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Abstract

The response of primary human endothelial (ECs) and vascular smooth muscle cells (VSMCs) to
TiO, nanotube arrays is studied through gene expression analysis. Microarrays revealed that
nanotubes enhanced EC proliferation and matility, decreased VSMC proliferation, and decreased
expression of molecules involved in inflammation and coagulation in both cell types. Networks
generated from significantly affected genes suggest that cells may be sensing nanotopographical cues
via pathways previously implicated in sensing shear stress.

Restenosis and thrombosis are two major complications associated with vascular prosthetics
such as stents. Thrombosis is caused by the inadequate migration and proliferation of
endothelial cells (ECs), which line the inside of blood vessels. Restenosis is caused by the
proliferation of vascular smooth muscle cells (VSMCs), which surround the EC layer. Current
strategies to manage these problems such as drug-eluting stents are largely focused on blunting
VSMC proliferation. However, these therapies are associated with a higher risk of late
thrombosis! because drug-eluting coatings also inhibit EC function, migration, and
proliferation, leading to poor re-endothelialization of the lumen.2:3 Because ECs not only
prevent coagulation but also VSMC proliferation,4 rapid re-endothelialization and normal EC
function is crucial to the success of any vascular implant. Thus, to minimize complications, an
ideal stent should encourage EC migration, proliferation and function, while blunting VSMC
proliferation.®

Recent studies suggest that titanium dioxide (TiO,) nanotube arrays may be a promising
candidate for a “pro-healing” coating for vascular implants, such as stents, vascular grafts, or
other prostheses. Titanium, widely used in hip and dental implants, owes its biocompatibility
to the thin layer of TiO, that spontaneously forms at its surface. Through a simple
electrochemical process,® highly ordered, vertically oriented TiO, nanotubes can be grown
from a Ti surface with diameters that range from 22 — 300 nm and lengths of up to 1 mm.’~
10 This precise control over nanotopographical dimensions allows for the fabrication of
materials with feature sizes on the same order of magnitude as cell receptors or proteins and
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thus the ability to manipulate cell behavior through mechanical and topographical means.11
Previous studies have shown that these surfaces elicit low levels of monocyte activation and
cytokine secretion,2 and improve osteoblast attachment, function, and proliferation.13 Studies
with vascular cells suggest that the nanotubes may enhance EC motility,1# proliferation, and
function, while decreasing VSMC proliferation.1® Thus, TiO, nanotubes represent a highly
biocompatible material with not only precisely tunable dimensions, but also possible bioactive
properties that may reduce both thrombotic and restenotic risk.

To further investigate the effects of nanotube arrays on vascular cells, microarray studies were
performed to identify differentially expressed genes that may be responsible for the observed
phenotypes. Given the dual role ECs play in preventing both coagulation and VSMC
proliferation, the effect of nanotopography on EC gene expression was first examined. Previous
studies have suggested that cells may be sensitive to nanotube dimensions, and that certain
tube diameters may enhance survival, proliferation, differentiation, or migration.14- 16718 To
explore the effect of nanotube diameter on ECs, primary human aortic endothelial cells
(HAECSs) were grown on smooth surfaces as well as 30 nm and 100 nm nanotube arrays. mMRNA
transcripts from the cells were harvested after 24 hours and expression levels were probed
using whole-genome microarrays. Analysis of the arrays revealed no significant differences
between ECs exposed to the 30 nm and 100 nm nanotube arrays, but significant differences in
over 100 transcripts between nanotube arrays and flat surfaces. The lack of significant
differences between cells exposed to the 30 and 100 nm arrays in this experiment may be due
to the differences in cell types or origin that were used in this study versus previous studies
(e.g. bovine aortic ECs14 and mesenchymal cells19 vs. primary HAECS) as well as variation
in the duration of exposure to the nanotube array surfaces before a cellular response was
measured. It is also feasible that cells may be responding to different nanotopographical
dimensions via protein or enzymatic control rather than transcriptional regulation. However,
our data does suggest that primary HAECs are not responsive (at least not transcriptionally) to
variation in nanotube diameters in the 30-100 nm range after 24 hours of exposure.

Genes with significant differences in expression between the nanotubular and flat substrates
were analyzed using Ingenuity Pathway Analysis (IPA) software to identify altered cellular
processes and functions due to exposure to nanotubes. From the data, IPA identified over 50
genes with sufficient published information to sort into various functional categories. These
categories were further classified according to their likely impact on processes relevant to
performance of a vascular implant (Figure 1A). Sorting resulted in four major groups of genes
whose changes in expression levels would likely indicate an alteration in proliferation,
migration, cell death, and inflammation or coagulation (i.e EC activation, which results in
recruitment of leukocytes or platelets, or progression of the inflammatory response or
coagulation cascade). The genes were then further classified by whether their expression would
likely promote or inhibit the relevant processes (i.e. proliferation, migration, cell death, and
inflammation) using IPA’s curated findings and plotted in Figure 1B (see supplemental section,
Table S1 for additional information). Log,-fold changes in expression of genes that promote
a process were plotted according to the y-axis on the left such that an upregulation of a gene
in this category would appear on the top half of the graph. Genes that inhibit that same process
were plotted according to y-axis on the right such that downregulation of a gene that retards a
process would also appear on the top half of the plot. Organized this way, genes that appear
on the top half of the plot would likely promote one of the processes while genes that appear
on the bottom half of the plot would contribute to the inhibition of the process. The expression
patterns of the genes suggest that ECs exposed to nanotubes are more proliferative, with 15
genes whose expression patterns that were more consistent with a proliferative phenotype and
5 more consistent with a non-proliferative phenotype. The cells also appear to be more motile
(7 genes that promote the process versus 2 that inhibit). Further, ECs on nanotube arrays also
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seemed more resistant to cell death (3 promote versus 9 inhibit) and activation (1 promote
versus 6 inhibit).

This data is consistent with previous reports about the ability of nanotubes to promote
endothelial cell proliferation and migration. Our group has observed increased DNA synthesis
in ECs exposed to nanotube arrays as compared to flat surfaces.1® The pro-migratory effects
of the nanotubes have also been shown through analysis of cell morphology, focal adhesion
staining, and scratch migration assays.1# 15 Microarray analysis from this study not only
supports previous functional data but also provides possible gene candidates that are involved
in these responses.

While the pro- proliferative and migratory effects of the nanotubes revealed through microarray
analysis are consistent with prior reports, the anti- cell death and activation aspects of the
nanotopography are novel findings. In fact, previous studies suggest that increased surface
roughness in stainless steel surfaces may increase activation of ECs, increasing expression of
cell adhesion molecules such as E-selectin and VCAM-1.20 However, despite the increased
roughness of nanotube arrays in comparison to flat surfaces, our microarray analysis revealed
no significant changes those particular molecules and decreases in other markers of activation.
The discrepancy in EC activation in these studies may stem from the difference in chemical
composition, order of the substrates, or a combination of both. TiO; is a highly inert material
but stainless steel is an alloy with some elements, such as nickel 21 that are more immunogenic.
Increased roughness likely increases the surface area of the substrate in contact with cells. Cells
on a slightly more immunogenic surface, like stainless steel, would see a higher amount of
inflammatory stimuli on a roughened surface, whereas cells on an inert surface such as TiO,
would not. Furthermore, stainless steel substrates used in previous experiments had a random
topography, whereas nanotube arrays used in these experiments were highly ordered. In
addition to the changes in these processes, the microarrays also identified molecular networks
that are most likely altered by the nanotubes as well as probable genes that are correlated with
the differences in phenotype. The top network identified by IPA (Figure 2) contained members
such as nuclear factor-kappa p (NF-xB), activator protein-1 (AP-1), mitogen-activated protein
kinases (MAPKSs), which have previously been implicated in mechanotransduction22 and
sensing of shear stress in endothelial cells.23 The appearance of these genes in this network
suggest that ECs may be sensing nanotopographic cues through proteins upstream of these
signaling molecules, such as integrins, mechanosensitive ion channels, cell surface
proteoglycans, or other shear-sensitive elements. NF-xB, for example, has been shown to be
activated via Racl in response to integrin activation.24 AP-1 is another transcription factor
that been implicated in integrin-mediated responses to mechanical cues via ERK1/2
phosphorylation.25 Detailed examination of genes most profoundly affected by
nanotopography reviewed that transcripts for follistatin (FST), a gene expressed in migrating
and proliferating ECs,26 experienced the greatest absolute log, fold change in expression. ECs
exposed to nanotubes produced nearly 4 times more FST (log, fold change = +1.91) than cells
on flat controls. This change in follistatin expression was also confirmed by quantitative PCR
(gPCR), which yielded expression levels consistent with that of the microarrays, with a log,
fold change of +2.48 + 0.46 relative to flat controls. In ECs, follistatin, an activin-binding
autocrine/paracrine protein, regulates proliferation by inhibiting the anti-proliferatory effects
of activin.2” 28 While there have been studies about the how EC FST expression is regulated
via chemical cues, such as with heparin,29=31 little is known about how the gene can be
regulated by mechanical cues. However, in our study, follistatin serves as a marker for EC
proliferation and migration, and its expression pattern, as well as those of other genes (see
Table S1), supports the upregulation of these two processes in ECs exposed to
nanotopographical cues.
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Initially after a vascular device like a stent is implanted, the EC layer is denuded and the implant
surface is either bare or sparsely covered with ECs. To see if similar expression patterns might
also be observed in this initial stage, ECs were seeded on nanotube and flat substrates at low
densities. After 24 hours, expression of several genes identified by microarray analysis was
measured by gPCR. In addition to FST, activating transcription factor 3 (ATF3) was chosen
because it had the next largest absolute log, fold change, is expressed in proliferating cells,
32 and plays a role in promoting cell survival.33 Early growth response 1 (EGR1) expression
was also examined because of its established role as a transcription factor in
mechanotransduction and extracellular matrix sensing.3* Quantitative PCR results indicated
that ECs grown at low densities also showed increased expression of FST, ATF3, and EGR1.
While increase in expression of FST remained at about 4 fold (+2.03 + 0.18 log, fold change),
the expression levels of ATF3 and EGR1 increased dramatically (+3.63 + 0.35 and +3.62
0.44 10g, fold change, respectively) at even higher levels than shown on the microarrays (Figure
3). This data suggests that during the initial stages post implantation, nanotube surface would
have an even more profound effect than predicted by microarray.

In addition to ECs, most vascular implants will interact with VSMCs. Uncontrolled
proliferation of these cells after implantation often results in complications such as restenosis
or device failure. Therefore, it is crucial to have a detailed understanding of how VSMCs
interact with any possible vascular device coating. Thus, in addition to studying EC behavior,
we also examined VSMC response to nanotube arrays. Because nanotubes of 30 nm and 100
nm in diameter did not seem to elicit a significant difference in EC behavior, only the 30 nm
arrays were used to investigate VSMC behavior. VSMCs were seeded onto 30 nm nanotube
arrays and flat surfaces for 24 hours. Like ECs, VSMCs were then harvested after 24 hours
and gene expression of the entire genome was probed using microarrays. Top hits were filtered
by p-value and absolute logs fold change values to generate a shortlist of over 170 genes. The
most significantly changed cellular functions were identified using IPA. Significantly affected
functions were further grouped into categories relevant to the performance of vascular devices,
which yielded the same four processes as ECs: proliferation, cell death, inflammation, and
migration (Figure 4A). Genes were then sorted according to whether they were likely to up-
or down-regulate these four processes and plotted in the same manner as ECs such that genes
whose expression patterns would like promote a process would appear as data points on the
top half of the graph, while those that would likely inhibit the process would appear on the
bottom half (Figure 4B). In contrast to ECs, genes significantly changed in VSMCs were not
the same genes differentially expressed in ECs. In fact, plot of the log, fold change of all genes
for ECs versus VSMCs suggest that TiO» nanotubes have divergent effects on the two cell
population (Figure S1). Moreover, expression patterns in VSMCs in contact with the nanotube
arrays strongly suggest a less proliferative (7 promote versus 33 inhibit) phenotype. While the
number of genes whose expression would likely inhibit versus promote cell death (14 promote
versus 17 inhibit) and migration (6 promote versus 9 inhibit) are less striking, the expression
pattern of genes involved in inflammation or coagulation seem to indicate a less activated
phenotype (3 promote versus 9 inhibit).

Analysis of microarray data also yielded top networks and a set of genes most significantly
affected by the nanotopography. Some members of the top network, such as NF-xB and AP-1
overlapped with the results from the top EC network (Figure 5) suggesting that similar signaling
pathways may be involved in EC and VSMC sensing of the nano-environment. However,
differential modulation of these pathways may lead to differential regulation of key
transcription factors, resulting in divergent responses to the same substrate. The greatest
absolute log, fold change in expression was in YAPL, or Yes-associated protein 1, a gene that
has been associated with increased proliferation and decreased apoptosis.3® YAP1 expression
was confirmed by gPCR, which showed a decrease in gene expression, but to a lesser degree
than the level demonstrated by microarray (log, fold change=—0.96 + 0.33). Surprisingly, the
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expression of smooth muscle a-actin (SMaA), a marker of differentiation previously shown
to be downregulated in mouse VSMCs exposed to nanotubes,® did not see a significant change
in expression in this study. This may be due to the different cell origin and type used in the
two studies. Previous data was collected with an immortalized mouse cell line, which can
behave quite differently from primary human cells. Notably, the growth rate of the mouse cell
line was much higher so it is possible that differences in SMaA expression had not yet occurred
when the human cells were harvested for microarray. Nevertheless, data from this study
strongly supports the idea that nanotube arrays have an anti-proliferatory effect on VSMCs,
an effect crucial to inhibiting restenosis in an ideal stent or vascular device.

Existing strategies of reducing vascular device complications are largely aimed at preventing
restenosis at the expense of reendothelialization. The ideal vascular implant, however, should
prevent VSMC proliferation and encourage EC proliferation, migration, and quiescence. Data
from this and previous studies suggest that TiO, nanotube arrays may be a promising candidate
for a next-generation stent or vascular device coating as because of the divergent response of
ECs and VSMC:s to the material. In addition, this study also identified genes and possible
pathways that are correlated with changes in EC and VSMC phenotype. Identifying the genes
and networks associated with phenotype changes in response to nanotopographical cues maybe
a crucial step toward understanding how cells sense and respond to nanotopography and how
these interactions can be used to improve medical device design.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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proliferative phenotype.

Nano Lett. Author manuscript; available in PMC 2011 January 1.

(@) ssaocoud aiy10ads uqiyur 1ey) sauad ur adueyd 8o



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Peng et al. Page 8

4 A
T.N I@la R%C

() Complex
Cytokine/Growth Factor

Enzyme

G-protein Coupled Receptor

\\ X _// -
\\ MAPZK/IZ '_ _ﬁ' Group/Complex/Other
\\\ I/ L "/ Growth factor
PDLIM3 _ << '~ Ligand-dependent Nuclear Receptor
$: \:\ —————————— () Peptidase

Transcription Regulator

é N () Unknown
TPM1

== Direct Relationship

== = |ndirect Relationship
© 2000-2009 Ingenuity Systems, Inc. All rights reserved.

Figure 2.

Top network of genes in ECs whose expression are significantly affected by exposure to
nanotube arrays. Red indicates upregulation, green indicates downregulation. Intensity of color
is proportional to magnitude of change. For the sake of simplicity, relationships between genes
without a significant change in expression are not shown. See original network map in
supplemental section, Figure S2.
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Average expression levels of follistatin (FST), activating transcription factor 3 (ATF3), and
early growth response 1 (EGR1) in ECs grown at low densities measured by quantitative PCR.
Data is normalized by expression levels of each gene by ECs on flat surfaces and presented as
average + standard deviation. * p<0.05 when compared to flat controls, n=3.
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Nanotube effects on cellular functions and processes of VSMCs. (A) List of significantly
affected cellular functions identified by Ingenuity Pathway Analysis with p<0.005. Identified
functions are sorted into processes relevant to vascular device performance. Genes whose
expression is significantly affected by nanotube arrays are plotted according to their likely
effects on the four processes (B), see figure 1 for more detailed explanation. Numbers at the
top and bottom denote the number of genes that appear on the top or bottom region of the graph.
For example, there are 33 genes whose expression patterns is consistent with a less proliferative
phenotype.
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Top network of genes in VSMCs whose expression are significantly affected by exposure to
nanotube arrays. Red indicates upregulation, green indicates downregulation. Intensity of color
is proportional to magnitude of change. For the sake of simplicity, relationships between genes
without a significant change in expression are not shown. See original network map in
supplemental section, Figure S3.
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