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Abstract

Previous in vitro studies have demonstrated increased vascular endothelial cell adhesion on random nanostructured titanium (Ti) sur-
faces compared with conventional (or nanometer smooth) Ti surfaces. These results indicated for the first time the potential nanophase
metals have for improving vascular stent efficacy. However, considering the structural properties of the endothelium, which is composed
of elongated vascular endothelial cells aligned with the direction of blood flow, it has been speculated that rationally designed, patterned
nano-Ti surface features could further enhance endothelial cell functions by promoting a more native cellular morphology. To this end,
patterned Ti surfaces consisting of periodic arrays of grooves with spacings ranging from 750 nm to 100 um have been successfully fab-
ricated in the present study by utilizing a novel plasma-based dry etching technique that enables machining of Ti with unprecedented
resolution. In vitro rat aortic endothelial cell adhesion and growth assays performed on these substrates demonstrated enhanced endo-
thelial cell coverage on nanometer-scale Ti patterns compared with larger micrometer-scale Ti patterns, as well as controls consisting of
random nanostructured surface features. Furthermore, nanometer-patterned Ti surfaces induced endothelial cell alignment similar to the
natural endothelium. Since the re-establishment of the endothelium on vascular stent surfaces is critical for stent success, the present
study suggests that nanometer to submicrometer patterned Ti surface features should be further investigated for improving vascular stent
efficacy.
© 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Coronary heart disease (CHD) is the leading cause of
death worldwide, killing over 7 million people per year,
which represents 1 in every 7 deaths [1]. It is characterized
by arterial narrowing (stenosis) due to the accumulation of
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fatty deposits beneath the endothelium (i.e. the layer of
cells which forms the inner lining of a blood vessel [2]). This
accumulation, known as atherosclerosis, can cause restric-
tion of blood flow, thus depriving heart muscles and other
tissues of oxygen. In severe cases of atherosclerosis, stent
implantation has become the preferred method for restor-
ing normal blood flow [3].

Stents are commonly metallic, lattice-like scaffolds that
are inserted into stenosed arteries to maintain or re-estab-

1742-7061/$ - see front matter © 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.actbio.2007.07.008


mailto:Thomas_Webster@Brown.edu

J. Lu et al. | Acta Biomaterialia 4 (2008) 192-201 193

lish vascular patency. In their first embodiment, they sim-
ply served as mechanical support systems to prevent vascu-
lar elastic recoil. However, they have since evolved to
incorporate biological functionality (such as impregnation
of pharmaceutical drugs) in order to mitigate neointimal
hyperplasia and decrease immune responses initiated by
the injury created through stent implantation. This detri-
mental immune response is characterized by excessive tis-
sue in-growth into the lumen, which can cause re-
narrowing of arteries over time (restenosis) [4—6]. As
detailed in recent reviews [7-14], considerable effort has
been dedicated to addressing this issue. However, the most
successful solution to date has been the drug-eluting stent
(DES), which relies on the delivery of anti cell-proliferative
drugs from a polymer coating on the stent; such drugs inhi-
bit cellular responses which lead to hyperplasia. In clinical
trials, DES has been shown to significantly reduce resteno-
sis relative to bare-metal stents [15,16]. Consequently, DES
adoption has been rapid and widespread since FDA
approval in 2002.

However, despite the success of DES, recent studies
have begun to question the wisdom of a therapeutic strat-
egy effectively based on the inhibition of healing. In partic-
ular, there is growing evidence that the incidence of stent-
related thrombosis (i.e. clotting) is higher in DES than
bare-metal stents, particularly after cessation of adjunctive
anti-platelet therapy. Moreover, the incidence of stent-
related thrombosis increases considerably when there is
premature discontinuation of such therapies [17-27]. While
overall incidences of stent-related thrombosis in DES is low
(<1.5%), these results provide significant cause for concern
because the fatalities in such cases can be as high as 45%
[22]. Although the mechanism of stent-related thrombosis
has yet to be fully understood, a causal relationship
between DES and delayed healing has been established.
Most significantly, drug-induced inhibition of hyperplasia
also inhibits the re-establishment of a healthy endothelium;
thus, such approaches increase the potential for thrombo-
genic stimuli [28,19,23]. This, therefore, provides the impe-
tus for the exploration of alternative therapeutic strategies
that enhance, rather than inhibit, endothelialization of
metallic stent surfaces.

In this light, a number of studies have begun to show the
promise of healing-based strategies for increasing vascular
stent efficacy. All presume that rapid restoration of the
endothelium over the stent will enable its isolation from cir-
culating blood, and therefore reduce the potential for reste-
nosis and thrombosis. To date, most have focused on the
use of bioactive agents (such as growth factors, peptides,
and antibodies) which have been delivered locally via coat-
ing-based elutions, surface-immobilizations, or porous bal-
loon catheters [28-35]. However, as in DES, the efficacy of
such approaches is often critically dependent upon spatial
and/or temporal control of bioactive agent delivery. More-
over, consideration must also be given to the potentially
detrimental consequences of unintended systemic delivery
[36,37]. Thus, the focus of this study was to develop tech-

niques that can increase endothelialization without the
use of bioactive agents.

One approach that seems promising in this context is the
creation of nanoscale features on vascular metallic stent
surfaces which mimic the natural structure of the healthy
vessel wall. Choudhary et al. recently showed greater vas-
cular cell adhesion on metal surfaces with random nano-
structured features [38]. It was demonstrated that metals
with random nanostructured surface features invoked vas-
cular cell responses promising for improving stent efficacy
[38]. However, since native endothelial cells adopt an elon-
gated, aligned morphology in the vasculature, it can be
argued that patterned surface features on metallic stents
may be better for increasing endothelial cell functions.
Thus, the objective of this in vitro study was to investigate
endothelial cell function on surfaces with rationally
designed patterns composed of periodic arrays of nanome-
ter-wide grooves compared with both micrometer-wide
grooves and no grooves at all.

2. Materials and methods
2.1. Fabrication of patterned titanium substrates

Plasma dry etching-based micromachining techniques
were used to define uniform, high-precision patterns on
the surface of titanium substrates in the present study.
Wafer-based substrates composed of polished grade 1 Ti
(99.6% Ti, Tokyo Stainless Grinding Co., Ltd., Japan,
Ra ~ 10 nm RMS) were first cleaned in subsequent ultra-
sonic baths of acetone and isopropanol, followed by rinsing
with deionized (DI) water and drying with N, gas. The
wafers were then dehydration baked on a hotplate at
150 °C for 3 min. The wafers were primed with hexamethyl-
disilazane (an adhesion promoter) and a layer photoresist
(Shipley SPR 955) was applied by spin-coating. After litho-
graphic exposure (GCA 6300 i-line wafer stepper), the
wafers were baked at 95 °C for 60 s, then developed (Shipley
MF 701) for 60 s, rinsed in DI water and dried with N, gas.

The lithographically defined patterns in the present
study were composed of nine 5x 5 mm? subregions, each
of which was composed of a periodic array of lines of equal
width and spacing ranging from 750 nm to 100 um. A dif-
ferent line width was used for each subpattern, thus
enabling the definition of nine unique topographical
regions within the same die. The photoresist patterns were
transferred into the underlying substrate using the titanium
inductively coupled plasma deep etch (TIDE) process [39].
The TIDE process is based on anisotropic dry etching of Ti
in Cl,/Ar plasma. It provides, for the first time, the capabil-
ity for machining Ti with unprecedented resolution in a
manner that is intrinsically scalable to low-cost/high-vol-
ume manufacturing, owing to its reliance on batch process-
ing techniques derived from the microelectronics industry.
Following etching, the photoresist was stripped using ultra-
sonic agitation, first in acetone, then in isopropanol. The
samples were then rinsed in DI and dried with N, gas.
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2.2. Fabrication of control materials

Three types of controls were used in the current study:
(i) smooth titanium; (ii) titanium with random nano-
structured surface features; and (iii) glass coverslips.
The smooth Ti samples were unpatterned versions of
the polished substrates used for the patterned samples.
The random nanostructured control samples were thin
discs (12 mm diameter, 0.5 mm thickness) created by cold
compaction of 99.38% commercially pure Ti nanopow-
ders (average particle size: 100 nm, Reade International
Inc.) according to standard techniques [40]. Briefly,
nanopowders were loaded into a hardened tool steel
die and compacted using a uniaxial, single-ended hydrau-
lic press (Carver Inc.; compaction conditions: 10 GPa
pressure, 10 min at room temperature in an ambient
environment). The glass coverslip (Fisher) control sam-
ples were prepared by etching in a 1 N NaOH solution
for 1h.

Before cell culture experiments, all substrates were
rinsed in acetone for 5 min, ethanol for 5 min and finally
DI water for another 5 min. They were then sterilized by
autoclaving (115-120 °C) for 30 min.

2.3. Substrate characterization

Scanning electron microscopy (SEM; LEO 1530 VP)
was used to characterize the surfaces of the patterned Ti
substrates. Prior to imaging, the substrates were sputter-
coated with a thin layer of gold—palladium in a 100 mTorr
vacuum argon environment for 3 min using a current of
100 mA. SEM imaging was performed at 5 kV accelerat-
ing voltage. It should be noted that these sputter-coated
samples were not used for subsequent cell culture
experiments.

The surface topography of the patterned Ti substrates
was further characterized by atomic force microscopy
(AFM; Dimension™ 3100, Nanoscope IIla). Commercially
available AFM tips (radius of tip curvature <10 nm,
NSC15/ALBS, MikroMasch) were used in tapping mode.
Tips with a full tip cone angle of <10° in the last 200 nm
of the tip apex were used (25 um full tip height, 30° full
cone angle after initial 200 nm, 40 N m~' force constant).
The scan rate was fixed at 0.5 Hz.

2.4. Endothelial cell culture

To test the endothelial cell responses on the patterned
Ti, rat aortic endothelial cells (RAEC) were purchased
from VEC Technologies. For culturing, Petri dishes were
coated with 0.2% gelatin (Sigma) by immersion in 0.2% gel-
atin for 2 h at room temperature, followed by air drying in
a laminar flow hood for 12 h. RAEC were then cultured in
MCDB-131 Complete Medium (VEC Technologies) under
standard cell culture conditions (37 °C, humidified, 5%
CO0,/95% air environment). Fresh medium was replenished
every other day.

2.5. Endothelial cell adhesion and cell density assays

For initial cell adhesion tests, RAEC were seeded at
4500 cells cm > in MCDB-131 Complete Medium onto
the substrates for 4 h under standard cell culture condi-
tions. The samples were then rinsed with phosphate-buf-
fered saline (PBS) three times to remove non-adherent
cells to prepare them for cell viability analysis.

For longer-term cell density assays, RAEC were seeded
at 2500 cells cm > in MCDB-131 Complete Medium onto
the substrates. Cells were cultured for 1, 3 and 5 days.
Medium was refreshed on days 2 and 4. At the end of days
1, 3 and 5, non-adherent cells on all the substrates were
removed by rinsing three times with PBS to prepare them
for cell viability analysis.

Cell viability was determined in situ by a LIVE/DEAD
Viability/Cytotoxicity Kit for mammalian cells (Molecular
Probes). Briefly, the cells were stained with 3.3 uM of cal-
cein AM and 1.7 uM of ethidium homodimer-1 and incu-
bated for 30 min before visualization using fluorescence
microscopy. The live and dead cells were counted using
530 nm wavelength excitation for calcein AM and 560 nm
for ethidium homodimer-1. Five random fields were
counted per substrate area of interest. Experiments were
conducted in triplicate and repeated at three different times.

Endothelial cell morphology on the substrates after the
5 day assay was also quantified using SEM. Briefly, after
the prescribed time period, endothelial cells were fixed with
formalin for 5 min. Afterwards, they were dehydrated by
soaking serially in 10%, 30%, 50%, 70% and 90% ethanol
for 30 min followed by soaking in 100% ethanol for
15 min three times. Lastly, the substrates were critical point
dried before visualization.

3. Results
3.1. Patterned substrate topographical characterization

Scanning electron micrographs (Fig. 1) and AFM
images (Fig. 2) demonstrated the high-resolution pattern-
ing capability of the TIDE process. Periodic arrays of uni-
form grooves with nearly vertical sidewalls were created
with widths and spacings ranging from hundreds of nano-
meters (750 nm) to many tens of micrometers. The sporadic
thin bright lines and spots observed in the etched grooves
(darker stripes) of the SEM micrographs (Fig. 1) of the pat-
terned samples are artifacts due to the dry etching process.
They were caused by the presence of impurities in the tita-
nium substrate material that were not etched by the Cl,/Ar
plasma. Their incidence decreased considerably with
decreasing feature size and they were virtually non-existent
in the nanometer patterned samples.

3.2. Endothelial cell adhesion after 4 h on patterned Ti

Results from the 4 h endothelial cell adhesion tests indi-
cated that endothelial cell density increased significantly as
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Fig. 1. Scanning electron microscope (SEM) images of Ti patterned surface features of: (A) 750 nm, bar =1 pm; (B) 2 um, bar =1 pm; (C) 5 pum,
bar =1 um; (D) 25 um, bar = 20 pm; (E) 75 pm, bar = 20 pm; and (F) 100 pm, bar = 20 um; random nanostructured surface features of (G) bar = 10 pm
and (H) bar = 200 nm. The thin, non-uniform bright lines and spots observed in the etched grooves (darker stripes) are artifacts of the dry etching process.

the Ti pattern dimensions decreased to the nanometer scale
(Fig. 3). Moreover, when compared with the cell density on
the random nanostructured and smooth Ti surfaces, endo-
thelial cell density was greater on the nanopatterned Ti sur-
faces. The cells also began to spread and align on the
nanopatterned Ti surfaces when the dimensions were less
than 10 um (Fig. 4); this was not observed on larger micr-
opatterned Ti samples, nor on the random nanostructured
Ti, smooth Ti or glass control surfaces.

3.3. Endothelial cell density after 1, 3 and 5 days on
patterned Ti

Longer-term cultures demonstrated similar trends as
observed for the 4 h cultures. Specifically, endothelial cell
density on the 750 nm patterned Ti surfaces was twice that
on the 100 pm patterned surfaces after 1 day (Fig. 5) and
cellular alignment increased considerably with decreasing
feature size (Fig. 6). After 3 days, endothelial cell density
continued to be greater on the Ti patterns with feature size
less than 10 um (Fig. 7). Furthermore, cellular alignment
and elongation was far more pronounced for patterns with
features less than 10 pm.

Importantly, endothelial cells formed a confluent layer
on all patterned Ti substrates before completion of the 5
day culture experiments (Fig. 8). In contrast, confluence
was not achieved after 5 days for any of the control sur-
faces (i.e. smooth Ti, random nanostructured Ti, or glass).
Furthermore, confluence occurred most quickly on the Ti

surfaces with patterns less than 10 um, with the 750 nm
patterns reaching confluence first. Finally, the affect of
decreasing pattern feature size on cellular alignment and
morphology is demonstrated in Fig. 9. The length/width
ratio of the endothelial cells on the 1 um patterns is consid-
erably greater than those on the 100 um patterns.

4. Discussion

This in vitro study represents the first exploration of
endothelial cell adhesion, proliferation and morphology
on rationally designed patterned Ti surfaces composed
of periodic arrays of grooves with width and spacing
ranging from 750 nm to 100 um. The data demonstrated
superior endothelial cell function and orientation on pat-
terned Ti surfaces relative to all other surfaces investi-
gated (i.e. smooth Ti, random nanostructured Ti and
glass). Moreover, the data demonstrated increasing bene-
fits with decreasing pattern feature sizes, thus suggesting
that even greater promise may lie in further feature size
reduction. It should be noted, however, that these results
are not necessarily indicative of the potential for success
in vivo, due to the complexity of the in vivo environment.
As such, further studies are ongoing to assess the effects
of competitive adhesion with vascular smooth muscle cells
in vitro as well as the translation of these results to an
in vivo environment. Successful outcomes of these exper-
iments will provide further evidence of the promise of this
approach.
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Fig. 2. Atomic force microscope (AFM) images of Ti patterned surface features of: (A) 750 nm, scan scale = 10 um; (B) 1 um, scan scale = 10 um; (C)

2 pm, scan scale = 10 pm and (D) 5 pm, scan scale = 30 pm.

Importantly, this study introduces a new technique that
can produce, with high precision and reproducibility, nano-
meter to micrometer-scale surface features on Ti. When
coupled with high-resolution lithographic patterning, the
gentle, molecular-scale material removal mechanism of
the TIDE process enables machining at a far smaller scale
than is possible with conventional stent machining tech-

niques (such as laser micromachining (LMM), photoet-
ching and microelectrodischarge machining (LEDM), all
of which are limited to minimum feature sizes in excess
of tens of micrometers in practice [41,42]). However,
plasma etching also compares favorably to these
techniques on the micro/mesoscale. TIDE is a parallel,
batch-scale process, thus making it inherently scalable to
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Fig. 3. Increased rat aortic endothelial cell (RAEC) adhesion after four hour culture on nano to sub-micrometer patterns compared to micrometer-scale

patterns and random nanostructured Ti features. Data = mean & SEM; N = 6;

nanostructured Ti, respectively).
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Fig. 4. Rat aortic endothelial cell (RAEC) cell density after four hours of culture on Ti patterns of (A) 750 nm; (B) 2 pm; (C) 5 um; (D) 75 pm; (E) 100 pm
and (F) random nanostructured Ti surfaces. (A-F) bars = 50 um. Arrows indicate groove alignment direction on patterned samples.

low-cost/high-volume manufacturing, unlike LMM and
LEDM, which are slower, serial processes. Furthermore,
in addition to providing higher-resolution machining
capability, lithographic patterning also enables better
tolerances and reproducibility than what is possible with
conventional techniques, thus ensuring greater quality con-
trol and reliability. Finally, the gentle machining mechanism
of plasma etching produces little or no debris or damage,
thus minimizing the need for common post-machining pro-
cesses, such as electropolishing. As such, the TIDE process
is the only technique currently available that has the poten-
tial to produce nanometer to micrometer-scale patterning in
stents in a reliable and cost-effective manner.

Clearly, it is important to consider the mechanism of
why endothelial cell responses were improved on these nan-
opatterned Ti surfaces. Although not directly addressed
here, other studies have attributed improved cellular
responses on nano- to submicron-scale patterned surfaces
to a physical effect; that is, changes in the alignment and
shape of cells (as controlled by the underlying surface fea-
tures) have been related to improved cell functions [43].
For example, Palmaz et al. have reported higher endothe-
lial cell migration rates on Nitinol surfaces consisting of
micrometer-scale grooves compared with smooth metal
surfaces [44]. They hypothesized that such patterns may
reduce time to endothelialization of vascular stents, thus
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Fig. 5. Increased rat aortic endothelial cell (RAEC) cell density after the first day of culture on patterned Ti surface features. Data = mean + SEM; N = 3;
*p <0.05 (compared to the patterns of 100 and 75 pm) and **p < 0.05 (compared to random nanostructured surface features).

Fig. 6. Rat aortic endothelial cell (RAEC) cell density after the first day of culture on Ti patterns of: (A) 750 nm; (B) 2 pm; (C) 5 um; (D) 75 um; (E)
100 pm and (F) random nanostructured Ti surfaces. (A-F) bars = 50 um. Arrows indicate groove alignment direction on patterned samples.

reducing the risk of in-stent restenosis and late-stage
thrombosis [44]. They attributed this increase to a physical
effect; that is, changes in the alignment and shape of cells
were related to a simple cell conformation process on the
microgrooves. Other studies have confirmed that cell shape
and orientation are related to cell gene expression [45].
Changes in cell shape may thus affect much of the metabo-
lism of a cell.

However, there is some contradiction in the literature
concerning the influence of surface patterns on cell align-
ment. While there has been only limited exploration of this
for nano- to submicrometer-scale surface features [46], this
has been extensively studied for materials with micrometer-

scale or greater surface features. Some studies have indi-
cated that the degree of cell alignment increases with
groove size [48], while others show that the higher the con-
centration of ridges on the grooved surface, the greater the
effect on cell morphology [47]. Consequently, it is apparent
that the influence of the dimensions of surface patterning is
another important subject to be studied further in which
unique enhancements may be made when going down to
the nanoscale, as this study suggests.

The data presented here clearly indicate a strong
enhancement of endothelial cell function with decreasing
pattern feature sizes into the nanometer regime. As such,
within the context of the application towards improving
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Fig. 7. Rat aortic endothelial cell (RAEC) cell density after the third day of culture on Ti patterns of (A) 750 nm; (B) 1 um; (C) 5 pm; (D) 75 um; (E)
100 pm and (F) random nanostructured Ti surfaces. (A-F) bars = 50 pum. Arrows indicate groove alignment direction on patterned samples.

Fig. 8. Rat aortic endothelial cell (RAEC) proliferation after the fifth day of culture on Ti patterns of: (A) 750 nm; (B) 2 um; (C) 5 um; (D) 75 pm; (E)
100 pm and (F) random nanostructured Ti surfaces. (A—F): bars = 50 um. Arrows indicate groove alignment direction on patterned samples.

vascular stents, this approach may offer a unique opportu-
nity. The inherent precision and uniformity of the fabrica-
tion method used to create the patterned surfaces may
enable better control and reproducibility of cellular
responses than uncontrolled surfaces whose spatial unifor-
mity may vary widely. Moreover, patterning of the surface
of the stent material itself may enable incorporation of
multi-functionality based solely on the rational design of
stent structures at varying length scales. More specifically,
micro- and mesoscale stent features would define the
mechanical response of the stent, while nano- to submi-
crometer-scale topographical features would define its

biological response. No other materials or agents would
be needed (such as the aforementioned pharmaceutical
agents which inhibit a healing response). If successful, a
monolithic integration approach (such as this) has the
potential to be inherently more reliable than current
multi-component approaches employing pharmaceutical
agents.

Finally, although beyond the scope of the current study,
it is anticipated that patterning at the nanometer and
micrometer scale via the TIDE process will find similar util-
ity in other implantation applications as well. For example,
cues provided by nanopatterned surface features could
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Fig. 9. SEM images of rat aortic endothelial cell (RAEC) morphology after the fifth day of culture on Ti patterns of: (A) 1 pm; (B) 100 pm. Bars = 20 um.

facilitate the orientation of deposited calcium containing
minerals and collagen by bone-forming cells, thus improv-
ing integration of orthopaedic implants. Indeed, evidence
of this has already been demonstrated at the micrometer
scale, where the formation of bone-like cell multilayers
was observed to occur more quickly on microgrooved sur-
faces (150 um) than smooth surfaces [48]. However, the
effect of nanopatterned surfaces (as the TIDE process
could provide) has yet to be investigated.

5. Conclusions

In summary, rationally designed patterned Ti surfaces
with features ranging from 750 nm to 100 um have been
created using a novel micromachining process which pro-
vided the capability for creating surface features with
unparalleled control and resolution. These nanofeatures
have been shown to promote endothelial cell function on
Ti to mimic that of the native endothelium. Such results
therefore suggest that nanopatterned Ti substrates should
be further studied as a means of improving vascular stent
efficacy.
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