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The ability to control the behavior of cells that interact with implanted biomaterials is desirable for the
success of implanted devices such as biosensors or drug delivery devices. There is a need to develop
materials that can limit the adhesion and viability of cells on implanted biomaterials. In this study, we
investigated the use of zinc oxide (ZnO) nanorods for modulating the adhesion and viability of NIH 3T3
fibroblasts, umbilical vein endothelial cells, and capillary endothelial cells. Cells adhered far less to ZnO
nanorods than the corresponding ZnO flat substrate. The few cells that adhered to ZnO nanorods were
rounded and not viable compared to the flat ZnO substrate. Cells were unable to assemble focal adhe-
sions and stress fibers on nanorods. Scanning electron microscopy indicated that cells were not able to
assemble lamellipodia on nanorods. Time-lapse imaging revealed that cells that initially adhered to
nanorods were not able to spread. This suggests that it is the lack of initial spreading, rather than long-
term exposure to ZnO that causes cell death. We conclude that ZnO nanorods are potentially useful as an
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adhesion-resistant biomaterial capable of reducing viability in anchorage-dependent cells.
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1. Introduction

The success of implanted devices such as orthopedic implants,
cardiovascular prosthesis and neural electrodes is affected by the
ability of cells to interact with the exposed device material. Because
properties such as surface topology are stable features of the sur-
face, compared to chemical modifications which may be degraded
over time, there has been immense interest in directing cell be-
havior by controlling the topology of materials [1-16]. Cells have
been found to respond differently to smooth surfaces compared to
materials with micro- or nanoscale roughness in a cell type de-
pendent manner [16-19].

Cells adhere to and spread on materials by assembling special-
ized supramolecular protein complexes called focal adhesions [20].
Focal adhesion assembly occurs through the ligation of integrin
receptors to immobilized ligands such as fibronectin and sub-
sequent clustering of ligated receptors. Variations in nanoscale
topography of the substrate can modulate nanoscale integrin liga-
tion and clustering, resulting in changes in adhesion assembly
[18,21-23]. Because focal adhesions are signaling complexes [20],
such changes in adhesion assembly can alter signaling pathways
resulting in the regulation of cell behavior. Indeed, cell behaviors
such as motility and adhesion, proliferation and differentiation
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have been found to be exquisitely sensitive to nanoscale topogra-
phy of the substrate [1-18,22-24]. This sensitivity has been ob-
served across a variety of cell types including fibroblasts,
osteoblasts, endothelial, epithelial and smooth muscle cells [1-
19,25,26]. At the nanoscale, cells have been found to be sensitive to
a variety of surface topologies, which include nanopits [27],
nanoposts [3], nanocracks [28], nanotubes [29] and nanoislands [4].
However, the mechanisms of cellular nano-sensing are not clear
and are a subject of intense research [18,23].

One class of nanostructures that has received recent attention in
the literature is a surface covered with upright slender cylinders,
variously referred to as nanoposts, nanorods and nanocolumns [3-
5,26,27]. Arecent study showed that cell numbers and proliferation
in fibroblasts are greatly reduced on needle-like silicon nanoposts
[3]. This study suggests that nanoposts may be useful as anti-
fouling materials. Such surfaces could potentially be used for
modulating the fibrotic response around implanted biomaterials.
However, another recent study showed that mesenchymal cells on
Si nanowires survived for days, and even differentiated despite
being impaled on Si nanowires [26,30]. Therefore, it is not clear if
cells from different cell types will exhibit reduced cell survival on
structures such as nanowires or nanorods.

In this paper, we developed a strategy to reduce cell adhesion
and survival on surfaces by culturing cells of three different cell
types on a monolayer of upright ZnO nanorods of 50 nm diameter
and 500 nm height. A large number of nanorods were exposed to
the cell (~60,000-150,000 per cell). Owing to the uniform
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distribution of the nanorod monolayer, the cells were not able to
attach to any flat portion of the substrate. Our results indicate that
initial adhesion, lamellipodia formation, dynamic cell spreading
and cell survival at 24 h are greatly reduced on nanorod covered
substrates in three different cell types. These results indicate the
promise of using upright nanorod type structures for minimizing
cell adhesion and survival.

2. Materials and methods
2.1. Fabrication of ZnO nanorods

ZnO nanorods were made by a solution-based hydrothermal growth method
[31-33]. First, ZnO nanoparticles were prepared by mixing 10 mm zinc acetate de-
hydrate (Sigma Aldrich, St. Louis, MO) with 30 mm of NaOH (Sigma Aldrich, St. Louis,
MO) at 58 °C for 2 h. Next, ZnO nanoparticles were spin-coated onto the substrate
several times and then post-baked on a hot plate at 150 °C for better adhesion. The
substrate with these ‘seeds’ was then suspended upside down in a Pyrex glass dish
filled with an aqueous nutrient solution. The growth rate was approximately 1 um/h
with 100 ml aqueous solution containing 20 mwm zinc nitrate hexahydrate and 20 mm
hexamethylenetriamine (Sigma Aldrich, St. Louis, MO). To arrest the nanorod
growth, the substrates were removed from solution, rinsed with de-ionized water
and dried in air at room temperature.

2.2. Preparation of substrates for cell culture

For control substrate, we used 22 mm square glass cover slips (Corning, Inc.,
Lowell, MA) and ZnO flat substrates (Cermet, Inc., Atlanta, GA). Before use, each
substrate was sterilized with UV for 5 min and cleaned in 70% ethanol and de-
ionized water. After drying substrates in air at room temperature, they were treated
with 5 pg/ml human fibronectin (FN) (BD biosciences, Bedford, MA). After overnight
incubation with FN at 4 °C, the substrates were washed twice with PBS. Cell sus-
pensions of the same concentration and volume (i.e. same number of cells) were
then seeded on each substrate.

2.3. Cell culture and adhesion

Cells of three different types were seeded on FN-coated substrates. NIH 3T3 fi-
broblasts were cultured in DMEM (Mediatech, Inc., Herndon, VA) supplemented
with 10% fetal bovine serum (FBS) (Hyclone, Logan, UT). Human umbilical cord vein
endothelial cells (HUVECs) were cultured in EBM-2 Basal Medium and EGM-2 Sin-
gleQuot Kit (Lonza, Walkersville, MD). Bovine capillary endothelial cells (BCEs) were
cultured in low-glucose DMEM supplemented with 10% fetal calf serum (FCS)
(Hyclone, Logan, UT).

2.4. Immunostaining

After 24 h of cell seeding, non-adherent cells were removed with two gentle
washes with PBS. The samples were fixed with 4% paraformaldehyde for 20 min and
washed several times with PBS. Fixed cells were immuno-stained for vinculin and
stained for actin using our previously reported methods [34,35]. Briefly, cells were
fixed with 4% paraformaldehyde, permeabilized with 0.2% Triton X-100, and treated
with mouse monoclonal anti-vinculin antibody (Sigma Aldrich, St. Louis, MO), fol-
lowed by goat anti-mouse secondary antibody conjugated with Alexa Fluor 488
(Invitrogen, Eugene, OR). Actin was stained with phalloidin conjugated with Alexa
Fluor 594 (Invitrogen, Eugene, OR). Cells were then imaged on a Nikon TE 2000
epifluorescence microscope using FITC and Texas Red filters. All images were col-
lected using the NIS-Elements program (Nikon).

2.5. Cell viability assay

The live/dead viability/cytotoxicity kit for mammalian cells (Invitrogen, Eugene,
OR) was used for quantifying adherent cell viability on each substrate. Cells were
incubated at 30-45 min with calcein AM (2 pwm for fibroblast, 5 um for endothelial
cells) and ethidium homodimer-1 (EthD-1) (4 um for fibroblast, 1.5 um for endothelial
cells) [36]. Next, epifluorescence images of five random fields were collected on
a Nikon TE 2000 inverted microscope using a 10x lens. The average number of cells
adherent on each substrate, the number of adherent live cells (stained green with
calcein AM) and adherent dead cells (stained red with EthD-1) were quantified from
these images using the NIS-Elements program (Nikon). The experimental data was
pooled and used for statistical comparisons using Student’s T-test.

2.6. Scanning electron microscopy (SEM)

Cells were prepared for SEM by fixation with 2% glutaraldehyde buffered in PBS
and post-fixed in 1% osmium tetroxide. Samples were next dehydrated in graded
ethanol concentrations. Critical point drying (CPD) was performed on a Bal-Tec 030
instrument (ICBR Electron Microscopy Core Lab, University of Florida) followed by

e-beam metal deposition (Ti/Au, 10/50 A). SEM was performed on a Hitachi S-4000
FE-SEM (ICBR Electron Microscopy Core Lab, University of Florida). Images of
samples were taken at 1.8-8.0kx magnifications.

2.7. Time-lapse imaging

Cells which had been cultured as mentioned above were trypsinized and re-
suspended in bicarbonate-free optically clear medium containing Hank’s balanced
salts (Sigma Aldrich, St. Louis, MO), L-glutamine (2.0 mm), HEPES (20.0 mm), MEM
essential and non-essential amino acids (Sigma Aldrich, St. Louis, MO), and 10% FCS
[34]. Cells were passed onto FN-coated glass or ZnO nanorods, and phase contrast
imaging performed overnight for 10 h on the Nikon TE 2000 microscope. Images
were collected every 1 min, using a 20x objective.

3. Results
3.1. Formation of uniform ZnO nanorod monolayers

Shown in Fig. 1A are SEM images of (001) vertically-aligned
ZnO nanorod arrays. Such nanorods could be grown over areas on
the order of 1 cm?; thus ZnO nanorods could be grown in uniform
monolayers over very long distances compared to cellular length
scales. The nanorods were approximately 50 nm in diameter,
500 nm in height and the density of nanorods was approximately
126 rods/um?. Based on measured cell spreading areas, this
number corresponds to approximately 60,000 nanorods per fi-
broblast and approximately 75,000-150,000 nanorods per endo-
thelial cell.

Because of our focus on the effect of topology on cells, it was
important to choose an appropriate control for statistically com-
paring effects of nanorods on cells. As the material itself can have
effects on protein adsorption and cell adhesion, we chose a topo-
logically smooth substrate made of ZnO - a thin film commercially
available from Cermet, Inc. An AFM image of this substrate is shown
in Fig. 1B. The flat substrate is smooth over long length scales, with
an average roughness of 1.33 nm. Interestingly, similar results were
obtained for glass (average roughness of 1.34 nm, not shown),
which allowed us to compare the performance of the ZnO flat
substrate and ZnO nanorods with glass, a well-established sub-
strate for cell culture.

3.2. Decreased cell spreading and focal adhesion formation
on ZnO nanorods

We next investigated the influence of ZnO nanorods on cell
spreading. Cells in vitro spread by assembling focal adhesions and
stress fibers. Fig. 2 shows fluorescence images of three different cell
types — NIH 3T3s, HUVECs, and BCEs on glass, ZnO flat substrate,
and ZnO nanorods. Cells on ZnO flat substrates and glass cover slips
assembled clear focal adhesions and stress fibers. Focal adhesions
and stress fibers were not visible in cells on nanorods. The average
area of cell spreading was decreased significantly on nanorods
compared with ZnO flat substrates (a reduction of 60-70%, Table 1).
These trends were observed in each of the three cell types.

3.3. Decrease in cell number and viability on ZnO nanorods

The results of Kim et al. [26] suggest that mesenchymal stem
cells can survive on silicon nanowires for several days. Cells in this
work were only exposed to 20-30 nanowires per cell. To investigate
if the confluent monolayer of ZnO nanorods supports cell survival,
we quantified the total cell number, and fraction of live and dead
cells in the adherent population at 24 h of culture. The total number
of adherent cells and of adherent live cells at the end of 24 h was
greatly decreased on nanorods compared to flat substrates (Fig. 3)
Because cells were seeded at equal cell densities on the two sub-
strate types, the ratio of the number of attached cells on the ZnO
nanorods to that on flat ZnO substrates represents the effect of
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Fig. 1. The morphology of ZnO nanorods and flat substrate. (A) SEM images of ZnO nanorods indicating a uniform monolayer of ZnO (left, scale bar is 2 um), and the upright growth
of nanorods (right, scale bar is 500 nm). The diameter of nanorods was ~50 nm and the height was ~500 nm. (B) AFM image of ZnO flat substrate. The surface roughness was
approximately 1.33 nm indicating that this substrate is much smoother than the nanorods and can be used for comparisons of cell behavior between nanorods and smooth surfaces.

topography (likely free from any other effects) on cell survival
(Fig. 3D). The ratio of attached cells between ZnO nanorods and flat
ZnO substrate is approximately same for all cell types. However,
there was an order of magnitude decrease in cell survival in en-
dothelial cells, and cell survival decreased by ~40% in fibroblasts
(Fig. 3D). The fact that the fraction of attached live cells decreased
on the nanorods in all three cell types is consistent with previous
observations that topological cues at the nanoscale can profoundly
modulate cell behavior [3,8,23].

3.4. Lack of lamellipodia and filopodia formation on ZnO nanorods

A recent study showed that cells on needle-like nanostructures
only assemble filopodia [3]. To investigate this possibility for ZnO
nanorods, we performed SEM studies on NIH 3T3 fibroblasts cul-
tured on ZnO nanorods (Fig. 4). Most cells on ZnO nanorods were
rounded (Fig. 4A). Instead of flat sheet-like lamellipodia, some cells
formed thin processes (black arrow in Fig. 4B) and thin filopodia-
like structures (white arrows in Fig. 4B) that appeared to attach to
the ZnO nanorods. Therefore, while cells can attach to the ZnO
nanorods using filopodia-like structures, they are not able to spread
on the nanorods.

3.5. Decreased initial cell spreading on ZnO nanorods

In our studies, a large number of nanorods were exposed to cells.
The results of Kim and co-workers showed that Si nanowires with

diameter similar to our nanorods are engulfed by cells [26]. This
raises the possibility that cells may spread initially on the nanorods
but undergo apoptosis due to engulfment of nanorods at longer
times. To clarify this, we performed time-lapse imaging for study-
ing dynamic cell spreading on nanorods (Fig. 5). After seeding,
initial adhesion of HUVECs on glass occurred in the first hour
(Fig. 5A). Lamellipodia formation could be seen from 2 h onward
followed by complete spreading at approximately 5 h (white ar-
rows in Fig. 5A). Conversely, on nanorods, little initial spreading
occurred and cells remained rounded over several hours (Fig. 5B).
No lamellipodia formation was visible. These results show that
nanorods did not support initial cell spreading. While these results
alone do not rule out long-term toxicity of nanorods due to en-
gulfment, they provide evidence that cells are not able to initially
spread on nanorods, which may contribute to decreased survival at
long times.

4. Discussion

ZnO nanorods, nanowires, and nanotubes have attracted con-
siderable attention for biosensing applications owing to their
chemical stability, high specific surface area, and electrochemical
activity [37-39]. ZnO nanoplatforms have been developed for
highly sensitive and specific detection of biological samples
[40,41]. It is easy to control the aspect ratio and spacing of ZnO
nanorods which is desirable for engineered materials [31]. How-
ever, before the promise of ZnO nanostructures for in vivo
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Fig. 2. Cells do not assemble stress fibers or focal adhesions on nanorods. Fluorescent micrographs of NIH 3T3, HUVEC, and BCE cells stained for vinculin (green) and F-actin (red) on
glass, ZnO flat substrate and ZnO nanorods. The cell spreading area is greatly reduced, and focal adhesions and stress fibers are not visible in cells cultured on the nanorods. Scale bar

is 20 pm.

applications can be realized, it is crucial to prevent cell adhesion to
these structures.

In this paper, we found that the adhesion and viability of fi-
broblasts, umbilical vein endothelial cells, and capillary endothelial
cells are greatly altered on ZnO nanorods. Cells adhered less and
spread less on ZnO nanorods than the corresponding ZnO flat
substrate. Scanning electron microscopy indicated that cells were
not able to assemble lamellipodia on nanorods. Time-lapse phase
contrast imaging showed that cells initially adherent to nanorods
are unable to spread. This suggests that the lack of initial spreading
on ZnO nanorods may cause cell death.

Our results indicate a lack of focal adhesion assembly in cells
cultured on ZnO nanorods. The spacing between the ZnO nanorods
is approximately 100 nm. Recent work by Arnold et al. showed that
focal adhesion assembly requires that the spacing between ligated
integrins be less than 70 nm [21]. Local integrin clustering probably
can occur on single nanorods as their diameter is on the order of
50 nm. However, focal adhesions extend over several microns. It is
possible that integrin clustering does not occur over contiguous
lengths of micron length scales, preventing focal adhesion assem-
bly. Cells on nanorods also have no visible lamellipodia. As initial
adhesion is required to polymerize actin filaments [42], the lack of
lamellipodia is probably due to an inability of cells to establish
strong initial adhesion to the substrate, thereby altering the

dynamics of cell spreading. Our observations of altered cell
spreading dynamics are consistent with observations by Cav-
alcanti-Adam et al. who observed similar behavior on RGD (argi-
nine-glycine-aspartic acid) nanopatterned substrates [22]. Our
results can therefore be explained by a mechanism in which ab-
normal assembly of focal adhesions due to an inability to cluster
integrins contributes to decreased cell spreading on nanorods.
Because a lack of cell spreading can cause cell death in each of the
cell types studied here [2,13], decreased spreading may explain the
observed decrease in cell survival on nanorods.

It is interesting to contrast our results with the work of Kim et al.
[26]. They found that nanowires are engulfed by cells, but do not
induce apoptosis. Because the nanowires were sparse in this study
(20-30 nanowires exposed to each cell), it is likely that cells attach
to the flat portions of the substrate and therefore survived. In our
experiments, each cell was exposed to ~60,000-150,000 nano-
rods. Thus, we cannot rule out the possibility that a large number of
nanorods are engulfed by our cells. If this is the case, then toxicity
due to nanorod engulfment may cause cell death. Indeed, phago-
cytosed ZnO nanoparticles have been reported to be cytotoxic in
vascular endothelial cells [43]. More detailed studies are needed to
investigate this possibility. If ZnO nanorods are engulfed by cells,
then an interesting avenue for future investigation is the delivery of
toxic material into cells. For example, the work by Kim et al. showed

Table 1
Average area of cell spreading on ZnO flat substrate and ZnO nanorods (average area - standard error of the mean (um?))
NIH 3T3 HUVEC BCE
ZnO flat substrate (1.44E+03) + (2.76E+02) (1.73E+03) & (2.35E+02) (4.18E+03) £ (7.49E+02)
ZnO nanorods (4.73E+02) + (7.44E+01) (6.02E+02) + (6.94E+01) (1.22E+03) + (1.17E+02)

The differences of cell spreading area on ZnO flat substrate versus ZnO nanorods were statistically significant (n = 10, for NIH 3T3 and BCE, p < 0.005 and for HUVEC p < 0.0005).
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Fig. 3. Total cell number and number of live adherent cells are reduced on nanorods. The average number of cells adherent on each substrate, the number of adherent live cells
(stained with calcein AM) and adherent dead cells (stained with EthD-1) were quantified in three cell types (A-C) by pooling data from five different images per cell type and
condition. Bars indicate standard error of the mean. * Indicates statistically significant differences with p < 0.01 between the number of cells on ZnO nanorods and ZnO flat
substrates (n > 50 for HUVEC, n > 30 for BCE, n > 300 for fibroblasts, where n is total number of cells). (D) The number of attached and live cells on ZnO nanorods is normalized by
the number of attached and live cells on ZnO flat substrates, respectively. The results show that the ratio of attached cells on ZnO nanorods to that on ZnO flat substrates is
approximately same for all three types of cells. The decrease in the number of live adherent cells on the nanorods is robust across three different cell types, with a larger effect
demonstrated in endothelial cells (HUVEC, BCE) than fibroblasts (NIH 3T3).

Fig. 4. Cells cannot assemble lamellipodia on nanorods. Representative SEM images of NIH 3T3 fibroblasts on ZnO nanorods. (A) Most of cells on ZnO nanorods were round and they
did not form lamellipodia. Scale bars in left image and inset are 3 pm and 1 pum, respectively. (B) Filopodia-like structures were observed in some cells on nanorods (white arrows in
inset) along with thin processes (black arrows). Scale bars in left image and inset are 5 um and 2 um, respectively.
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Fig. 5. Dynamic cell spreading is altered on nanorods. Phase contrast imaging of HUVECs spreading on glass and ZnO nanorods. (A) Cell spreading HUVECs is accompanied by
lamellipodia formation (white arrows) and is complete in approximately 5 h. (B) Cells on nanorods do not spread, and do not develop any lamellipodia. Scale bar is 20 pm.

that DNA immobilized on Si nanowires could be delivered into cells
[26]. Thus, the efficiency of ZnO nanorods in preventing cell sur-
vival may be further enhanced by chemically conjugating toxins to
the surface, and delivering these into the cell through penetration
and subsequent cleavage.

The nanorod aspect ratio probably plays an important role in
the observed response. For example, Curtis and co-workers do
not report a large decrease in cell survival, although they also
observed decreased cell spreading on nanoposts [37]. The di-
ameter in these studies was 100 nm and the height was 160 nm.
Curtis et al. report that nanocolumns are not engulfed by cells. As
our aspect ratio is more similar to Kim and co-workers [26]
where the nanowires were engulfed by cells, this could be an-
other reason for the decreased cell survival in our experiments.
Additionally, our observations of reduced cell adhesion and

survival on nanorods are consistent with at least one recent study
which employed an aspect ratio similar to the one used in this

paper [3].

5. Conclusions

Controlling cell behavior with biomaterials is necessary for the
success of tissue engineering scaffolds, biomedical implants and
implanted drug delivery devices. Collectively, our results indicate
that ZnO nanorods can be used as an adhesion-resistant bio-
material capable of inducing death in anchorage-dependent cells. A
better understanding of the mechanisms for the observed effects
will be a key for designing optimal nanorod based substrates for
minimizing cell adhesion and survival.
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