning electron microscope (SEM) observations clearly showed
the controlled hMSC adhesion according to the nanotopographical
density (Fig. 3). As can be seen, the nanogrooved matrices could
control the shape and orientation of hMSCs by the density of
nanogrooves, suggesting that they may influence interactions at the
cell-substrate.

We observed that the focal adhesions (FAs) of hMSCs were polar-
ized along the direction of nanogrooved matrices (Figs. 4A and B),
being more polarized with the sparser nanogrooved density as com-
pared to the relatively denser nanogrooved density. On the other
hand, un-polarized FAs on the 1:5 nanogrooved pattern were
observed, which was marked with yellow arrows in Fig. 4A, suggest-
ing that some portions of the hMSCs were directly penetrated into
the 1: 5 nanogrooved pattern (at the bottom of the sparser grooves).
In addition, the nanotopographical density affected the size of FAs

such that larger FA sizes were observed on the sparser nanogroove
patterns (Fig. 4). The FAs and cytoskeletal structures of hMSCs were
organized along the ridges of the nanogrooved matrices with a high
co-localization of the FAs and actin cytoskeleton (Fig. 4A); the ridge
regions were typically characterized by higher fluorescence intensity
compared to the groove regions regardless of the size of nanogrooves.

From the analysis of FAs of hMSCs with the nanotopographical
density cues, we have shown several interesting findings (Fig. 4): (1)
The high co-localization of the FAs and actin cytoskeleton of hMSCs
was observed regardless of the nanotopographical density. (2) The
FAs of hMSCs were differently formed by the direction and nanoto-
pographical density; the FAs were more polarized on the sparser
nanogrooved patterns as compared to the relatively denser ones.
(3) The lower density (1:5 nanogrooved pattern in our case) led to
the formation of un-polarized FAs at the bottom of the grooves
(yellow arrows in Fig. 4A; 1:5 pattern), thus showing less polarized
FA organization (Fig. 4B; 1:5 pattern). (4) The larger sizes of FAs
were observed on the sparser patterns than those on the relatively
denser patterns. As shown in the probability map of FA area
(Fig. 4C), the 1: 3 pattern shows increased portion of large FA (indi-
cated in white arrows), and the 1 : 5 pattern demonstrated dual-peaks
at 6-8 and 24-26 pm?’ ranges (indicated in yellow arrows). (5) The
increasing trend of FA size from flat to 1:5 was presumably due to
the clustering of integrin at the nanogrooves (Figs. 4C and D). Here,
the focal adhesion clustering index was calculated by dividing the
area of top 10% of large FA sites with that of unit FA (area of unit FA
was known in the range of 1-5 pum?, here we used 5 um” as a mean
value for the quantification)®. As shown in Fig. 4D, the FA was
highly clustered as the spacing ratio increased from 1:1to 1:5.

Together, our data strongly suggest that the modified FAs and
cytoskeletal structures of hMSCs may have reconstructed their
mechanotransduction pathways, guiding the differentiation in a cer-
tain direction.

Analysis of hMSC migration by nanotopographical density. In
general, migration of cells is an important cell behavior for wound
healing®. As shown in Fig. 1A, aligned collagen nanofibers with
different groove density were observed in the human skin, indica-
ting that the stem cells in skin may be mediated by aligned collagen
nanofibers. To investigate whether stem cell migration is affected by
the nanotopographical density, we cultured hMSCs on the nano-
grooved matrices in the in vitro wound healing model; the hMSCs
migrated into the cell free area (target area), and the covering rate of
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Figure 4 | Effect of nanotopographical density on the organization of focal adhesions. (A) Immunostaining images and colorimetric plot of F-actin and
focal adhesions, showing the high co-localization between the FAs and actin cytoskeleton of hMSCs. F-actin (red) and vinculin (green). (B) Angular
distribution of focal adhesions. An orientation of 0° represents perfect alignment with the ridge/groove direction. The 200 cells were used for
quantification. (C) Probability colorimetric map of focal adhesion (FA) area. Increased portion of large FA in 1: 3 (white arrow) and 1:5 (yellow arrow).
The 1:5 spacing ratio show dual-peak at 6-8 and 24-26 pm? ranges. The 200 cells were used for quantification. (D) Focal adhesion clustering index. The
focal adhesion clustering index was calculated by diving the area of top 10% of large focal adhesion sites with the area of unit FA (5 pm?). The radius of

circle represents SD.

hMSCs was evaluated with a similar method reported earlier**°. We
observed that the hMSCs on the nanogrooved matrices showed a
significantly higher cell migration speed (i.e., covering rate of
hMSCs along the direction of nanogrooved matrices) compared to
those on the flat control (Fig. S3). In parallel, the covering rate of
hMSCs on the 1:5 nanogrooved pattern was significantly lower
compared to those on the 1:1 or 1:3 nanogrooved patterns. Our
data suggest that the migration of stem cells may be sensitive to the

density of nanogrooves, and the denser nanogrooved matrices may
elicit faster migration of stem cells than the sparser ones.

Analysis of hMSC proliferation by nanotopographical density. We
cultured hMSCs on the nanogrooved matrices for 148 h and ana-
lyzed the cell viability of hMSCs. It turned out that no significant
difference among the flat and nanogrooved matrices (Fig. S4) was
observed despite the fact that the proliferation of 1:3 nanogrooved
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Figure 5 | Osteogenesis of hMSCs on various nanopatterned surfaces. (A) Alizarin Red S and (B) Von Kossa staining of hMSCs cultured on the
nanogrooved matrices and flat as a control for 21 days in osteogenic medium. The arrows indicate the mineralized bone nodules formed. Quantification
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control. Error bars represent the SD about mean (n = 3 for each group). (E) Representative immunofluorescent staining of OCN (osteogenesis marker;
green) of hMSCs on the nanogrooved matrices for 7 days in osteogenic medium, showing the higher expression of the OCN of cells on the 1:1

nanopattern than that on the 1:5 nanopattern.

pattern was slightly lower than the other samples. These results
corroborate with previous observations that the proliferation of
cells may be not strongly influenced by the nanogrooves*~'.

Analysis of hMSC differentiation by nanotopographical density.
Given that naturally anisotropic nanostructures were observed in the
human bone (Fig. 1A), we cultured hMSCs on the nanogrooved
matrices with osteogenic induction media for 21 days. Then, we
analyzed hMSC osteogenesis by the mineralization. The images of
Alizarin Red S staining (Fig. 5A) and von Kossa staining (Fig. 5B)
demonstrated that the calcium expression was higher for the
nanogrooved patterns than that of the flat control. Specifically, the
intensity was highest at the 1:3 nanogrooved pattern, while recog-
nizing that the 1:5 case was comparable to the flat control (Figs. 5A
and B). To quantify the degree of osteogenesis, the stained calcium
deposits by Alizarin Red S staining were destained with cetylpyri-
dinium chloride, and then the extracted stains were measured using
an ELISA reader. As shown in Fig. 5C, we observed that the 1:3
nanogrooved pattern exhibited the highest osteogenesis, while the
cell viability in terms of the number of cells was not altered among
the different samples (Fig. 5D). It is noted that the osteogenesis
showed a biphasic trend; the intensity first increased from the flat
control to the 1:3 nanogrooved pattern and then decreased at the
1:5 nanogrooved pattern, revealing possible existence of an opti-
mum nanotopographical density in the stem cell differentiation.
We further examined osteocalcin (OCN) as one of the osteogenic

genes to confirm the enhanced osteogenic differentiation of hMSCs
on the 1:1 nanogrooved pattern as compared to the 1:5 nano-
grooved pattern (Fig. 5E). Together, we showed that the nanotopo-
graphical density could regulate the osteogenesis of hMSCs.

Next, the effect of nanotopographical density on the neurogenesis
of hMSCs was investigated inspired by the aligned nanofibril ECMs
in the human nerve (Fig. 1A). Here, we hypothesized that the nano-
topographical density would also be a key factor to regulate the
neurogenesis of stem cells. The effect of nanotopographical density
on the neurogenesis was investigated by employing immunostaining
of neural stem cell markers such as Tujl (early neural marker) and
NeuN (later neural marker). As shown in Figs. 6A and B, the differ-
entiated cells showed different Tujl (neuron-specific class III beta-
tubulin) and NeuN (neuronal nuclei) levels depending on the pattern
spacing ratio. The number of Tujl- and NeuN-positive cells was
increased at the flat control and the 1:1, 1:3 nanogrooved patterns
and then decreased at the 1 : 5 nanogrooved pattern, demonstrating a
similar biphasic trend to the case of osteogenesis (maximum at the
1:3 nanogrooved pattern). The density of nanopatterns also affected
apparent cellular morphologies such as number of neurites, length of
neurites and elongation of nucleus. The number of neurites of the
cells was lower on the grooved patterns compared to the flat control,
with its value being lowest at the 1 : 3 nanogrooved pattern, an oppos-
ite trend to the case of neurogenesis. Interestingly, the length of
neurites followed the same trend with the osteogenesis, being the
highest at the 1: 3 nanogrooved pattern. Arguably, the nuclear shape
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index (elongation of nucleus) did not show a biphasic response,
displaying a plateau with the increase of the groove spacing, suggest-
ing that there may be some complex interactions at the cell-surface
interface.

Based on our experimental observations with the literatures, we
studied how the nanotopographical density could control the differ-
entiation of hMSCs by considering three major factors and their
roles: (1) biochemical soluble factors, (2) cell-substrate, (3) cell-cell
interactions.

(1) Biochemical soluble factors: It is widely accepted that the sol-
uble chemical factors including cytokine are important for the
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regulation of cellular function®'**. For example, the bone mor-
phogenetic protein-2 (BMP-2) and vascular endothelial growth
factor (VEGF) are known as important cytokines for osteogen-
esis®. However, our analysis demonstrated that the nanotopo-
graphical density did not greatly influence the production of
BMP-2 or VEGF during culturing hMSCs on the flat and nano-
grooved matrices (Figs. 7A and B). Thus it appears that the
nanotopographical density may influence the differentiation
of hMSCs by altering the cell-substrate or cell-cell interactions.

(2) Cell-substrate interactions: To investigate whether the nanoto-
pographical density is capable of altering the interactions at the
NS
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Figure 7 | Quantification of biochemical soluble factors and proteins according to nanotopographical density. Quantification of (A) BMP-2

and (B) VEGF protein in conditioned medium of hMSCs on the nanogrooved matrices and flat substrate for 21 days. The results indicate no significant
difference between the nanotopography and flat (P > 0.05). (C) Western blot analysis and (D) quantification of the values of integrin f1 and N-cadherin
expression of hMSCs cultured on nanogrooved matrices and flat substrate. The hMSCs were cultured for 7 days and the western blot study was

performed under same experimental conditions.
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cell-substrate, we cultured hMSCs on the nanogrooved
matrices for 7 days before complete confluence of hMSCs.
We observed that the hMSCs were mostly adhered on the ridges
of the nanogrooved matrices (Fig. 3C) although some portions
of the hMSCs made direct adhesions at the bottom of 1:5
nanogrooved pattern (Fig. 4A). Western blot analysis clearly
showed the decreased expression of the integrin f1 in hMSCs
cultured on the 1:5 nanogrooved pattern compared to that on
the 1:1 or 1:3 nanogrooved patterns (Figs. 7C and D). The
expression of the integrin Bl showed a biphasic trend, i.e.,
increasing from flat to 1:3 nanogrooved pattern and decreas-
ing thereafter to the 1: 5 nanogrooved pattern. In an alternative
analysis, the change of integrin 1 was similar to the CSI and
NSI, but not to the CEF and NEF (Figs. 2B and C).

(3) Cell-cell interactions: Next, we discuss the cell-cell contacts on
the nanogrooved matrices. To this end, we checked the express-
ion levels of the N-cadherin. We found higher expressions of
N-cadherin on the nanogrooved matrices regardless of the
nanogroove density compared to the flat substrate (Figs. 7C
and E). We also showed that the expression of N-cadherin
was increased on the 1:1 and 1:3 nanogrooved pattern
whereas it was reduced on the 1: 5 nanogrooved pattern.

Discussion

Designing materials from the concept of “stem cell niche” has been
emerging as a powerful strategy for quantitative analysis of stem cell
behaviors as well as stem cell-based regenerative therapies”*. In this
study, we designed various anisotropic nanotopographical cues
inspired from our observations that the ECMs in skin, bone, and
nerve of human exist in the form of nanogroove structures with
various length feature scales (diameter and spacing) (Fig. 1A). We
thus fabricated variable grooved matrices, which have proven effec-
tive for investigating the effects of nanotopographical density on the
morphology and function of stem cells. Using our platforms, we
found considerable differences in the morphologies of hMSCs
according to the nanotopographical density (Figs. 2 and 4A). This
finding is especially important because it has been recently reported
that shape of hMSCs may lead to regulating the cell functions, in
particular for differentiation, by regulating the levels of RhoA,
ROCK, and myosin light chain phosphorylation®. Namely, one
can expect that the nanotopographical density may play a key role
in controlling the differentiation of stem cells by regulation of cyto-
skeletal tension as well as its related signaling pathways.

Kirmizidis et al. reported that the microfabricated grooved sub-
strates decreased the osteoblast differentiation compared to the flat
substrates even though the cells on the microgrooved substrates were
highly elongated™. In contrast to this study, we found that the nano
grooved substrates increased the osteoblast differentiation of hMSCs,
where the topographical density played a key role in the detailed
morphological changes and functions of the cells. It appears that
the interaction or contact at the cell-bound interface may be more
important that the elongated cell shape itself for the regulation of
stem cell differentiation.

We also showed that the anisotropic nanotopography enhanced
the neurogenesis of hMSCs as well as neurite growth. In this experi-
ment, the nanotopographical density per se could control the neural
differentiation of hMSCs and their cellular morphologies such as
number of neurites, length of neurites, and elongation of nucleus.
We further observed that the later neural markers such as NeuN were
more expressed by culturing hMSCs on the 1 : 3 nanogrooved pattern
than those on the 1:5 nanogrooved pattern even though their nuc-
lear elongation was not significantly different (Fig. 6), suggesting that
the interactions associated with the hMSCs and nanotopographical
density might be important for the neurogenesis of hMSCs.

Previous studies have proven the role of various nanotopographi-
cal cues such as feature size***** and degree of ordering®** to direct
stem cell fate. Especially for the last several years the elongation of
nucleus or cytoskeleton has been recognized as a crucial factor for the
topography-induced stem cell differentiation>**°**%. In this study,
only the spacing of nanogrooves was varied with the fixed width of
nanoridges, thus modulating the pattern densities. As a result,
although the nuclear shape index showed less significant difference
between 1:3 and 1: 5 spacing ratio, the osteo- and neurogenesis were
even decreased with increasing the spacing ratio from 1:3 to 1:5
cases. This indicates that the elongation of nucleus might not be a
major indicator for the stem cell fate despite that a further basic
research on this issue is required to elucidate the specific signaling
pathway.

At this stage, the analysis of FAs may give guidance in explaining
the biphasic trends of osteo- and neurogenesis via polarization of the
cell body and nucleus. FA is known as a potential mechanosensor to
be important in cellular functions***, and it has been reported that
nanogrooved topographies may influence directly the formation of
FAs in stem cells®®**¥. As shown in Fig. 4, the results suggest that
nanotopographical density may control the formation of FAs of stem
cells, which would be an important regulator of stem cell functions.
In terms of the polarity, the 1:5 spacing ratio showed maximum
polarity due to the presence of (i) very large FA cluster size
(Fig. 4A yellow arrows), thick F-actin bundles, and (ii) highly
oriented FA clusters. These observations were strongly supported
by the increasing trend of cell body and nucleus elongation
(Fig 2B). Such polarization may induce anisotropic organization of
F-actin and internal tension, and accordingly migration and differ-
entiation behaviors. Our findings suggest that too much polarization
might decrease the differentiation of hMSCs as supported by the
reduced osteo- and neurogenesis with the 1:5 spacing ratio com-
pared to the 1:3 ratio. Such a hypothesis was further supported by
the controlled elongation of cell body through the microcontact
printing of ECM*~**. In this work, when comparing the aspect ratios
of 1:1,1:3, and 1:5 islands, reduced differentiation of hMSCs was
observed with the aspect ratio of 1: 5, suggesting that there might be
an optimum polarity for stem cell differentiation.

Taken together, our data collectively suggest that the nanotopo-
graphical density may be able to control the interactions at cell-
substrate and cell-cell interfaces. Specifically, our analyses based on
biochemical soluble factors, western blot assay and FAs reveal that
the nanotopographical density provides specific cues to the differ-
entiation of hMSCs (Figs. 8A-D). Namely, according to the western
blot assay, the expression of integrin 1 and N-cadherin showed a
similar biphasic trend to osteo- and neurogenesis. As shown in
Figs. 8B and C, the expression and organization of integrin and
cadherin can be controlled by the topography-induced cell body
and nucleus shape through the cell-substrate or cell-cell interactions
on nanotopographical density. These results further confirm that the
anisotropic topographical density per se has ability to mediate the
cell-substrate and cell-cell interactions, and thus osteo- and neuro-
genesis of the cells. We showed a highly positive correlation coef-
ficient between the expression of integrin 1 or N-cadherin and the
osteo- and neurogenesis (Figs. 8C and D).

Further discussion follows regarding additional correlation be-
tween the morphology (CEF, NEF, CSI and NSI) and the osteo-
and neurogenesis of hMSCs. Overall, it seems that the elongation
of nucleus mediates stem cell differentiation through tethered intra-
cellular tension. However, the results shown in Fig. 2 indicate two
interesting aspects: (i) the difference of nucleus shapes according to
various nanopatterns was less correlated to the trend of cell body, and
(ii) the tendency of osteo- and neurogenesis decreased between 1:3
and 1:5 spacing ratio in spite of the increasing trend of NEF,
showing discrepancy with previous studies®. These results imply
the necessity of alternative factors instead of the CEF and NEF which
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Figure 8 | Relative trends of morphological factors, intracellular protein levels and cell functions with respect to the nanotopographical densities.
(A) Illustrative summary of cellular responses on various nanopatterned surfaces. (B) Trends of morphological index according to the nanotopographical
density such as cell body elongation, nuclear elongation, CSI [(area)/(perimeter)?] and a reciprocal of CSI [(perimeter)*/(area)]. (C) Trends of
intracellular proteins for cell-substrate interaction (integrin 1) and cell-cell interaction (N-cadherin). (D) Relative trends of osteogenesis, neurogenesis,
migration, and proliferation according to the pattern density. All values obtained in this study were normalized from 0 and 1.

simply describes cell morphology with the ratio of long and
short axes. For example, although the trend of CSI and NSI could
not explain the osteo- and neurogenic trends between flat vs.
nanopatterned surfaces, they showed interesting coincidence with
the osteo- and neurogenesis on various nanotopographical densities.
Such difference of CEF/NEF and CSI/NSI is due to the relatively less
deformed nucleus. As shown in Fig. 2, the increased elongation factor
of cell body mainly resulted from the decrease of the short axis, not
from the elongation of the long axis. However, as the spacing ratio
increased from 1:3 to 1: 5, the short axis of cell body became similar
to the short axis of nucleus. For this reason, in the 1: 5 spacing ratio
the cells showed bulged morphology in the position of nucleus, with a
slender cell body. Therefore, the elongation factor itself cannot pre-
sent sufficient information as to whether the cell body is smooth or
bulged, except for the aspect ratio. On the other hand, as an alterna-
tive indicator, CSI and NSI can present more reasonable quantifica-
tion on the cell and nucleus morphologies since they contain
‘perimeter” and ‘spreading area’ as parameters. The correspondence
between the osteo- and neurogenic trends and CSI and NSI strongly
support the significance of cell and nucleus shape as an indirect,
complementary indicator (Figs. 8B and D). Therefore, CEF and
NEF may possess better ability when simply comparing flat vs.

nanopatterned surfaces, but CSI and NSI present more valuable
information when various patterned surfaces are involved. Our
results therefore imply that the elongation of nucleus or cell body,
which has been identified as a key regulator, may be not the sufficient
condition for the stem differentiation, but the moderate cell polarity-
induced cell-substrate (up-regulation) and cell-cell interactions (up-
regulation) may be more responsible for the stem cell fate and
functions.

In this work, we used the gelatin to improve the initial cell attach-
ment on the nanogrooves. To verify whether the gelatin coating truly
affects the cell behavior, we cultured the hMSCs on the gelatin-
uncoated nanogrooved matrices for 7 days before complete conflu-
ence of hMSCs (Supplementary information S5). We checked the
expression levels of the N-cadherin in the absence of gelatin coating.
The western blot assay showed that higher expressions of N-cadherin
on the nanogrooved matrices (1:1 and 1: 3 spacing ratio) compared
to the flat substrate, and the expression of N-cadherin was significant
on the 1:1 and 1:3 nanogrooved pattern whereas it was reduced on
the 1:5 nanogrooved pattern, which is similar trend to the gelatin-
coated nanogrooved matrices (Fig. 7C). Furthermore, to verify
whether the nanotopographical density can affect molecular signal-
ing, we checked the upregulation of phosphorylated-ERK (p-ERK) in
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the absence and presence of gelatin coating. As shown in Figs S5, and
S6, we found that the nanotopographical density affected the p-ERK
pathway, which is involved in mediating cell functions (especially in
differentiation). Interestingly, the ERK was upregulated at the 1:1
and 1:3 nanogrooved patterns and then decreased at the 1: 5 nano-
grooved pattern, showing a similar biphasic trend to the case of
differentiation of hMSCs (maximum at the 1:3 nanogrooved pat-
tern). Although the in-depth studies are still required to understand
the underlying molecular mechanisms accurately, the current work
has revealed that the density of nanotopography may be able to
regulate the cell signaling pathway.

In summary, we demonstrated the effects of nanotopographical
density on the morphology and differentiation of mesenchymal stem
cells. Using nanogrooved matrices mimicking the native tissues, we
found that the body and nucleus of hMSCs with the sparser nano-
grooved pattern elongated and orientated more along the direction of
nanogrooves than those with the relatively denser nanogroove pat-
terns. In contrast, the perimeter of the cells was lower at the 1:3
pattern as compared to the 1:1 and 1: 5 patterns. We also found that
the topographical density-dependent shape of cell body and nucleus,
formation of FAs, and interactions at the cell-substrate and cell-cell
interfaces might collectively regulate the functions of hMSCs. In
addition, we have investigated the role of nanotopographical density
on the function of hMSCs. It was observed that the denser nano-
grooved matrices guided faster migration of hMSCs than the sparser
nanogrooved matrices. Furthermore, the effect of nanotopographical
density on the osteo- or neurogenesis of hMSCs was significant at the
1:1 and 1:3 nanogrooved patterns, but not significant at 1: 5 nano-
grooved pattern compared to that at the flat substrate. We showed a
high positive correlation between the expression of integrin f1 or N-
cadherin and the osteo- and neurogenesis. We also found some
intriguing correlations between the cell body- or nucleus peri-
meter/spreading-based shape index and the osteo- and neurogenesis
of hMSCs. Although the in-depth studies are still required to under-
stand the underlying molecular mechanisms accurately, the current
work has revealed that the density of nanogrooves may be able to
regulate the structure and enhanced osteo- or neurogenesis of stem
cells, which would allow us to set up an efficient strategy for design-
ing scaffolds for stem cell and tissue engineering applications as well
as for understanding fundamental stem cell biology.

Methods

The nanopatterned surfaces were fabricated by UV-assisted capillary molding tech-
nology. The hMSCs were isolated from human adipose tissues and the approval of the
Institutional Review Board of the Ajou University of Medicine (Suwon, Korea). SEM,
immunostaining, and western blot analysis were performed. A commercially avail-
able ELISA kits (R&D Systems, USA) was used to measure the level of total BMP-2
and VEGF production from cells. Quantitative analysis was performed by using
custom-written MATLAB scripts. Details are described in the SI Text.
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