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ABSTRACT: We present a method to induce cell directional behavior using slanted nanocilia arrays. NIH-3T3 fibroblasts
demonstrated bidirectional polarization in a rectangular arrangement on vertical nanocilia arrays and exhibited a transition
from a bidirectional to a unidirectional polarization pattern when the angle of the nanocilia was decreased from 90° to 30°.
The slanted nanocilia guided and facilitated spreading by allowing the cells to contact the sidewalls of the nanocilia, and the
directional migration of the cells opposed the direction of the slant due to the anisotropic bending stiffness of the slanted
nanocilia. Although the cells recognized the underlying anisotropic geometry when the nanocilia were coated with
fibronectin, collagen type I, and Matrigel, the cells lost their directionality when the nanocilia were coated with poly-D-
lysine and poly-L-lysine. Furthermore, although the cells recognized geometrical anisotropy on fibronectin coatings,
pharmacological perturbation of PI3K-Rac signaling hindered the directional elongation of the cells on both the slanted
and vertical nanocilia. Furthermore, myosin light chain II was required for the cells to obtain polarized morphologies.
These results indicated that the slanted nanocilia array provided anisotropic contact guidance cues to the interacting cells.
The polarization of cells was controlled through two steps: the recognition of underlying geometrical anisotropy and the
subsequent directional spreading according to the guidance cues.
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The motile cilia observed in natural systems, such as the
lateral lines of fish, the sensory cilia of arthropods, and
the motile flagella/cilia of prokaryotes, play key roles in
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sensing and actuating via the mechanical deflection of hairy
structures.1 Similarly, ciliary structures in the human body
function in internal/external interactions, as observed in the
stereocilia in cochlear hair bundles that sense sound,2 renal
primary cilia in the kidneys that sense flow rate,3 and nodal cilia
that determine left−right asymmetry in developmental pro-
cesses.4 The ciliated epithelium in the respiratory system5 and in
fallopian tubes6 act as transporters by inducing cilia-driven flow.
As these examples show, ciliary sensors/actuators interact with
surrounding fluidic systems via geometrical deformation
involving not only the bending orientation (direction) but also
the degree of deformation (strain). Inspired by the geometries
and functions of natural cilia, several artificial cilia-based sensors
and actuators have been reported.7−10

Because high-aspect-ratio pillar structures can provide a soft
and deformable environment even when composed of rigid
materials, cilia-mimicking multiscale structures have also been
adapted to cellular mechanobiology. The geometry and size
of cilia structures are important considerations in cellular
mechanobiology studies. By observing the deformation of micro-
pillars, recent studies have demonstrated that flexiblemicropillars
can be used as force sensors and to measure cellular traction
forces at the single-cell or multicellular levels.11 Studies have also
found that by engineering the rigidity of substrates, micropillars
can be used as regulators of the differentiation of mesenchymal
stem cells.12 Furthermore, the underlying roles of YAP/TAZ
have been studied by controlling the stiffness of micropillars.13,14

Nanoscale pillars can be used to visualize the temporal role
(<10 min) of filopodia because compliant nanocilia delay the
retraction of filopodia.15,16 Indeed, structural resolution match-
ing between cell organelles and surrounding geometries is an
important issue that must be addressed.17−19 In several
pioneering reports on stem-cell differentiation and traction-
force measurements, the geometrical feature size (a few micro-
meters) was much larger than that of the focal adhesion receptor
cluster and the required minimum spacing.20−23

Despite the promising ability of pillar structures, multi-
scale pillar arrays still pose limitations, such as their mechanical
directionality. Many tissues possess directionally organized
structures,24−26 and many in vivo physiological phenomena,
such as pathologies and tissue-regeneration processes, are
regulated according to spatial directionality. Directional guidance
has been achieved by nanotopography,27−40 fibrillary struc-
tures,41,42 and spatially controlled substrate-bound proteins.43,44

However, none of the systems have demonstrated anisotropic
movement of a cell along a preferential direction.
In this study, we developed a method that provides directional

stimuli to cells that mimic the stimuli-responsive directional
motion of natural cilia using a slanted nanocilia array. We sought
to control the angle of nanocilia as the geometrical stimulus
to induce anisotropic cell polarity. We prepared geometrically
slanted high-aspect-ratio nanocilia arrays with various slanted
angles (30, 45, 60, 75, and 90°) by capillary force lithography.
First, we present the slanted angle-dependent behaviors of NIH-
3T3 cells. For the quantitative analysis of the nanocilia-induced
cell behaviors, we propose two anisotropic factors embedded in
the slanted nanocilia array, the arrangement and the slanted
geometry of the nanocilia, and we demonstrate that these factors
can induce different cell behaviors. Then, we identified which
factors controlled the polarization behavior of the cells by
changing the surface coating materials and pharmacologically
perturbing the adhesion-related and small GTPase Rho family
signaling pathways.

RESULTS AND DISCUSSION

The Slanted Nanocilia Array: Uni- or Bidirectional
Guidance Cues for Cell Polarity. We prepared geometrically
slanted nanocilia arrays with a rectangular arrangement to verify
how the anisotropic geometry of nanocilia affected cell behaviors.
The rectangular arrangement and intercilia spacing were
identical in each case, whereas the angle of the slanted nanocilia
was varied from 30° to 90° at 15° intervals (apparent angles of
30°, 45°, 60°, 75°, and 90°, nanocilia diameter of 400 nm, and
nanocilia length of 2000 nm; Figure 1a,b). The surfaces of the
nanocilia were coated with 10 μg/mL fibronectin solution prior
to cell seeding.
The slanted geometry of the nanocilia influenced the behavior

of NIH-3T3 cells, which are known as a mechanosensitive and
individually behaving cell type.45 The cells adopted two distinct
alignment patterns depending on the slanted angle of the
nanocilia array. As shown in Figure 1c,d, 24 h after seeding, the
cells exhibited bidirectionally (x- and y-axis) aligned morphology
on the nanocilia angled at 90° and 75°. In contrast, cells on the
nanocilia angled at 30° and 45° clearly displayed unidirectional
alignment along the slanted direction. The bi- and unidirectional
alignments could be mediated by the different geometric factors.
The bidirectional alignment in the case of upright nanocilia
angled at 75° and 90° occurred due to the rectangular arrange-
ment of the nanocilia. To determine whether the nanocilia
arrangement truly affected the polarization of the cells, we
cultured NIH-3T3 cells on the nanocilia array in a triangular
arrangement (Figure 1e). The cells on the triangularly arranged
nanocilia array demonstrated triaxial polarization along the array
axis (Figure 1f,g). Upon observing the bi- and triaxial polarization
of cells on the rectangular and triangular nanocilia arrangements,
we confirmed that the cells polarized along the array of nanocilia.
In contrast to the bidirectional alignment of cells on 90° and 75°
nanocilia, the unidirectional alignment of cells on 30° and 45°
nanocilia indicated that the highly slanted geometry of the nano-
cilia acts as nanogrooves (Figure 1b), which unidirectionally
guide cell alignment.
Other cell types also demonstrated similar uni- or bidirectional

polarization when plated on the slanted or vertical nanocilia
arrays with a rectangular arrangement. As shown in Figure 1h−k,
mouse brain endothelial cells (bEnd.3),mouse astrocytes (C8-D1A),
rat lung fibroblasts, and human glioblastoma-like cells (U87-MG)
demonstrated unidirectional polarization on the highly slanted
nanocilia arrays (angle of 30°) along the slanted nanocilia
direction and bidirectional polarization on the vertical nanocilia
arrays (angle of 90°). These uni- and bidirectional polarization
behaviors of four cell types originating from the different tissues
confirmed that the slanted geometry and the arrangement of the
nanocilia truly induced uni- and bidirectional polarization.

The Contribution of Two Cues: Arrangement of
Nanocilia and Slanted Geometry. From the clear unidirec-
tional alignment on the 30° nanocilia, which had a highly slanted
geometry compared to that of the other nanocilia, and the clear
bidirectional alignment on the 75° nanocilia, which had a less
slanted geometry, we determined the relative magnitude
between the “arrangement of nanocilia” and the “slanted geo-
metry” cues for the uni- or bidirectional polarization. As shown in
the gradual transition from uni- to bidirectional polarization, the
“arrangement of nanocilia” and “slanted geometry” cues were
superimposed (Figure 1l). To demonstrate the relative domi-
nance of both cues depending on the geometric angle of the
nanocilia, we calculated the alignment probability of the cells.
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For the analysis, cells with the major axis oriented ±10° toward
the x- and y-axes were considered to be aligned. According to the
calculation, it was clear that the “arrangement of nanocilia” and
“slanted geometry” cues induced antagonistic trends (Figure 1m;
for detailed information, please see Supporting Information)
with a sharp transition between the angles of 45° and 60°.
Because rectangularly arranged nanocilia were maintained in all
cases, this result confirmed that the slanted angle mediated the
degree of unidirectional polarization.
The Contact-Mediated Rapid Spreading of Cells on the

Slanted Nanocilia. According to live cell imaging, NIH-3T3
cells exhibited different spreading dynamics depending on the
angle of the nanocilia. By measuring the length of the cell major

axis from 0 to 6 h in 15 min intervals, we found that the
elongation rate of NIH-3T3 cells increased as the apparent angle
of the nanocilia decreased (Figure 2a). For the initial 3 h, the
elongation rate of the major axis of the cells on the 30° nanocilia
was 48.1 μm/h, whereas that on the 90° nanocilia was 18.3 μm/h,
indicating a more than two times faster elongation on the 30°
nanocilia than on the 90° nanocilia. Representative fluorescence
images of the spreading cell morphology showed the different
spreading dynamics and the cell−nanocilia interactions. As
shown in Figure 2b,c, cells on the 30° nanocilia elongated more
rapidly along the slanted direction of nanocilia than those on
the 90° nanocilia for the initial 2 h. Although cells on the 90°
nanocilia at the 2 h time point sprouted filopodia following the

Figure 1. Slanted nanocilia array promoted the uni-, bi-, or triaxial polarization of cells depending on the angle of the slanted nanocilia and the
arrangement of the nanocilia array. (a,b) Scanning electron microscopic images of slanted nanocilia (diameter of 400 nm) from the side (a) and
top (b) views. (c) Immunofluorescence images of polarized NIH-3T3 cells 24 h after seeding (red: phalloidin). (d) Quantified alignment
probability at the 24 h time point (p < 0.05). (e) An SEM image of a triangular array of nanocilia with diameters of 400 nm and a spacing ratio of 2.
(f) An immunofluorescence image of triaxially polarized NIH-3T3 cells 24 h after seeding (red: phalloidin). (g) Quantified alignment probability
of cells on the triangularly arranged nanocilia array at the 24 h time point. (h−k) Uni- and bidirectional polarization of bEnd.3 cells (h), C8-D1A
cells (i), rat lung fibroblasts (j), and U87-MG cells (k) on the nanocilia array with angles of 30° and 90°. (l) A schematic illustration of the two
geometrical factors superimposed: slanted geometry and arrangement of nanocilia. (m) Contribution of two geometrical factors in the
population of polarized cells.
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arrangement of the nanocilia, they did not obtain a spindle-
shaped morphology, which is a general feature of polarized
NIH-3T3 cells. Notably, cells on the 90° nanocilia array at the
2 h time point not only sprouted filopodia into the shallow
trenches between the nanocilia (filopodia and nanocilia are
shown in red and blue, respectively) (Figure 2d) but the filopodia
also penetrated into the z-direction, as shown in z-sectioned

image stacks (Figure 2e). In contrast, cells on the 30° nanocilia
sprouted long and slender filopodia on top of the nanocilia array
(indicated with red arrows) because the slanted geometry allows
the contact of filopodia with the sidewalls of the nanocilia and
guides them along the slanted geometry (Figure 2f). High-
resolution images of focal adhesion at the 2 and 4 h time points
revealed different cell−nanocilia interactions. At the 2 and 4 h

Figure 2. The slanted geometry of the nanocilia facilitated the early stage spreading rate of the cells via the contacts on the sidewalls of the
nanocilia. (a) The time-dependent length of the cell major axis depending on the angle of the slanted nanocilia. (b,c) Representative
immunofluorescence images of cells at the time points of 1, 2, 4, and 8 h: f-actin (red), vinculin (green), and nuclei (blue). The cells on the 30°
nanocilia (b) exhibited faster spreading and polarization than the cells on the 90° nanocilia (c). (d) An immunofluorescence image of sprouting
filopodia on the 90° nanocilia array at the 2 h time point. (e) The z-sectioned fluorescence images of filopodia and nanocilia. The sprouting
filopodia penetrated into the z-direction. (f) The SEM images of sprouting filopodia on the slanted nanocilia (30° angle). On both sides of the cell
edges, the filopodia sprouted following the sidewalls of nanocilia as indicated by the red arrows. (g,h) High-magnification images of focal
adhesion (vinculin) on the 30° and 90° nanocilia arrays. The cells on the 30° nanocilia clearly exhibited long and aligned focal adhesion along the
slanted direction of the nanocilia. (i) Schematic illustrations of the projected contact area depending on the angle of the slanted nanocilia.
(j) Calculated contact length of the basal membrane on the nanocilia with respect to the angle of the slanted nanocilia. The contact length along
the slanted direction increased as the angle of the nanocilia decreased.
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time points, cells on the 30° nanocilia demonstrated long,
aligned, and regularly spaced focal adhesions, which represents
evidence of sidewall contact (Figure 2g). In contrast, cells on the
90° nanocilia exhibited thick focal adhesion at the root of the
filopodia (2 h time point) (Figure 2g). At the 4 h time point, cells
on the 90° showed large and clustered focal adhesions at the
leading edge (Figure 2h) as the cells polarized along the arrange-
ment of nanocilia (Figure 2c, 4 h time point). Based on the focal
adhesion observations via the fluorescence images and direct
observations of sprouting filopodia via SEM, it is clear that the
slanted geometry of the nanocilia allowed for the contact of the
cells with the sidewalls of the nanocilia and guided their rapid
directional spreading along the slanted direction (Figure 2i).
However, cells on the 90° could not obtain directional cues at the
early time point (≤2 h) and thus exhibited a slow spreading rate.
The contact of the cell basal membrane with the sidewalls of the
nanocilia represented a “contact guidance” cue. Contact guid-
ance is a phenomenon that explains the directional spreading and
alignment of cells based on physical contact with surrounding
textures.46 Assuming a square-shaped edge for simplicity, the
contact length of the cell basal membrane with the underlying
nanocilia increased as the nanocilia became more angled
(Figure 2j), corresponding to a contact length ∼2.7 times larger
in the 30° nanocilia than in the 90° nanocilia. Notably, the cells
in both the 30° and 90° nanocilia arrays showed polarized and
spindle-shaped morphologies after 4 h.
The Anisotropic Bending Stiffness of Slanted Nanocilia

Determines the Migration Direction. The angle of the
slanted nanocilia also affected the migration speed and direction
of NIH-3T3 cells. According to live cell imaging, cells migrated
slowly (∼3.1 μm/h) on 30° nanocilia toward the direction oppo-
site the nanocilia slant and sprouted long, slender lamellipodia
(length of ∼300 μm) on both sides of the polarization
(Figure 3a). In contrast, the cells on 60° nanocilia migrated
rapidly (∼15 μm/h) against the slant direction or even changed
their orientation of polarization (Figure 3b). This result showed
that the effects of the arrangement of the nanocilia and the slant
geometry coexisted in the moderately slanted case (60° case).
The cells on 90° nanocilia exhibited various cellular behaviors
within a single frame of view, the polarization of cells following
the arrangement of nanocilia, and the change of polarization
orientation from the vertical to horizontal orientation and again
to the vertical orientation (indicated with the white arrow)
(Figure 3c). Notably, the cells on the slanted nanocilia pre-
dominantly migrated against the slanted direction of the nano-
cilia. We defined the migration in the direction of the slant as
“up”, migration in the opposite direction as “down”, and migra-
tion perpendicular to the slant direction as “lateral” (Figure 3d).
On the 30° nanocilia array,∼62% of cells migrated in the “down”
direction. Furthermore, on the 60° nanocilia array, ∼62% of cells
migrated in the “down” direction and ∼28% of cells migrated in
the “lateral” direction. To compare the cell migration results on
the slanted nanocilia with those on the nanogrooves, we prepared
the nanogroove pattern which has identical dimensions of
slanted nanocilia with the diameter of 400 nm and wall-to-wall
spacing of 400 nm. On the nanogrooves patterns, cells migrated
either direction of nanogrooves (∼50% in each direction of
grooves) due to the absence of preferential external stimuli
(Figure 3e). From these results, we confirmed that the slanted
geometry could induce one way migration of cells against the
slanted orientation (*p < 0.05).
The preferred migration toward the direction opposite the

slant could be explained by the anisotropic stiffness of the

nanocilia upon bending. We conducted a finite element method
(FEM) simulation using the ABAQUS program (Figures 3f,g) to
verify whether the slanted geometry of the nanocilia possessed
mechanical anisotropy. For the analysis, a diameter of 400 nm,
a length of 2000 nm, an elastic modulus of 19.8 MPa, and a
Poisson’s ratio of 0.4 were used.47 The simulated spring con-
stants with respect to the displacement of the nanocilium top
(maximum displacement 800 nm in 40 nm steps) indicated that
the slanted nanocilia had anisotropic spring constants when
pulled forward and backward, exhibiting greater stiffness when
pulled toward the slant direction (forward direction; Figure 3g).
As the nanocilia deflected, the spring constant upon the forward
traction increased much faster than the backward traction.
Thus, the forward−backward difference in the spring con-
stants increased with the slant angle, thus implying increasing
mechanical anisotropy as the nanocilia were further angled
(Figure 3g). Therefore, the slanted nanocilia induced mechanical
anisotropy depending on the direction of pulling, and the degree
of mechanical anisotropy increased with the angle of the
nanocilia. Even for vertical nanocilia (angle of 90°), the spring
constant increased with the displacement of the nanocilium top,
reflecting the “mechanical stiffening” of the nanocilia. According
to the results of the computational simulation and live cell
tracking, the dominant migration of cells in the opposite
direction of the slant originated from the stiffer microenviron-
ment when the cells pulled the nanocilia in the forward direction
(Figure 3h). This result is consistent with previous studies
reporting that NIH-3T3 cells migrate from softer regions to
stiffer regions.45

Effect of Coating Materials on the Recognition of
Geometrical Anisotropy. To understand how cells receive
directional information from the underlying substrates, we
controlled the coating conditions and observed the polarization
behaviors of the cells. When the concentration of fibronectin
coating was varied among 1, 10, 50, and 100 μg/mL, the portion
of polarized NIH-3T3 cells on the vertical nanocilia (angle of
90°) did not change (Figure 4a). To minimize the adverse effect
of thick surface coating which might change the topography, we
coated the nanocilia surfaces with 10 μg/mL concentration in
the following experiments. In contrast to the results of coating
concentration, the type of coating material affected the polar-
ization orientation of the cells. As shown in Figure 4b−d, the
collagen type I and Matrigel (concentration of 10 μg/mL)
surface coating on the nanocilia induced the bidirectional
polarization of NIH-3T3 cells on the vertical nanocilia array.
In contrast, when the nanocilia were coated with poly-D-lysine
(PDL) and poly-L-lysine (PLL), the cells did not demonstrate
bidirectional polarization on the vertical nanocilia array
(Figure 4b and e) but rather exhibited random orientations of
their cell bodies. Furthermore, when nanocilia at various angles
were coated with PLL solution, only ∼10% of the cells were
spread on the 90° and 75° nanocilia, and the population of elon-
gated cells increased as the apparent angle of the nanocilia
decreased from 90° to 30° (Figure 4e,f).
PDL and PLL are widely used chemical agents that promote

cell adhesion on arbitrary substrates by changing the surface
charge of substrates. Based on the experimental results of cell
polarization for use of the PDL and PLL coatings, it is clear that
the surface-charge-mediated cell adhesion method does not
present sufficient information on geometrical directionality
to cells even though topographical variation was observed.
This result coincides with previous studies by Xia et al. that
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demonstrated the loss of contact guidance of neurons on
PLL-coated electrospun fiber mats.48

Cell adhesion on extracellular matrix (ECM) proteins such
as fibronectin, collagen and Matrigel is known to be mediated
by the integrin receptors. In particular, cell adhesion onto
fibronectin matrices is mediated by the integrin β1 receptor.49

Upon studying recognition of the underlying topography on PLL
and PDL coatings (Figure 4a−e), the absence of receptor−ligand
binding prohibited the transmission of the geometrical infor-
mation into the cells. To confirm that the presence of the ECM is
a prerequisite for uni- or bidirectional polarization, we tested a
blocking assay using integrin β1 antibody by adding the antibody
to the media upon seeding NIH-3T3 cells. The surface of

the nanocilia was coated with 10 μg/mL fibronectin, and the
treatment concentration of the integrin β1 antibody varied as
10 or 20 μg/mL. Although the probability of elongated cells
decreased as the concentration of integrin β1 antibody increased
(Figure 4i), the elongated cells aligned unidirectionally on the
30° nanocilia and bidirectionally (indicated by white arrows) on
the 90° nanocilia (Figure 4g,h). Interestingly, the probability of
elongated cells was much higher for the cells on the 30° nanocilia
than for those on the 90° nanocilia even under the antibody
treatment. The signals obtained from the cell adhesion receptors
such as integrin are known to be transmitted to the focal
adhesion complex and affect the downstream signaling of focal
adhesion kinase (FAK).32 To verify the effect of FAK in cell

Figure 3. The directional migration of the cells on the slanted nanocilia is mediated by the anisotropic bending stiffness of the nanocilia. (a−c)
Long-term live-cell imaging of NIH-3T3 cells on the 30° (a), 60° (b), and 90° (c) angled nanocilia arrays. (d) Schematic illustration of the
migration direction.Migration along the slanted direction of the nanocilia was defined as “up”, migration in the opposite direction against slanted
angle was defined as “down”, and migration in the direction perpendicular to the slant was defined as “lateral”. (e) Probability of cell migration
direction on the nanogrooves patterns, 30° and 60° nanocilia arrays (*p < 0.05). The nanogrooves pattern have identical dimensions with the
projection of slanted nanocilia with the width of 400 nm and wall-to-wall spacing of 400 nm. (f) Representative images of the computational
simulation. The nanocilia bending was visualized with ABAQUS program. (g) Different spring constants of slanted nanocilia depending on the
bending orientation. The spring constants induced by backward bending were lower than those induced by forward bending. (h) Schematic
illustration of angle-dependent mechanical anisotropy and its effect on the dominant direction of cell migration.
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adhesion and spreading, FAK was pharmacologically inhibited
with FAK inhibitor 14.When cells were treatedwith FAK inhibitor
14 upon seeding (0 h, concentration of 10 and 20 μM), the
NIH-3T3 cells did not attach to the fibronectin-coated nanocilia
and finally died (data not shown). For this reason, the FAK
inhibitor 14 was treated 1 h after seeding with a concentration of
20 μM, and the cells did not show spreading or elongation on the
30° or the 90° nanocilia cases (>95%) (Figure 4j). A very small
portion (<5%) of cells showed marginal elongation (aspect
ratio ∼2) along the slant direction of the 30° nanocilia (indicated

by white arrows, Figure 4i), but polarization was not observed
among the cells on the 90° nanocilia. These observations con-
firmed that (i) the recognition of geometrical anisotropy is pri-
marily mediated by the surface coating, especially the ECMmatrix
component, (ii) the cells could recognize the underlying topo-
graphical orientation as long as the surface was coated with ECM
proteins even under the perturbation of integrin β1-fibronectin
interactions, and (iii) the highly slanted nanocilia emasculated the
inhibitory effect of integrin receptors, as shown in the large
population of unidirectionally elongated cells on the 30° nanocilia.

Figure 4. The recognition of geometric anisotropy is controlled by the coated materials on top of the nanocilium surfaces. (a) The effect of the
concentration of fibronectin coatings on the polarization of NIH-3T3 cells. (b) The effects of various coating materials on the polarization of
NIH-3T3 cells. (c−e) Representative fluorescence images of cells on the collagen type I- (c),Matrigel- (d), and PLL- (e) coated nanocilia. (f) The
effect of PLL coating on the population of elongated cells. (g,h) Immunifluorescence images of the integrin β1 antibody-treated cells.
(i) Probability of elongated cells after treatment with 10 and 20 μg/mL of the integrin β1 antibody. (j) Immunofluorescence images of cells
treated with FAK inhibitor 14. The cells were treated with 20 μM FAK inhibitor 14 1 h after seeding.
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The Spreading of Cells Was Mediated by PI3K-Rac
Signaling, and the Myosin Light Chain II Is Required To
Obtain Polarized Cell Morphology. According to the
pioneering studies of Ladoux et al., the directional spreading of
cell sheets is mediated by the traction force of cells.50 When
Madin−Darby canine kidney epithelial (MDCK) cells were
cultured on micropillars with an elliptical cross-section, which
has a higher spring constant along the long axis than along the
short axis, the MDCK cell sheets were spread along the long axis,
indicating the role of traction force in cell spreading. The traction
force is known to be closely related to Rho signaling, and the
generation of traction force is primarily controlled by the activity
of myosin light chain II (MLC2). To confirm the role of Rho and
MLC2 in cell polarization, we conducted a pharmacological

inhibition study by using Y-27632, a Rho kinase inhibitor,
and blebbistatin, a MLC2 inhibitor. When NIH-3T3 cells were
treated with 10 μM Y-27632 upon seeding (0 h), the cells
showed similar unidirectional and bidirectional polarization
behaviors on the 30° and 90° nanocilia, respectively, although the
cell morphologies became slender (Figure 5a). In contrast, the
treatment with blebbistatin dramatically changed cell morphol-
ogy. To identify the appropriate concentration of blebbistatin, we
treated 10, 20, 50, and 100 μM of blebbistatin upon the seeding
of NIH-3T3 cells and observed the morphologies of the cells at
24 h time point. The cells treated with 10 μM demonstrated
slightly slender morphology compared to then control case
(Supplementary Figure S1), but maintained the polarized
morphology. The morphology of 10 μM blebbistatin treated

Figure 5. The spreading of cells was mediated by PI3K-Rac signaling, and the recognition of geometric anisotropy was not affected by Rho and
PI3K-Rac signaling. (a,b) Representative immunofluorescence images of NIH-3T3 cells 24 h after treatment with (a) Y-27632, a Rho kinase
inhibitor, and (b) blebbistatin, a myosin light chain II inhibitor. (c) Representative morphologies of Y-27632- and blebbistatin-treated NIH-3T3
cells on the 30° angled nanocilia. (d) Western Blot analysis of phosphorylated myosin light chain II (pMLC2). (e) Quantification of expressed
pMLC2with respect to totalMLC2. (f) Representative immunofluorescence images of NIH-3T3 cells 24 h after treatment with NSC 23766, a Rac
inhibitor. (g) Probability of elongated cells after NSC 23766 treatment. (h) Representative fluorescence images of NIH-3T3 cells 24 h after
treatment with LY 294002, a PI3K inhibitor. (i) Probability of elongated cells after LY 294002 treatment. (j) Representative immunofluorescence
images of NIH-3T3 cells 24 h after treatment with ML-141, a Cdc42 inhibitor. (k) The contribution of small GTPase signaling pathways in cell
spreading and traction-mediated polarization.

ACS Nano Article

DOI: 10.1021/acsnano.6b07134
ACS Nano 2017, 11, 730−741

737

http://pubs.acs.org/doi/suppl/10.1021/acsnano.6b07134/suppl_file/nn6b07134_si_001.pdf
http://dx.doi.org/10.1021/acsnano.6b07134


cell was similar to that of 10 μMY-27632 treated cell (Figure 5c).
However, as the concentration of blebbistatin increases, the
morphology of cells became irregular, especially above the 50 μM
concentration. In the 20 μM blebbistatin concentration, the
cells displayed a morphological transition from a polarized to an
irregular shape (Supplementary Figure S1). From the experi-
ments, we found that 50 μM is the appropriate concentration of
blebbistatin to demonstrate the effect of MLC2 on polarized cell
morphology. In the case of 50 μM blebbistatin treatment,
although the cells on 30° and 90° sprouted long filopodia along
the geometrical guidance (uni- and bidirectionally), the NIH-
3T3 cell bodies lost their spindle-like morphologies (Figure 5b,c).
To confirm the effect of blebbistatin on the expression level of
phosphorylated MLC2 (pMLC2), the Western blot analysis
was conducted. In the case of 50 μM blebbistatin treatment, the
expression level of pMLC2 (quantified with respect to the total
MLC2) on the 30° nanocilia was decreased by∼60% (Figure 5d,e)
(**p < 0.01). From the Western blot analysis as well as the
morphological observation of 50 μM blebbistatin treated cells
(Supplementary Figure S1), we confirmed that the decreased
level of phosphorylated MLC2 was attributed to the irregular
morphology of cells. BecauseMLC2 participates in the retraction
of filopodia, long and unretracted filopodia around the cell bodies
were retained whenMLC2 was perturbed. From the irregular cell
morphology originating due to impaired MLC2, we found that
traction force is required to obtain polarized cell morphology.
From the pharmacological inhibition studies, we found that
RhoA and MLC2 did not affect cell spreading and that RhoA
did not regulate the recognition of the underlying topography in
the nanoscale cilia array. On the other hand, the MLC2 was

responsible for the acquisition of polarized morphology of cells
(Figure 5k).
We further studied the potential roles of the small GTPase

Rho superfamily on cell polarization. The inhibition of Rac
signaling with NSC 23766 (concentration of 100 μM) reduced
the spreading of cells. The cells on 30° nanocilia exhibited a
shorter major axis than that seen in the control, and those on 90°
nanocilia were rounded (Figure 5f). The probability of elongated
cells was increased as the nanocilia slanted from 90° to 30°
(Figure 5g). To confirm whether the upstream signaling affected
Rac, the activity of phosphoinositide 3-kinase (PI3K) was also
inhibited with LY 294002, which is a known PI3K inhibitor. The
cells treated with 50 μM LY 294002 upon seeding exhibited less
elongated or rounded shapes similar to those treated with NSC
23766 (Figure 5h). The degree of perturbation was dependent
on the concentration of LY 294002 (Figure 5i). However, in
both the Rac and PI3K inhibition studies, the spreading cells
demonstrated polarized morphologies. These results indicated
that the PI3K-Rac signaling pathway mediated the spreading of
cells but not the recognition of geometrical anisotropy. The
inhibition of Cdc42 with ML-141 (50 μM) did not alter the cell
polarization, although the cells demonstrated a shorter major
axis, as shown in Figure 5j. Collectively, Rac and PI3K mediate
the spreading of cells, and Cdc42 partly affects the elongation of
cells (Figure 5k).

A Graphical Summary of Slanted Nanocilia-Induced
Cell Behaviors. From the experimental results, we determined
the roles of individual geometric and mechanical factors within
the nanocilia. The slanted nanocilia possess two geometrical
factors: the arrangement and the slanted geometry of the
nanocilia (Figure 6a). The arrangement of the nanocilia allowed

Figure 6. The various physical factors of the slanted nanocilia array play different roles in cell polarization, and the polarization is controlled by
multiple steps. (a) A graphical summary of the cellular behaviors in response to the arrangement and slanted geometry of the nanocilia. The role
of the slanted geometry could be further classified into anisotropic contact on the sidewall of the nanocilia and the anisotropic bending stiffness.
(b) The role of each signaling pathway on the recognition of geometrical anisotropy or cell spreading. The cell polarization was controlled in the
following sequential steps: First, a cell recognizes the directionality of the underlying topography from surface coating-adhesion receptor
interactions, and, second, the cell elongates according to the obtained geometrical cues via the PI3K and Rac signaling pathway. The inhibition of
MLC2 exhibited that traction force is required to obtain polarized cell morphology.
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for bidirectional polarization. The slanted geometry factor can be
further classified into two subfactors: anisotropic contact and
anisotropic stiffness. The anisotropic contact not only mediated
the unidirectional polarization along the slanted direction of the
nanocilia but also facilitated cell spreading at the initial stage of
cell adhesion and even under the immunological and pharma-
cological perturbation of cell signal transduction. Anisotropic
stiffness controlled the direction of migration toward the stiffer
direction.
The experimental results of the surface coating and the

immunological and pharmacological perturbation of signal trans-
duction indicated that cell polarization is regulated in two con-
secutive steps: the recognition of geometrical anisotropy and the
subsequent directional spreading along the guided geometry
(Figure 6b). First, if the surface is coated with fibronectin,
collagen type I, and Matrigel, the cells could achieve geometrical
anisotropy, including the arrangement of nanocilia and a slanted
geometry. After completion of the recognition step, the direc-
tional spreading is mediated through the PI3K-Rac signaling
pathway. Notably, highly slanted geometries, such as the 30°
angled nanocilia, could neutralize the inhibitory effect of integrin,
PI3K, and Rac, because the cellular contact on the sidewalls of
nanocilia provides additional momentum for the cell−substrate
interaction. Furthermore, MLC2 activity is required to achieve a
polarized cell morphology.

CONCLUSION

In summary, cell behaviors could be controlled via (i) a collective
effect of the cluster of nanocilia (arrangement of nanocilia) and
(ii) a geometrical effect that originated from individual nanocilia
(slanted geometry). Although the nanocilium itself is a passive
component, a cluster of nanocilia or geometrical modifications
can guide the directional behavior of cells, such as polarization,
spreading, and migration. The slanted geometry of the nanocilia
induced unidirectional polarization and migration, and such
unidirectionality gradually transitioned to multidirectionality as
the angle of the nanocilia increased. The slanted geometry
facilitated cell spreading by increasing the interacting surface area
and guided cell migration to the opposite direction of the slanted
geometry due to the increased anisotropic mechanical stiffness
upon bending the nanocilia. As revealed by the experimental
observations, multiple physical factors were embedded in a
slanted nanocilia array, and those factors regulated different cell
behaviors. It is believed that the sophisticated design of nano-
scale geometry can be a useful tool to identify the underlying
mechanism of physical cue-cell interactions.

METHODS
Fabrication of Slanted Polyurethane Acrylate (PUA) Nano-

pillars. PUA nanopillars were prepared by capillary force lithography
(CFL), replicating prepatterned silicon masters with UV-curable PUA
materials.51,52 PUA prepolymers (MINS 310RM) were purchased
from Minuta Tech. (Suwon, Kyoungki-do, South Korea). Various
silicon masters with nanoholes were fabricated by a series of micro-
electromechanical systems (MEMS) machining steps, such as thin-film
deposition, photolithography, and dry etching. The detailed fabrication
steps can be found elsewhere.47,53 In brief, a small amount of PUA
prepolymer (∼10 μL) was dispensed dropwise onto the silicon master,
and polyethylene terephthalate (PET) film (thickness of 50 μm, used for
backing) was brought into contact with it. After lightly pressing several
times with a roller, the liquid prepolymer was cured by UV exposure
(λ = 250−400 nm) for a few tens of seconds. After UV curing, the
solidified PUA attached to the PET backing was peeled from the master
and fully cured with UV light for an additional 5 h. To prevent potential

swelling and fixation for imaging, the patterned nanopillar array backed
by PET film was integrated onto a coverslip (diameter of 25 mm) using
UV-curable glue (NOA 71, Norland Optical Adhesive, USA).

Cell Culture. NIH-3T3, bEnd.3, and C8-D1A cells (American
Tissue Culture Collection, ATCC, USA) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Invitrogen, USA) supplemented
with 10% fetal bovine serum and 1% penicillin/streptomycin at 37 °C
and 5% CO2. Rat lung fibroblasts (Cell Applications, Inc., USA) were
cultured in a rat fibroblast growth medium kit (Cell Applications, Inc.,
USA). U87-MG cells were cultured in Eagle’s minimum essential
medium (EMEM; Invitrogen, USA) supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin. Prior to cell seeding, the
patterned substrates were sterilized in a UV chamber for 1 h, treated with
oxygen plasma for 40 s (power: 30 W, and pressure: 5 mTorr), and then
coated with 10 μg/mL fibronectin for 12 h. The cell-seeding density was
maintained at 104/cm2 throughout the experiment. For the preparation
of the surface coating solution, collagen type I (Corning, USA), Matrigel
(Gibco, USA), poly-D-lysine (PDL; Sigma, USA), and poly-L-lysine
(PLL; Sigma. USA) were diluted in phosphate buffered saline (PBS;
Lonza, USA) at a concentration of 10 μg/mL.

Immunostaining. For immunofluorescence staining, cells were
washed with PBS and fixed with 4% paraformaldehyde in PBS for 15min
at room temperature. Then, the cells were permeabilized with PBS
supplemented with 1% BSA (w/w) and 0.3% Triton X-100 (v/v) for
15 min and washed three times with PBS. The cells were incubated with
target-specific antibodies at room temperature for 1 h and washed
3 times with PBS. Detailed information on the antibodies used in this
study are as follows: F-actin (Sigma, USA), vinculin (Sigma), and
DAPI (Life Technologies, USA). To prevent photobleaching, the
immunostained cells were mounted with an antifading reagent (Thermo
Fisher, USA).

Imaging and Analysis. Immunofluorescence images were captured
by using a confocal microscope (LSM700, Zeiss, Germany). The
alignment and morphological indices of the cell bodies were analyzed
using the ImageJ program (National Institute of Health, Bethesda,
USA). For live cell imaging, the cells were observed using a Juli live cell
movie analyzer (NanoEntek, South Korea) equipped in the cell
incubator.

Data Evaluation and Statistical Analysis. The data, including the
alignment probability and morphological index, were analyzed with
ImageJ (NIH, Bethesda, MD, USA), and quantitative data are reported
as the means ± standard deviation (SD). For the morphology and
alignment quantification, more than 100 cells were analyzed in each case.
For statistical analysis, the one-way analysis of variance (ANOVA) with
Tukey’s post hoc test was performed using SigmaPlot (Jandel
Corporation, USA). P values <0.05 were considered to be statistically
significant.

Scanning Electron Microscopy (SEM) Imaging. For SEM
imaging, cells were washed with PBS and fixed with 5% glutaraldehyde
for 30 min in 4 °C. After removing the fixative, the cells were incubated
with 0.1 M sodium cacodylate and 0.1 M sucrose for 30 min. After
washing with PBS and distilled water for 5 min, the cells were
dehydrated by serial additions of 35%, 70%, 85%, 95%, and 100%
ethanol solutions for 10 min each. Then, the cells were immersed in
hexamethyldisilazane (HMDS, Sigma-Aldrich) for 5 min. After the
samples were dried, the substrates were sputter-coated with Pt to a
thickness of 3 nm prior to measurement. SEM images were obtained
using a HITACHI S-4800 microscope (Hitachi, Japan).

Computational Simulation Using ABAQUS. The finite element
method (FEM) simulation was conducted using the ABAQUS program
to calculate the deformation-dependent spring constants of the nano-
cilia. For the analysis, a diameter of 400 nm, a length of 2,000 nm, an
elastic modulus of 19.8 MPa, and a Poisson’s ratio of 0.4 were used.

Signaling Inhibitors and Antibodies for the Mechanistic
Study. The following signaling inhibitors and antibodies were
purchased: Y-27632 (Sigma-Aldrich, USA), NSC 23766 (Tocris
Bioscience, UK), blebbistatin (Sigma-Aldrich, USA), LY 294002
(Sigma-Aldrich, USA), ML-141 (Sigma-Aldrich, USA), FAK inhibitor
14 (Sigma-Aldrich, USA), and integrin β1 (BD Pharmingen, USA).
Alignments were analyzed using ImageJ (NIH, Bethesda, USA) from the
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microscopic or immunofluorescence images obtained 24 h after the
treatment.
Western Blot Analysis. Samples were collected after 24 h of

treatment and lysed in ice-cold lysis buffer (20 mM Tris-HCl, pH 7.5,
1% NP40, 150 mM NaCl, 1 mM EDTA, 1 mM Na3VO4, 1 mM NaF)
containing a protease inhibitor cocktail (Invitrogen, MA, USA) and
phosphatase inhibitors (Invitrogen). Protein concentration was deter-
mined using a Bradford protein assay (Bio-Rad, Hercules, CA, USA).
Equal protein concentrations from each sample were mixed with a
sample buffer, loaded, and separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) on a 15% (v/v) resolving
gel. Proteins separated by SDS-PAGE were transferred to an nitro-
cellulose blotting membranes (GE Healthcare, USA) and subsequently
probed with antibodies against phosphorylated myosin light chain II
(pMLC2, Cell Signaling, MA, USA), myosin light chain II (MLC2, Cell
Signaling, MA, USA), and GAPDH (Santa Cruz, Texas, USA) for
overnight at 4 °C. The membranes were incubated with horseradish
peroxidase-conjugated secondary antibody (Sigma-Aldrich) for 1.5 h at
room temperature. Blots were developed using an enhanced
chemiluminescence detection system (Amersham Bioscience, Piscat-
away, NJ, USA). Analyses were performed in quadruplicate and
quantified with an imaging densitometer (Bio-Rad).
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