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Abstract

Cells are known to be surrounded by nanoscale topography in their natural extracellular environment. The cell behavior,

including morphology, proliferation, and motility of bovine pulmonary artery smooth muscle cells (SMC) were studied on

poly(methyl methacrylate) (PMMA) and poly(dimethylsiloxane) (PDMS) surfaces comprising nanopatterned gratings with 350 nm

linewidth, 700 nm pitch, and 350 nm depth. More than 90% of the cells aligned to the gratings, and were significantly elongated

compared to the SMC cultured on non-patterned surfaces. The nuclei were also elongated and aligned. Proliferation of the cells was

significantly reduced on the nanopatterned surfaces. The polarization of microtubule organizing centers (MTOC), which are

associated with cell migration, of SMC cultured on nanopatterned surfaces showed a preference towards the axis of cell alignment in

an in vitro wound healing assay. In contrast, the MTOC of SMC on non-patterned surfaces preferentially polarized towards the

wound edge. It is proposed that this nanoimprinting technology will provide a valuable platform for studies in cell-substrate

interactions and for development of medical devices with nanoscale features.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Cell-substratum interactions are central to many
biological phenomena. Knowledge of these interactions
is crucial to the understanding of many fundamental
biological questions and to the design of medical
devices. Tissue engineering is an example where control
of these interactions is essential to the creation of
functional engineered-tissues [1–6]. The performance of
many implantable medical devices is also dependent on
the desired device–tissue response [7]. Response of cells
to topographical cues and the concept of contact
e front matter r 2005 Elsevier Ltd. All rights reserved.
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guidance have been known for decades [8,9]. Various
topographical features such as grooves, ridges, stops,
pores, wells and nodes in micro- or nanoscale [10–12]
have been presented to a wide variety of cells: fibroblasts
[13–17], BHK cells [18], neuronal cells [19], macrophages
[20,21], epithelial cells [22], endothelial cells, and smooth
muscle cells (SMC) [23–26]. Topography can influence
cellular responses from initial attachment and migration
to differentiation and production of new tissue
[10,12,27]. While the great majority of these cell-
substrate interaction studies have been conducted on
features in the micron range, recent findings underscore
the phenomenon that mammalian cells do respond to
nanoscale features on a synthetic surface
[13,14,22–24,26]. Nanoscaled topography has been
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receiving increasing attention because of its resemblance
to in vivo surroundings. Cells in their natural environ-
ment interact with extracellular matrix components in
the nanometer scale. For example, the basement
membrane of many tissues display features of pores,
fibers, and ridges in the nanometer range [28]. Collagen
fibers in connective tissues are also composed of
tropocollagen molecules associating to form microfibrils
with a periodicity, or the appearance of bands, of 66 nm
[10]. A better understanding of the cellular response to
nanopatterns would therefore be of significance to the
design and application of biomaterials.
A range of techniques can be used to create well-

defined topographical and chemical cues for cell
patterning. Many of these approaches rely on photo-
lithography and reactive ion etching. This can be
followed by anisotropic etching, or UV and glow
discharge treatment [11]. Microcontact printing is also
a popular technique. Other methods include inkjet
printing and diamond cutting. These techniques are
generally suitable only for micropatterning. To go down
in size, photolithography is limited by diffraction
limitations. Without the use of phase shift masks, its
resolution is on the order of the wavelength of the light
used for exposure (typically 4200 nm). Electron-beam
lithography can be used to produce nanoscale patterns,
but it is expensive and time-consuming. A simple
method has been reported to fabricate nanoislands of
13–95 nm in height based on phase separation of
polystyrene and poly(4-bromostyrene) spin-coated on
silicon wafers [13,16]. The ability to produce nanofea-
tures of controlled size and geometry based on such
phase separation phenomenon, however, is poor.
We have recently developed nanoimprinting techni-

ques that can produce a wide range of nanostructures,
including multilayer three-dimensional structures made
of flexible polymers [29,30]. In this study we examined
the behavior SMC cultured on poly(methyl methacry-
late) (PMMA) and poly(dimethlsiloxane) (PDMS)
surfaces, consisting of nanopatterned gratings with
350 nm linewidth, 700 nm pitch, and 350 nm depth.
The morphology of cells grown on such gratings was
characterized with respect to their elongation and
alignment. In addition to proliferation, the cell motility
was studied using the in vitro wound healing model,
where the polarization of the microtubule organizing
centers (MTOC) of the SMC during the healing was
examined [31].
2. Materials and methods

2.1. Nanoimprinting

Nanoimprint lithography was used to generate grat-
ings with 350 nm linewidth, 700 nm pitch, and 350 nm
depth in a PMMA thin film that was spin-coated onto a
Si substrate as previously described [30,32]. Briefly, a
pre-patterned master SiO2 grating-mold was pressed
onto the PMMA polymer film at a temperature of
180 1C and a pressure of 6MPa. Imprinting well above
the glass transition temperature (Tg) of PMMA
(Tg ¼ 105 1C) results in a polymer that is in a viscous
fluid state such that it is amenable to molding and flow.
After 10min of imprinting at elevated temperature and
pressure, the SiO2 mold, PMMA polymer film, and Si
substrate were allowed to cool to below the Tg of the
PMMA, thereby producing a grating pattern in the
polymer based on the master mold. Mold release from
the polymer was facilitated by treating the mold surface,
prior to imprinting, with 1H, 1H, 2H, 2H-perfluorode-
cyl-trichlorosilane (FDTS) in order to lower its surface
energy.

2.2. Reproduction of nanograting with soft lithography

The nanopattern was also reproduced on poly(di-
methylsiloxan) (PDMS) using soft lithography. The
nanoimprinted PMMA-coated Si was used as a master
sample for the replica molding. The PMMA-coated
wafer was fluorinated with (tridecafluoro-1,1,2,2-tetra-
hydrooctyl)-1-trichlorosilane (United Chemical Tech-
nologies, Bristol, PA) for 2 h, washed with 0.01% Triton
X (Sigma, St. Louis, MO) and cleaned by blowing with
nitrogen gas. The PMMA-coated wafer was placed at
the bottom of a medium-size weight boat (Fisher
Scientific, Midland, MI) and 20 g of degassed PDMS
solution with cross-linking reagent (Sylgard 184 Silicone
Elastomer Kit, Dow Corning) was poured onto the
wafer. The mold was baked at 50 1C overnight, cooled at
room temperature and then separated from the master
wafer. The surface morphology and fidelity of the
nanogratings were inspected with scanning electron
microscopy (SEM). Nanopatterned PDMS samples
were plasma oxidized before cell culture in order to
produce a hydrophilic surface.

2.3. Smooth muscle cell culture

Bovine pulmonary artery SMC were obtained from
Cambrex (Walkersville, MD). The SMC were seeded on
the pre-cut PMMA-coated Si wafer or PDMS replica at
50� 103 cell/cm2. Cells were cultured with DMEM with
1 g/l of glucose and L-glutamine (Invitrogen, Frederick,
MD) supplemented with 10% calf serum (Invitrogen)
and 1% of penicillin and streptomycin sulphate (In-
vitrogen). Fresh medium was replenished every 2–3 days
in all cultures. The morphology of the SMC on the
PMMA-nanopatterns or PDMS replica was observed
with SEM and confocal microscopy after staining. A
glass cover slip (grade 1, Fisher Scientific), unpatterned
PMMA, and unpatterned PDMS were used as controls.
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2.4. Scanning electronic microscopy preparation

Samples with SMC cultured were fixed in 4%
paraformaldehyde in PBS, washed in 0.1 M sodium
cacodylate, and post-fixed in 2% OsO4 in 0.1 M Na
cacodylate, pH 7.2. After post-fixation, the samples were
stained in 2% uranyl acetate in water and dehydrated in
a graded ethanol series. Critical point-dried samples
were sputter-coated with a 5 nm coating of chromium
and viewed with a LEO FESEM (LEO 1550) (LEO
Electron Microscopy Inc.) at 1 kV. PMMA-coated Si
and PDMS samples with cell cultures were sputter-
coated with 5 nm of chromium without fixing before
viewing.

2.5. Fluorescence staining of F-actin

Samples were fixed in 4% paraformaldehyde for at
least 15min and permeablized with 0.05% Triton-X and
50mM glycine solution for 20min. The F-actin was
stained with Oregon Green 488 phalloidin (Molecular
Probes, Eugene, OR) diluted to 13 nM in PBS, and the
nucleus was stained with Hoechst for 30min. Samples
were thoroughly washed three times with PBS and
mounted on glass cover slip with Gel/Mount (Abcam,
Cambridge, MA) before inspection with confocal
microscopy.

2.6. Elongation and alignment characterization

Five samples of each nanopatterned PMMA, unpat-
terned PMMA, nanopatterned PDMS, unpatterned
PDMS, and glass cover slip seeded with SMC were
fixed at day 3 and day 7. Eight separate regions of each
sample were photographed (20� or 40� ). The images
were analyzed with ImageJ NIH image processing
software (Bethesda, MD).
The cells were characterized with respect to their

elongation and alignment. The elongation (E)
parameter describes the extent the equimomental
elipse is lengthened or stretched out [22]. Thus,
E is zero for a circle, and one for an ellipse
with an axis ratio of 1:2. Alignment describes
how well the long axis of an elongated cell,
with E44; is oriented with respect to the grating.
Cells were considered aligned if the angle between
the long axis and the grating was less than 15 1. The
percentage of cell alignment and the E factor was
measured. For each experiment an average of 300 cells
was counted.

2.7. BrdU cell proliferation assay

Four hours prior to the fixation of samples
with acid–alcohol, 70% ethanol and 1% acetic acid,
5-bromo-2-deoxyuridine, BrdU, (Amersham Bios-
ciences, Piscataway, NJ) was added to the medium.
The samples were stained with mouse anti-BrdU
antibody (Amersham Biosciences), Alexa Fluor
546-conjugated anti-mouse antibody (Molecular
Probes) as secondary antibody, goat serum (Sigma) as
blocking medium, and Hoechst stain as a counter
stain for the nucleus. Stained samples were inspected
with confocal microscopy. Four samples of each
patterned PMMA, unpatterned PMMA, patterned
PDMS, and unpatterned PDMS were examined
with an epifluorescence microscope at 40� using IP
lab and Nikon filter DAPI H365 01 for the
Hoechst stain and Cy3/TRITC for Alexa Fluor 546.
Thirty separate regions of each sample were photo-
graphed. The images were analyzed with ImageJ (NIH
software).
2.8. Wound healing assay

Motility of the SMC on the patterned versus
unpatterned surfaces was examined in terms of the
polarization and reorientation of the MTOC
after wounding [31]. When a confluent monolayer
SMC on patterned PDMS and glass cover slip was
observed, a wound was made parallel to the cell
alignment by scraping the cell monolayer across the
sample with the back of a surgical blade. The dimen-
sions of the wound were about 0.5–1mm across and
5–7mm long.
The cells were fixed at 0, 1, 2, 3 and 4 h after the

wounding with ice-cold methanol for 5min and then
blocked with 33% goat serum (Sigma). The orientation
of MTOC was assessed by immunofluorescence
staining with rabbit anti-g-tubulin antibody (Sigma) as
primary antibody and Alexa Fluor 546-conjugated
anti-mouse antibody (Molecular Probes) as secondary
antibody. Hoechst stain was used as a counter stain
for the nucleus. Four samples of each time point
were examined with an epifluorescence microscope at
100� using IP lab. Each cell was divided into four
regions around the nucleus: front region facing the
wound edge, the two sides, and the back region
facing away from the wound edge. Diploid cells showing
two MTOC were not counted. The number of cells with
the MTOC located in each of the four regions was
counted. On average, 150–200 cells were counted on
each sample.
2.9. Data analysis

All data are presented as mean7SD. Student’s t-test
and ANOVA were used to evaluate the statistical
significance where indicated. Significance level was set
at po0:01:
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Fig. 1. Scanning electron micrographs of (A and B) nano-imprinted gratins on PMMA coating on SiO2 wafer, (C) PDMS nanopatterned by replica

molding and (D) collagen coated PDMS with nanopattern. Bar ¼ 2mm for A, C and D, bar ¼ 500nm for B.
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3. Results

3.1. Nanoimprinting on PMMA and replica molding of

PDMS

The surface morphology and fidelity of the nanopat-
terns were examined with SEM (Fig. 1). The gratings
were about 350 nm wide on both the nanoimprinted
PMMA (Fig. 1A and B) and the replica PDMS sample
(Fig. 1C), with no obvious defects observed. The surface
topography was maintained even with a coating of
collagen (bovine collagen I, Fig. 1D).

3.2. SMC morphology

SMC cultured on the surface with nanogratings
adapted with an elongated morphology and were mostly
parallel to one another (Fig. 2A–D). In contrast, SMC
cultured on unpatterned surfaces showed neither elon-
gation nor orientation at both low and high cell densities
(Fig. 2E and F). The orientation of the cells along the
axis of the gratings could be seen more clearly under
SEM (Fig. 2G), where they were randomly spread on
unpatterned surfaces (Fig. 2H). The F-actin fiber was
mostly stretched along the long axis of the cells. The
nuclei of the cells were also elongated, and aligned to the
long axis of the cell in most cases (Fig. 2A and B).

3.3. Alignment and elongation characterization

The percentage of cell alignment on different surfaces
is shown in Fig. 3. Cells were considered aligned if the
angle between the long axis and the grating was less than
151. The alignment of cells in nanoimprinted PMMA
and nanopatterned PDMS was 96.172.7% and
89.775.3%, respectively.
Elongation of cells was assessed by measuring the

length of the long axis and short axis, or the axis
perpendicular to the long axis. The factor E equals to
the long axis divided by the short axis minus one. The E

factor of the SMC cultured on nanopatterned PDMS
and PMMA was 26.7710.5 and 25.776.9, respectively,
while it was only 2.371.8 for SMC on glass cover slip
(Fig. 3). The SMC elongation on the patterned surface
was significantly higher than on glass cover slip.

3.4. BrdU cell proliferation assay

Cell proliferation was determined by counting the
percentage of cells with incorporated BrdU during the
4 h of incubation (Fig. 4A–C). The values were
35.578.6% and 30.975.0% of SMC showing BrdU
incorporation when cultured on nanopatterned PMMA
and PDMS, versus 56.6710.7% and 47.7712.0% for
cells cultured on unpatterned PMMA and PDMS
surfaces, respectively (n ¼ 4). The proliferation of
SMC on the nanopattern was significantly lower
(po0:01) compared to surfaces without pattern.

3.5. Wound healing assay for cell motility

Cell migration behavior was examined by observing
the polarization of MTOC at various time points after
wounding. Previous studies show that microtubules
(MT) are essential for the polarization of many cell
types [31,33], and cell migration involves the MT and
actin cytoskeletons. The MTOC would re-orientate
towards the direction of migration. Figs. 5A and B
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Fig. 3. The percentage of cell alignment and the elongation factor of SMC cu

PDMS. Cells were considered as aligned if the angle between the long axis of

axis)�1.

Fig. 2. Confocal micrographs of F-actin stained SMC on (A) nano-

imprinted PMMA at low cell density, (B) nano-imprinted PMMA at

high cell density, (C) nanopatterned PDMS at low cell density, (D)

nano-patterned PDMS at high cell density, (E) non-patterned PMMA

and (F) glass cover slip. Scanning electron micrographs of SMC

cultured on (G) nano-imprinted gratings on PMMA coated on SiO2
wafer and (H) non-patterned PMMA coated on SiO2 wafer.

Bar ¼ 50 mm for all except (B) Bar ¼ 100mm.
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illustrate the orientation of the MTOC towards either
the wound edge or the wound axis (also the axis of
gratings) for SMC cultured on glass cover slip and
nanopatterned PDMS, respectively.
For SMC cultured on glass cover slip (Fig. 5A and C),

the MTOC polarization was nearly random at time zero
before wounding. At 1, 2, 3 and 4 h after wounding, the
wound-edge cells had a polarized MTOC. The polariza-
tion peaked at 2-h after wounding. The orientation of
the MTOC towards the wound edge and hence the
direction of SMC migration is similar to the behavior of
other types such as endothelial cells and fibroblasts.
For SMC cultured on nanopattern PDMS (Fig. 5B

and D), a higher percentage of MTOC of the cells
oriented toward the two sides, which was the direction
of cell alignment and grating axis before wounding,
compared to the random orientation observed in SMC
cultured on a glass cover slip. At 1 h after wounding, a
significantly higher percentage of MTOC was polarized
to the wound edge; meanwhile, the percentage of
MTOC polarized along the grating axis decreased.
However, after 2 h, the percentage of MTOC polarized
toward the wound edge decreased, but the percentage of
MTOC polarized toward the grating axis increased,
returning to the state before wounding. The polarization
of MTOC towards the grating axis suggests that the cells
re-orientated themselves along the grating axis while
migrating. This strong preference of MTOC polariza-
tion along the axis of the grating indicates the strong
migration cue presented by the surface topography.
4. Discussion

In this study, we observed that the bovine pulmonary
artery SMC cultured on nanoscale ridge and groove
patterns, fabricated by nanoimprinting, exhibited an
elongated morphology and alignment parallel to the axis
of the gratings. Besides elongation of cell bodies,
ltured on glass cover slip, nano-imprinted PMMA and nanopatterned

the cells and the gratings was less then 15 1. Factor E ¼ (long axis/short
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Fig. 4. (A) The percentage of SMC incorporated BrdU during 4 h of incubation cultured on plain non-patterned PMMA, nano-imprinted PMMA,

plain non-patterned PDMS and nanopatterned PDMS. Fluorescence images showing BrdU incorporation into the nucleus of SMC cultured on (B)

non-patterned PMMA and (C) nano-imprinted PMMA after immuno-fluorescent staining. Bar ¼ 50mm.
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alignment and elongation of nuclei were also observed.
On the nanopatterned PMMA and PDMS surfaces the
proliferation rate of the SMC was significantly reduced
to 35.578.6% and 30.975.0% of BrdU incorporation
in 4 h, compared to 56.6710.7% and 47.7712.0% for
SMC on the unpatterned reference surfaces, respec-
tively. In the motility study, the MTOC of the SMC
cultured on glass cover slip were polarized toward the
wound edge starting from 1h after wounding. On the
other hand, the MTOC of SMC cultured on nanograt-
ings initially polarized briefly to the wound edge 1 h
after wounding, then polarized towards the direction of
the alignment axis instead starting from 2 h after
wounding. Collectively these observations highlight the
significant influence of nanograting topography on
SMC behavior.
Cell alignment and elongation of different cell types

have been studied on micro- [15,17,18,21,25,34–40] or
nanoscale gratings [22]. Cell alignment, F-actin align-
ment and elongation are usually observed on the edges
of micro-ridges. The alignment would also be depth
dependent. Our study was conducted on a pattern in
which the dimensions of the gratings in terms of width,
periodicity, and depth are all sub-micrometer in size.
The findings show that this nanopattern would exert
qualitatively similar influence on cellular morphology as
other nanogratings. Work is underway to define the
threshold of size features that would still command a
significant topographical influence.
The decrease of proliferation rate is also in agreement

with the literature. As Thakar et al. indicated in their
micro-pattern study, the decrease of SMC proliferation
could be due to the decrease in cell spreading and
change in mechanical force exerted on the cells [25]. The
decreased proliferation rate of SMC is similar to that
observed in vivo, where SMC proliferate slowly [41]. In
adult blood vessels, SMC are in the ‘‘contractile’’ state
where the rate of proliferation, migration and produc-
tion of extracellular matrix are low. During vascular
development and in response to vascular injury, the
SMC dramatically increase their rate of proliferation,
migration as well as synthetic capacity in order to play a
critical role in vascular repair. The elongated morphol-
ogy and alignment, which resemble the natural state of
SMC in vivo, suggest that the nanopatterned surface
would be a more favorable substrate for the culture of
these cells.
The motility behavior indicates that the tendency for

SMC to move along the axis of contact guidance is very
strong compared to their tendency to migrate forward in
wound healing. The MTOC were significantly polarized
toward the wound edge for SMC cultured on non-
patterned surfaces after wounding. In contrast, the
MTOC polarization toward the direction of cell align-
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Fig. 5. MTOC polarization over the time course of wound closure for SMC. Fluorescent labeling of the MTOC and nucleus on the wounded SMC

monolayer on (A) glass cover slip and (B) nanopatterned PDMS 1-h post wounding. Each cell at the wound edge was divided into four regions as

shown in (A) and (B). The location of MTOC of one of the cell is indicated with a block white arrow in (A). The white dotted line outlines the wound

edge. The direction of cell alignment, hence the gratings on the nanopatterned PDMS, is indicated with a white arrow in (B). The percentage of

wound-edge cells with an MTOC orientated towards the wound edge and sideway of the edge at 0, 1, 2, 3 and 4 h post wounding for SMC cultured on

(C) glass cover slip and (D) nanopatterned PDMS gratings. Bar ¼ 20mm. WE ¼ wound edge, F ¼ front quadrant, S ¼ side quadrants.
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ment was significantly higher on the nanopatterned
surface than on the non-patterned surface for all time
points after the wound healing except at the 1-h time
point. The change in the MTOC polarization indicates
that the migration rate of SMC would be altered on
nanopatterned surfaces.
Nucleus elongation and alignment were observed in

this study. The elongation of cells and nucleus have been
correlated with changes in gene expression profile and
cell differentiation in other studies [15,42–44]. The
nucleus is mechanically integrated with the physical
entity of the cell. Forces are transferred to the nucleus
through actin-intermediate filament system during
changes in cell shape [45]. The mechanical tension
causing alignment of cells can rearrange the centromere
through deformation of the nucleus [15]. The tensile
force can also increase microtubule mass in the cell by
mechano-transduction via integrin–cytoskeleton cou-
pling, affecting the cellular structure and phenotypes
in SMC [46]. Meanwhile, the mechano-sensitive Ca2+

channel in the nuclear membrane would induce release
of Ca2+ from the perinuclear space [42], which in turn
would regulate gene expression. Relan et al. has shown
that cell elongation induces expression of laminin a2
(LM2) chain in mouse embryonic mesenchymal smooth
muscle precursor cells [44]. Similarly, various studies
have shown that distortion of nucleus would result in
changes of gene and protein expression [15,43]. The
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nanoimprinted pattern can therefore be a valuable tool
to study cell physiology and the relationship between
nucleus distortion and gene regulation of various cell
types.
Another interesting observation in this study is the

close agreement of cellular behavior on both the
nanopatterned PMMA and PDMS surfaces. It suggests
that the strong topographical cue can overcome the
influence of polymer surface chemistry. PDMS is
considerably more compliant than PMMA. This would
also suggest the dominance of this topographical cue
over the stiffness of the substrate. In our ongoing study,
it was observed that a collagen coating on the patterned
PDMS did not mask the topographical influence of the
nanopatterns (data not shown). Previous studies showed
that the effect of topographic cue is stronger than the
biochemical cue for BHK cell [18] if the depth of the
groove is more than 2 mm. In this study, we showed that
even with a depth of 350 nm, the difference in surface
chemistry is not obvious for SMC.
Approaches taken in this study may provide insight to

pathological differentiation of SMC in vascular injury
or atherosclerosis. They may also offer input for design
of tissue engineering scaffolds. For instance, SMC
orientation is essential in providing a strong mechanical
property for tissue-engineered vascular grafts. The
nanoimprinting techniques reported in this study can
produce scaffolds with topographical features to direct
the SMC orientation. The imprinting techniques used in
this study are applicable to a wide range of polymers,
including the ones popular for tissue engineering
scaffolds, such as polylactide and polycaprolactone.
Moreover, they can be applied to non-planar surfaces
and generate multi-layered patterns. With the knowl-
edge that much of the cellular environment in vivo
involves nanoscale features, this three-dimensional
nanoimprinting technology offers interesting opportu-
nities to study the interaction of cells with topographical
features comparable to the size of ECM components,
and on materials practical for biomedical applications.
5. Conclusion

Bovine pulmonary artery smooth muscle cells (SMC)
cultured on poly(methyl methacrylate) (PMMA) and
poly(dimethylsiloxane) (PDMS) surfaces comprising
nanopatterned gratings with 350 nm linewidth, 700 nm
pitch, and 350 nm depth showed significant elongation
and alignment, both in cytoskeleton and nuclei. In
addition to a reduced proliferation compared to cells
cultured on non-patterned controls, the polarization of
microtubule organizing centers (MTOC) of the SMC
cultured on nanopatterned surfaces showed a preference
towards the axis of cell alignment in an in vitro wound
healing assay. Applicable to a wide range of biomedical
polymers and on non-planar surfaces, this nanoimprint-
ing technology has great potential in producing struc-
tures for studying cell physiology in response to
nanotopography and in developing medical devices with
nanoscale features.
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