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M

anipulation of cell fate on biomaterials is a fundamental goal of
regenerative medicine.15 Nextgeneration solutions include implantable
materials that will actively participate in
tissue formation. This can be achieved by
programming multiple cell-instructive cues
into the biomaterial itself.313 For example,
biomaterials can release growth factors,
present ligands, and deliver physical cues in
order to sequentially recruit, organize, and
diﬀerentiate stem cell populations.4,6,10,1317
These smart biomaterials can also provide
transformative tools for probing the mechanisms that instruct cell behavior and biosensing applications.9,1820 The architecture of the
biomaterial surface is a critical element in
controlling cell behavior through contact
guidance11,2123 and is the foundation from
which physical and chemical extracellular
signals that are essential to deﬁning phenotype are presented to cells (i.e., adhesion
ligands and material elasticity).2325 Experiments over the last several decades have
shown that topographic cues, initially at the
microscale and more recently at the nanoscale, can inﬂuence the behavior and diﬀerentiation of various cell types.9,10,12,1522,2629
There is enormous potential to utilize substrate topography, particularly in applications where cell polarity and organization
are required.30 For instance, in neuroelectronics, topography could be used to control the
directionality of neurite growth and deﬁne
the polarity of neuronal junctions. Identiﬁcation of topographies that elicit speciﬁc cellular responses, and understanding how cells
interpret these topographic cues, will enable
the design of “smart” materials that use
topography to present chemical, mechanical,
and other vital cell stimuli.
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ABSTRACT

Nanobiomaterials are introducing new capabilities to coordinate cell selection, growth,
morphology, and diﬀerentiation. Herein, we report that tuning the geometry of ordered arrays
of nanopillars (NP) elicits specialized morphologies in adherent cells. Systematic analysis of the
eﬀects of the NP radius, height, and spacing reveals that stem cells assume either ﬂattened,
polarized, or stellate morphologies in direct response to interpillar spacing. Notably, on NPs of
pitch near a critical spacing (dcrit ≈ 2 μm for C3H10T1/2 cells), cells exhibit rounding of the cell
body, pronounced polarization, and extension of narrow axon-like cell projections aligned with
the square lattice of the NP array and extending hundreds of micrometers. Furthermore,
increasing the NPs' aspect ratio from 12:1 to 50:1 to produce NPs with a corresponding
reduction in the NP bending stiﬀness of 2 orders of magnitude ampliﬁed the cellular response
and resulted in a previously unseen degree of cell polarization and alignment. The rapid
morphological transformation is reproducible on surfaces that maintain key parameters of the
NP geometry and spacing, is inﬂuenced by the cell seeding density, and persists for diﬀerent
stem cell lines and primary mesenchymal stem cells. The demonstrated ability to support
various morphogenetic trends in stem cells by simply tuning the geometry of the NP substrates
provides a stepping-stone for the future design of scaﬀolds where cellular morphology and
alignment are crucial.
KEYWORDS: C3H10T1/2 cells . nanopillar arrays . stem cell morphology . cell
alignment

Cell morphology is a critical gauge
of a material's performance. Cell shape
inﬂuences expression proﬁles, signaling
pathways that guide diﬀerentiation, and is
an indicator of normal function in most cell
types.25,3133 Numerous studies of cell growth
on ﬂat substrates have demonstrated that
cell morphology is extremely responsive to
spatial restrictions, adhesion site availability
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and distribution, substrate elasticity, and topographical
order.9,11,18,21,24,28,3436 An increasing number of studies
highlight the sensitivity of morphology and gene
expression to micro- and nanoscale grooves, pillars, or
pits.9,12,1821,24,2729,3438 For example, oriented ﬁbroblast
growth was previously demonstrated on nanoblades, and
rounding of cells was reported on nanopillars (NPs).39
Various studies have also developed polymeric micropillar arrays for quantitative measurements of cellular
forces.18,29,4042 These reports demonstrate that microand nanotopographies, particularly NP arrays, could provide a basis for several levels of functionality on biomaterial
surfaces. These isolated studies do not, however, systematically study the eﬀect of combinations of geometry,
spacing, and stiﬀness of NPs on cell shape and diﬀerentiation.
We have previously demonstrated several of the
design elements for creating NP-based programmable
biomaterials including mechanical actuation of NPs
and tuning NP mechanical stiﬀness.4349 NPs can be
chemically functionalized,46,50 patterned, electrically
addressed, and actuated.45,49 Patterned NP arrays can
be fabricated by photolithography in silicon, replicated
into polymers by molding, or produced by a variety of
other techniques including growth of carbon or metal
oxide nanowires to provide a diversity of chemical and
physical properties.43,47,48 In particular, spatial conﬁnement and adhesion site availability for cell attachment
can be controlled by varying NP size and interpillar
spacing.51 Importantly, the elasticity of the substrate
and its inﬂuence on cell diﬀerentiation can also be
controlled geometrically by changing the radius and
length of the NPs in addition to using a diﬀerent
material with a diﬀerent Young's modulus, thus enabling the use of materials that provide other essential
characteristics while achieving a tunable elasticity on
the surface.
Here, we systematically scrutinize the inﬂuence of
various geometries, geometry-induced elasticity, and
densities of ordered NP arrays on the morphology of
pluripotent cells. Speciﬁcally, we focus on the mesenchymal progenitor cell line C3H10T1/2 since it is a
model of diﬀerentiation to several lineages, which
include adipocytes, osteocytes, and chondrocytes,
among others. We ﬁnd that stem cell shape and
alignment can be ﬁnely tuned as a function of the NP
spacing and geometry. We have identiﬁed a characteristic
spacing for stem cells (∼2 μm) using high-aspect-ratio
(geometrically soft) NPs that induce dramatic polarization
and growth of axon-like extensions that align with the
NP lattice. We believe that ultimately this NP platform
can deliver not only topographic but also chemical
and physical stimuli and dynamically change these parameters through actuation and, thus, provides a powerful
tool for attracting desired cell populations, programming
their shape, and directing their fate.

Figure 1. C3H10T1/2 cells grown for 1 day on NP arrays with
a spectrum of NP spacings. Representative SEM images of
cells on arrays of 1 μm (A), 2 μm (B), and 4 μm pitch (C) show
diﬀerent stem cell morphologies as a function of NP density.
Insets are lower magniﬁcation images. (A) Cells grown on
regions with p = 1 μm spread similarly to cells on polished
silicon. (B) A dramatic change to neuron-like morphologies
occurs at p = 2 μm. The majority of cells develop a single
extension spreading across the NPs. (C) Cells on NPs of p = 4 μm
extend past the NPs and spread at the bottom of the surface
and develop multiple, highly branched extensions. (D)
Image of cells grown on a substrate having a 2 μm pitch
NP region (left) and adjacent unetched, ﬂat region (right);
note profoundly diﬀerent, highly uniform, and statistically
signiﬁcant morphological trends with highly polarized cells
on the NP. Scale bars (A, B, C) 10 μm, insets 20 μm, (D) 500 μm.
See also Figure S1.

RESULTS
Silicon nanopillars patterned in square-lattice arrays
with a gradient of interpillar spacings (pitch) were
fabricated with a NP aspect ratio of 12:1 (diameter of
400 nm, length of 5 μm, pitch changing from 0.8 to 5
μm). Mouse embryo-derived stem cells (C3H10T1/2)
were cultured on the gradient NP arrays as well as NP
arrays with a constant pitch of 1, 2, or 4 μm for 1 day,
and their morphology was assessed by optical microscopy and scanning electron microscopy (SEM).52 Distinct morphological characteristics were observed as a
function of the pitch of the NP arrays. Figure 1 shows
SEM images of representative cells grown on NP arrays
of 1, 2, and 4 μm pitch (see also Figure S1). The
characteristic spindle-shaped morphology of this cell
line was maintained on polished silicon (ﬂat) as well as
on the region of the gradient sample with small
interpillar spacings ranging from 0.8 to 1.25 μm. Similarly, on 1 μm constant-pitch NPs, cells were broad with
high projected cell area (Figure 1A). On these densely
packed NP arrays, the cells were characteristically
adherent to the tips of the NPs and did not penetrate
signiﬁcantly between the NPs. With increasing NP
pitch, obvious changes in cell morphology were noted.
On a gradient sample of NPs with 1.52.5 μm spacing
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Cells Cultured on Flat Si and 12:1 Aspect Ratio NPs with
Varying Pitch
% cells

projected

general

sample

polarized (SD)

area/cell, μm2 (SD)

morphology

ﬂat silicon
NP, p = 1 μm
NP, p = 2 μm
NP, p = 4 μm

20 (12.0)
32.7 (4.7)
70.2 (11.0)a
66.6 (6.2)a

475.6 (126.3)
236.1 (37.8)
92.4 (38.8)a
263.3 (63.6)

spindle-shaped, ﬂattened
spindle-shaped, ﬂattened
highly polarized
stellate, highly branched

a

Signiﬁcant diﬀerence relative to ﬂat Si and NP with p = 1 μm.

TABLE 2. Number of Extensions Grown by C3H10T1/2
Cells on Flat Si and 50:1 Aspect Ratio NPs with p = 2 μm
extentions per cell

% cells (SD) on ﬂat Si

% cells (SD) on ﬂat Si

0
1
2
g3

49.5 (4.8)
32.6 (0.7)
13.6 (7.2)
4.3 (4.4)

23.3 (3.2)a
56.7 (4.1)a
15.2 (4.0)
4.8 (3.1)

a

Signiﬁcant diﬀerence relative to ﬂat Si.

and on 2 μm constant-pitch NPs cells exhibited
rounded cell bodies and long narrow extensions
(Figure 1B). In striking contrast to the ﬂattened morphology of cells on a higher density NP or polished
silicon, the morphology of nearly all cells on a
2 μm constant pitch sample was characteristic of
three-dimensional cultures or neuronal cells in situ
(Figure 1D). The cells remained largely suspended on
the NPs and grew long, narrow axon-like extensions
that bridged the NPs and rarely contacted the underlying substrate. In regions with a pitch of ∼3.55 μm
on the gradient sample and on the 4 μm constant-pitch
substrate, the cells assumed a stellate morphology and
grew multiple cell extensions with increased branching
relative to cells on 2 μm pitch NPs. The cells consistently penetrated beyond the NPs and onto the
underlying substrate (Figure 1C). Image analysis of
ﬂuorescently labeled cells (see Methods) showed that
the vast majority of cells on both 2 and 4 μm pitch NPs
were morphologically polarized and that the projected
cell area was reduced 5-fold in cells on 2 μm pitch NPs
relative to cells on polished silicon (Table 1). Image
analysis of 1 day cultures indicated the majority of cells
on the 2 μm pitch NPs had a single dominant extension, a signiﬁcant increase relative to cells on polished
silicon in which the largest population had no signiﬁcant extensions (Table 2). The majority of cell extensions bridged NPs in the Æ10æ lattice direction along the
principal axes of the NP array, signiﬁcantly greater than
extending in all other lattice directions, with the second highest frequency in the diagonal Æ11æ direction
(Table 3).
The striking transformation in cell morphology observed on NPs of 2 μm pitch is consistent with a
neuronal phenotype and, therefore, may be useful for
BUCARO ET AL.

TABLE 3. Alignment of Extensions of C3H10T1/2 Cells
with Lattice Directions of NPs with p = 2 μm
lattice direction

% cells segments

SD

<10>
<11>
<21>
<31>

65.8
15.6
9.6
6.3

14.4
6.3
6.1
3.2
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TABLE 1. Morphological Differences among C3H10T1/2

neuronal engineering applications. We therefore
evaluated this spacing further with regard to (i) the
NP aspect ratio (which will correspond to the eﬀective
change of surface elasticity), (ii) surface chemistry,
and (iii) cell seeding density. Cell growth was evaluated on NP substrates with 2 μm pitch and aspect
ratios of 1:12 (diameter = 400 nm, height = 5 μm) and
1:50 (diameter = 200 nm, height = 10 μm). These
modest changes in geometry produce a 128-fold
decrease in NP bending stiﬀness (from calculated
values of 100 nN/nm to 1 nN/nm) according to the
following expression relating the bending stiﬀness of
cantilevers of diﬀering geometry:
  3  4
S1effect
E1
l2
r1
¼
S2effect
E2
l1
r2
The changes in geometry were further conﬁrmed by
direct AFM measurements.43 We observed that ﬂuorinated surfaces promoted cell growth on the NP tips
and minimized cell interactions with the underlying
substrate; therefore, we conducted the following
studies on NPs treated with a self-assembled monolayer of ﬂuorinated silane.
Cells were seeded at a density of 5  104 cells/cm2
and cultured for 1 day on the NPs of aspect ratio 1:12
and 1:50. Both optical and SEM analysis showed that
cells exhibited similar rounded cell bodies and axonlike extensions on all 2 μm pitch surfaces (Figure 2).
Notably however, the geometrically softer, high-aspect-ratio NP arrays induced more prominent cell
polarization and the alignment of cell extensions with
the orientation of the underlying NP square-lattice
array, while cells on the adjacent polished silicon
spread broadly and radially uniformly and expanded
to conﬂuency over 1 day (Figure 2A). The morphology
of the cells on the NPs was dependent on cell seeding
density (Figure S2). At high cell seeding density (5 
106 cells/cm2) cells were conﬂuent on the NP array and
cell elongation was minimal. This is demonstrated by
cells seeded in dispersed aggregates that grow axonlike processes only at the peripheries where cells
extend uninterrupted across the nanopatterned surface (Figure 2B). Cell bodies characteristically rested
atop the NPs with extensions that traversed the NPs
(Figure 2C; Figure S2). To demonstrate that it is the
pseudo-3D structure of the “soft” NPs that guides the
morphological transformation and that the simple
distribution of chemically adhesive patches on the ﬂat
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Figure 2. Oriented growth and polarization of C3H10T1/2 cells by high-aspect-ratio, “geometrically soft” NPs. (A) SEM images
of C3H10T1/2 cells after 1 day of culture on NPs of l = 10 μm, r = 100 nm, p = 2 μm (left) and unetched/polished silicon wafer
(right) for cell seeding density of 5  105 cells/cm2. On the NP array, the cells are highly polarized and aligned with the NP grid
(Æ10æ direction of square NP lattice is aligned with the edges of the image). (B) SEM showing oriented cell extensions at the
edge of a cell aggregate after 1 day of culture (see also Figure S2). (C) SEM of a cell on NPs taken from a shallow angle showing
the cell resting on the tips of NPs. (D) Optical images showing actin cytoskeleton (red) and nuclei (blue) of cells after 2 days of
culture on NPs (left) and polished silicon (right). (E) SEM and live cell optical image (inset) of the same cells stained with R18
after 1 day of culture on NPs (see also Figures S2,3). (F) Optical image of actin (red) and nuclei (blue) of a cell on a ﬂat sample
with a 2D array of adhesion sites (inset at same magniﬁcation). Scale bars: 100 μm (A), 20 μm (B, E), 10 μm (C, D, F).

surface at the same distances as our substrates has no
pronounced eﬀect on cell polarization, C3H10T1/2 cells
were cultured for 1 day on ﬂat surfaces with 2D patterns
of adhesion sites (FN), which were created using the
same lithographic mask as the NP arrays. The cells
spread broadly, similar to cells on polished silicon,
showing no polarization or alignment with the underlying 2D patterns (Figure 2F).
Evaluation of the actin cytoskeleton by ﬂuorescence
microscopy after 2 days in culture on high-aspect-ratio
NP arrays further demonstrated the strong preference
for alignment of the cell apparatus with the directions
of the NP array, showing strong orientation of actin
ﬁlaments in the Æ10æ direction of the underlying NP
array, while actin cytoskeletal organization had no
preferred orientation on polished silicon (Figure 2D).
Live imaging of membrane-dyed cells cultured at 1 day
(Figure 2E) showed that at lower density cell elongation is pronounced and the morphological characteristics in live cells correspond with the SEM of the same
cells, demonstrating the ﬁdelity of the SEM preparation
with respect to cell morphology and alignment with
the NP array and that both live imaging and SEM
studies can be used to assess the cell morphology.
Figures 2E and S3 show the characteristic elongated
morphologies of the cells and their preferred polarization in the Æ10æ and Æ11æ crystallographic directions of
the underlying NP array.
To gain insight into the evolution of the unique
morphologies of the cells on NPs, the early events of
cell spreading were evaluated on live and ﬁxed cells
seeded on gradient pitch surfaces (Figure 3). Timelapse microscopy on live cells with ﬂuorescent lipophilic tracers was used to image the cell plasma
BUCARO ET AL.

membrane over the course of the ﬁrst 60 min postseeding. At 30 and 60 min post-seeding, the actin
cytoskeleton was assessed by ﬂuorescence staining,
and morphology was assessed by SEM. Cells on polished
silicon, 0.8 to 1 μm pitch and 1.5 to 2 μm pitch, each
exhibited diﬀerent morphological characteristics already 30 min post-seeding that were further accented
at 60 min (Figure 3). At 30 min, cells on polished silicon
extended lamellapodia-like sheets. Similar cell morphology was observed on 0.8 to 1 μm pitch NPs, with the
addition of frequent short ﬁlopodia-like extensions
oriented with the NP array. Notably, on 1.5 to 2 μm
pitch NPs, broad lamellapodia-like extensions were
infrequent and longer extensions protruded from the
cell bodies, relative to cells on 0.8 to 1 μm pitch NPs.
These characteristics were consistent for live cell imaging, actin staining, and SEM. Thus, within 30 min postseeding cell morphology is already distinctly altered by
the NP pitch. Cells were examined again at 60 min postseeding, and these diﬀerences were more pronounced.
At 60 min, cells were broadly spread on polished silicon
and again had a similar morphology on 0.8 to 1 μm
pitch NPs, but with short extensions oriented along the
underlying NP array. In contrast, cells on 1.5 to 2 μm
pitch NPs had substantially smaller projected areas and
fewer, signiﬁcantly longer extensions, developing into
a distinctly polarized morphology at 60 min postseeding.
Several additional surfaces were evaluated to further
examine the parameters of the array that are responsible for cell polarization and alignment. These included (i) 1.5 μm diameter micropillars at a pitch of
3.5 μm fabricated to produce a similar gap distance
between adjacent pillars to the 2 μm pitch NPs and
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Figure 3. Early progression of cell spreading on NPs of
varying pitch. At 30 min (top grid) or 60 min (bottom grid)
post-seeding, R18-stained cells were ﬁrst imaged live by
ﬂuorescence microscopy, then ﬁxed, the actin cytoskeleton
was optically imaged, and ﬁnally SEM images were taken.
Images show representative cells on polished silicon (ﬂat)
and NP substrates. At 30 min post-seeding, cells on polished
silicon and NPs with p = 0.81.0 μm spread broadly and had
less signiﬁcant extensions compared to cells on NPs with p =
1.52.0 μm. At 60 min, similar diﬀerences were apparent,
and actin alignment with the NP grid primarily in the Æ10æ
direction was common on both ranges of NP spacings.

(ii) molded replicas of 2 μm pitch NPs (12:1 aspect
ratio) in polymer (OG142, Epotek). Moreover, a variety
of cell types were tested, including human mesenchymal stem cells, PC12 cells, and C3H10T1/2 cells. All
cell types exhibited polarization and alignment on
all of the substrates (Figure 4) in which the gap
between pillars was at 1.6 to 2 μm spacing with
some variance in the exact distance that elicits maximum polarization response for each cell type. Interestingly, PC12 cells grown on Si (Young's modulus
of ∼180 GPa) and epoxy (Young's modulus of ∼1
2 GPa) showed similar morphology, suggesting that
interpillar spacing may have a more signiﬁcant role in
inducing the speciﬁc morphological change, while
the material's elasticity aﬀects only the extent of cell
polarization.
The axon-like morphology observed on 2 μm pitch
NPs led us to evaluate the possibility that the surfaces
were neural-inductive. Murine C3H10T1/2 cells were
cultured on ﬂat and 2 μm pitch, 50:1 aspect ratio NPs
for 2 weeks in full serum and evaluated for βIII-tubulin
BUCARO ET AL.

Figure 4. A variety of NP arrays with interpillar gaps of 1.6
to 2 μm all induce polarization of diﬀerent cell types. In all
studies cells were cultured for 1 day and imaged by SEM. (A)
PC12 cells grown on high-aspect-ratio Si NPs (r = 100 nm,
h = 10 μm, p = 2 μm), (B) human mesenchymal stem cells
grown on Si NPs (r = 200 nm, h = 5 μm, p = 2 μm), (C) PC12
cells grown on an OG142 polymer micropillar array (r =
750 nm, h = 10 μm, p = 3.5 μm), and (D) C3H10T1/2 cells
grown on a silicon micropost array (same topography as C)
all exhibit similar cell body polarization and strong alignment with the Æ10æ and Æ11æ lattice directions. Scale bar
50 μm, magniﬁcation the same for all images.

Figure 5. C3H10T1/2 cells immuno-stained for βIII-tubulin
after 2-week culture on polished silicon (A) and NPs with
l = 10 μm, r = 100 nm, p = 2 μm (B, C). βIII-Tubulin expression
is higher in cells grown on high-aspect-ratio NP. Scale bar:
20 μm.

expression by immunohistochemistry. Cells on NPs
stained more strongly for βIII-tubulin than control cells
on ﬂat Si (Figure 5), suggesting upregulation of the
neuron-speciﬁc marker induced by culture on the NP
array.
DISCUSSION
This study demonstrates the use of geometrically
tunable nanopillar arrays to guide cell morphology by
combinatorially varying the interpillar distance and NP
aspect ratio. The results of stem cell growth on square
arrays of cylindrical silicon NPs (with diameter 0.2
0.5 μm, height 510 μm, and interpillar spacings ranging
from 0.8 to 5 μm) show that subtle changes in the NP
spacing profoundly inﬂuence the projected area of the
cells, cell body polarization, extension of cellular projections, and alignment of cell extensions with the NP
grid. This transformation initiates quickly upon contact
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with the surfaces, with obvious diﬀerences in morphology becoming evident at 30 min post-seeding. Patterned arrays of adhesion sites on ﬂat surfaces did
not replicate these eﬀects, indicating that the NP 3D
topography, and not merely adhesion site restriction,
accounts for our observations. Finally, we demonstrate
the use of related topographies to produce similar
eﬀects, highlighting the importance of the interpillar
gap in producing polarized, oriented cells, as well as
use of molded polymeric NP arrays that can be applied
to tissue engineering applications.
On the basis of the results of live imaging of the
evolution of cell spreading (Figure 3) and comparison
of the ensuing cell shapes (Figures 1, 2), we propose
that, for a given cell type, a characteristic critical
distance between NPs (dcrit) permits cells to bridge
NPs as cell extensions elongate (Figure 6). For each cell
type tested, the dcrit was close to 2 μm and shifted
slightly dependent on the cell type, suggesting a
common mechanism. For small interpillar distances
(spacing less than 1.25 μm), the cells spread radially
since they can reach posts for establishing the next
focal adhesion contacts in all directions; as a result, the
cells assumed a ﬂattened morphology (Figure 6). With
increasing NP spacing, extensions oriented with the NP
lattice grow preferentially relative to those extending
in directions not aligned with the lattice, where they
have a higher probability of reaching the next post.
Extensions preferentially grew in the Æ10æ and Æ11æ
directions, i.e., where the interpillar distances are shortest. When the lattice spacing reached dcrit, only cellular
extensions aligned with the Æ10æ can contact the next
post to establish the focal adhesion (Figures 1, 2,
Table 1). At a NP pitch of 2 μm, which corresponds to
an interpillar gap, dcrit, of ∼1.8 μm, the cell axis and
extensions aligned with the Æ10æ direction of the NP
BUCARO ET AL.
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Figure 6. Schematic of the proposed cell spreading mechanism depicting the role of the spacing and symmetry of
high-aspect-ratio NP arrays in controlling the morphology
and alignment of stem cells. Red indicates areas of cell
adhesion. Evolution of cell spreading at early (A) and late
(B, C) stages of cell spreading. On high-density NP arrays where
p , dcrit, the ﬁlopodia can establish focal adhesions with the
surface in all directions. On medium-density NPs at distances between the NPs reaching dcrit, only extensions
oriented in the Æ10æ lattice directions will be able to ﬁnd
the adhesion, while extensions growing in other directions
will be unable to bridge the gap > dcrit. On low-density NP
arrays where p . dcrit, cells can no longer bridge the pillars
in any direction; cells penetrate to the underlying substrate
and extend at the ﬂoor of the nanoforest.

grid (Figure 2). At further increased interpillar distances
(>3.5 μm), the cells no longer bridge the pillars and
spread at the base of the NPs, resulting in increased
branching of the extensions as bifurcations were
formed around the NPs (Figure 1C).
The proposed mechanism provides a working model of cell interpretation of topography as a cue for
growth and oﬀers a basis for the rational design of NP
arrays that can be optimized to program speciﬁc cell
morphologies. In particular, we have demonstrated
that the mode of cell spreading, rounding of the cell
body, cell polarization, cell alignment, and branching
of extensions can be switched on or oﬀ by tuning the
order and availability of NPs for cell attachment. It is
important to note that while the proposed mechanism
emphasizes the role of NP spacing, the protein adsorption at the tips and the surface chemistry on the edges
of these structures may also contribute.53
While others have identiﬁed strong polarization
and alignment of cells on nanogrooved surfaces, they
observed that these features were not prominent on
NPs.39 In contrast, our systematic, combinatorial study
using high-aspect-ratio structures shows that such
polarization is induced only at a characteristic interpillar distance near 2 μm, where NPs induced a rapid
and marked cell polarization and alignment. The
majority of cells showed growth of a single, smalldiameter, axon-like process extending hundreds of
micrometers and aligned with the underlying lattice.
Control over such pronounced changes in stem cell
shape have not been previously demonstrated on NPs,
conceivably due the use of a diﬀerent NP spacing and
failure to appreciate the role such spacing has on the
cell shape. Others have shown cell shape changes
when adhesion site availability is deﬁned by chemical
patterning of 2D substrates.5,11,15,31 We found that the
extreme cell polarization and alignment observed in
our study could not be replicated with 2D patterned
adhesion sites that mimic the NP arrays and that the
suspension of cells in the 3D geometry and the need to
bridge the speciﬁc interpillar gaps are critical for the
pronounced, directional cell polarization.
We observe increased βIII-tubulin immunostaining
of C3H10T1/2 stem cells cultured on NPs spaced at 2
μm after 2 weeks in culture. While not a deﬁnitive
marker for neural induction, it is consistent with other
studies that have demonstrated neuronal induction by
grooved nanostructures via topographic cues in the
absence of serum withdrawal or addition of neurogenic agents.24,54,55 Moreover, the observation that the
extent of cell polarization and alignment increases with
increasing NP aspect ratio is consistent with earlier
studies showing neuronal induction of stem cells
grown on ﬂat, low-elastic-modulus materials.56,57
These studies indicate that cells sense the substrate
elasticity at the scale of focal adhesions.11,14,55,58 An
increase in NP aspect ratio leads to “geometrically
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Figure 7. Proposed multifunctional nanopillar arrays for
guiding cell behavior. (A) Nanotopographical cues are
fabricated using NPs lithographically to provide speciﬁc
geometry and spacing. (B) Asymmetric surface functionalization of the NPs can be used to specify cell adhesion sites
and alter the wetting behavior of the surface. (C) The
mechanical properties of NPs can be controlled by varying
the geometry by photolithography/DRIE and bulk material
properties. (D) Actuation of NPs can be used to stimulate
cells or to detect forces exerted by cells on NPs. (E) SEM
of stem cell growing on NP surface. (F) SEM of NP array.
(G) SEM of NP tip functionalization with nanoparticles. (H)
SEM showing the interaction of cells with the NPs, deﬂecting
NPs. (I) Optical image of microposts bending under cellular
forces.

softer” surfaces, which could lower the perceived stiﬀness of the substrate by the cell despite the high
Young's modulus of the bulk material (note that a 2-fold
increase in the aspect ratio results in a 10-fold decrease
in the eﬀective stiﬀness of the NPs). It is, therefore, likely
that high-aspect-ratio NPs will undergo deﬂections
under cellular forces and be perceived as elastic focal
adhesions.20 Such NP cantilevers can be expected to
provide a potent mechanical stimulus to the cells and,
thus, enhance the neurogenic potential of the substrate
and possibly be engineered to mimic the nonlinear
properties of protein matrices.59
While cytoskeletal rearrangement was reported to
occur in astroglial cells seeded on low-aspect-ratio
NPs,24 these earlier studies have not shown either
the remarkable morphological transformations or
the alignment of the cellular processes that are

METHODS
Fabrication and Characterization of Nanopillar Arrays. Silicon NP
arrays were fabricated by deep UV stepper lithography and Bosch
deep reactive ion etching (DRIE) of single-crystal silicon wafers. A
“gradient” sample was produced that included NP arrays with
radius of 200 nm and height of 5 μm (aspect ratio of 12:1) arranged
in a semicontinuous gradient of center-to-center interpillar spacings (pitch) from 0.8 to 5 μm. Surfaces with dedicated pitches of 1,
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observed in the current report. Our results strongly
suggest that directional cytoskeletal rearrangement
and subsequent speciﬁc changes in the stem cell
shape are highly sensitive to minute variations in NP
geometry and spacing. Further studies will be needed to
substantiate whether the spacing-induced morphological changes correlate with diﬀerentiation and proliferation and the extent to which the geometry of NP surfaces
alone can be used to specify, enhance, or accelerate
stem cell diﬀerentiation, in particular to a neuronal type.
Similar ﬁndings have been demonstrated in osteogenic
diﬀerentiation using nanotopography alone.60 In the
present study, the ability to induce routine alignment
of the cell extensions with the underlying lattice
could be used to guide directional cellular junctions
and, ultimately, their oriented growth into neural
networks.
CONCLUSION
We envision that NP arrays can be further developed
into a potent, multifunctional platform that synergistically coordinates topographical, chemical, and mechanical cues for cell guidance (Figure 7). The nanoscale topography can provide spatial cues for cell
attachment;43,47,48,51 the chemistry of the surface can
be patterned to specify cell adhesion sites and provide
directional signaling;46,50 the NP mechanical properties
can be tailored to mimic tissue matrix elasticity;20,43 NP
surfaces can be integrated with electronics for sensing
and stimulating neuron signaling; and actuation of
structures can be used to mechanically stimulate cells,
dynamically alter topography,45,49 or allow detection
of forces exerted by cells. These nanobiomaterials oﬀer
a versatile platform in which the topography, surface
chemistry, and physical properties of the NP arrays can
each be tailored to manipulate cell behavior and to
identify emergent cellular responses to combinatorial
stimuli. Of particular importance is the ability to design
these substrates to controllably reconﬁgure their geometry and therefore to provide a dynamic environment for
cell growth.45,49 Ongoing research will determine which
combinations of speciﬁc NP arrangements, NP surface
roughness, NP stiﬀness, actuation, and spatially deﬁned
chemistries are capable of guiding the growth and
diﬀerentiation of stem cells. Such studies will oﬀer further
insight into how to design programmable materials for
use in tissue engineering applications.

2, or 4 μm were also fabricated with 100 nm radius and 5 μm
height. High-aspect-ratio structures were fabricated with a radius
of 100 nm and height of 10 μm (aspect ratio of 50:1) set at a
pitch of 2 μm. Additionally, micropillar surfaces were fabricated
with 750 nm radius, 10 μm height, and 3.5 μm pitch. Surfaces were
treated by oxygen plasma, and hydrophobic samples were prepared by silanization with (tridecafluoro-1,1,2,2-tetrahydrooctyl)
trichlorosilane (Gelest, Inc. Morrisville, PA, USA). Polymeric
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