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Abstract
The advantages of endothelialization of a stent surface in comparison with the bare metal and drug
eluting stents used today include reduced late-stent restenosis and in-stent thrombosis. In this
paper, we study the effect of surface topology and functionalization of tantalum (Ta) with cyclic-
(arginine-glycine-aspartic acid-D-phenylalanine-lysine (cRGDfK)) on the attachment, spreading,
and growth of vascular endothelial cells. Self-assembled nano-dimpling on Ta surfaces was
performed using a one-step electropolishing technique. Next, cRGDfK was covalently bonded
onto the surface using silane chemistry. Our results suggest that nano-texturing alone was
sufficient to enhance cell spreading, but the combination of a nano-dimpled surfaces along with
the cRGDfK peptide may produce a better endothelialization coating on the surface in terms of
higher cell density, better cell spreading, and more cell-cell interactions, when compared to using
cRGDfK peptide functionalization alone or nano-texturing alone. We believe that future research
should look into how to implement both modifications (topographic and chemical modifications)
to optimize the stent surface for endothelialization.
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Introduction
Cardiovascular stent insertion provides a convenient way to re-open the lumen of arteries
that have become stenotic or occluded, resulting in insufficient delivery of oxygen and
nutrients. Stent technology began development in 19861, and since then many improvements
have been made to make stents safer after their placement in the body. The main objective of
stenting is to place a biocompatible material in the arteries to keep their lumen open and
consequently maintain blood flow at a physiologically safe rate. Although many vascular
problems have been corrected by modern day stents, a few issues remain unresolved.1–3 The
major complications of intracoronary stent placement include thromboembolic events
(blocking of a blood vessel’s lumen by a clot) and neointimal hyperplasia (thickening of the
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blood vessel wall) due to smooth muscle cell hyperproliferation, leading to in-stent
restenosis. Restenosis refers to the situation in which stenosis occurs after a period of
stenting; literally meaning “re”stenosis. When a foreign object is placed inside the body, an
immune response takes place. In the case of stenting, the body reacts by stimulating an
inflammation response within the wall of the artery at and near the stent, which is followed
by excessive proliferation of smooth muscle cells. This causes the muscular wall of the
artery to thicken and can result in the collapse of the stent. A recent development in 20021,
which is still used today, involves the release of drugs such as sirolimus, paclitaxel,
rapamycin, and other immunosuppresants to suppress the immune response and smooth
muscle cell over-proliferation, thereby minimizing and/or delaying restenosis or possible
thrombosis. The drawback to this method is that the drugs also prevent the proliferation of
the desired cell type - endothelial cell (EC) - on the stent.

The anti-inflammatory/anti-proliferative medicines are typically placed in a polymer coating
or eluted via porous structures on the surface of the stent.1 This drug elution method works
well until the medicine is completely eluted or concomitant anti-platelet therapy is
prematurely discontinued. Studies have shown that even a year after insertion of drug
eluting stents (DES), myocardial infarction (commonly known as heart attack) due to
restenosis remains even if aspirin, or secondary anti-platelet therapy, is ceased.5 This
problem, known as “late stent thrombosis,” signifies the need to develop new types of stents
that do not contain the adverse effects of anti-proliferative or any cytotoxic drugs.

At least three solutions to this problem have been proposed: biodegradable, cell seeded, and
vascular EC-promoting stents. The first type of stent, however, does not remain within the
body, and hence, it cannot provide a permanent support for the arterial wall. Premature or
uneven breakdown of the stent within the artery has been shown to cause an increased
inflammatory response.1 The cell seeding method is hampered by the limited sources of
endothelial cells or stem cells derived from generic endovascular cells. This method has
been studied more recently1, but has not yet made significant progress. On the other hand,
the endothelium-promoting stent has shown promise within the past decade. The central role
of the vascular endothelium in preventing thrombosis and neointimal hyperplasia has led to
strategies for restenosis prevention that focus on enhancing endothelial recovery. Such non-
cytotoxic approaches differ from the cytotoxic approaches that are used by drug-eluting
stents currently on the market. However, these non-cytotoxic approaches are still at the
investigational stage and their long-term outcome is unknown. There have been a few
different methods used for promoting endothelial growth on the stent surface. They include
changing the surface texture of the stent5–14, and applying a layer of endothelial promoting
agents such as poly-L-Lysine,15 titanium oxide,16 cyclic-RGD peptide,17–19 stem-cells,1 or
fibronectin15. Particularly, Desai and Webster have each pioneered the use of nanostructures
in stent, drug-delivery, cell-nanostructures interactions.6–14 The most cost effective and
efficient method should be selected and studied using in vitro methods to test for
endothelialization along with in vivo applications to test biocompatibility once a model
prototype is developed. Once safely in place, the stent should develop a confluent layer of
vascular endothelium at the stent-luminal interphase, separating the stent material from the
blood flowing within the artery. This native endothelium creates a homogenous environment
within the vessel. The anti-thrombotic nature of the endothelium will prevent clotting that
could be associated with platelet-bare metal interaction,20 as well as prevent platelet
activation and mitogen release that could lead to smooth muscle cell proliferation and
intimal hyperplasia. Palmaz et al found that parallel microscopic grooves on a metallic
surface enhanced the migration rate of ECs.20 The rate of migration, alignment, and
elongation of ECs was enhanced as a function of groove size. An arranged non-random
nanoporous structure has also shown to produce endothelial growth in vitro rapidly with a
natural appearance according to samples studied under scanning electron microscopes.6–14
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Moreover, Brammer et al. compared the behavior of ECs on flat titanium and the
nanostructured surface of titanium nanotubes.11 They reported that ECs spread, function and
adhere better on a nanostructured surface of titanium nanotubes than flat surfaces.11 The use
of cell-binding motifs such as RGD-containing peptides on the surfaces can further enhance
the adhesion, growth, and spreading of ECs on the surfaces17–19 and may help in reducing
the chance of restenosis. This design combined with a layer of cRGD peptide is thought to
induce rapid endothelialization while preventing a detrimental immune reaction.

In this paper we study nanoporous architecture5–16 and cRGD motif peptide17–19. The rate
of endothelialization can be enhanced through a number of factors including: increasing EC
migration speed, enhancing EC proliferation, increasing EC adhesion to the stent, and
spreading on the stent surface. We hypothesize that the use of cRGDfK-functionalized
nanoporous (specifically, nano-dimpled) stents will enhance the life-time of stents along
with reducing the risk of restenosis compared to current DES or bare metal stents (BMS).
The use of lifelong anti-platelet treatment may also be unnecessary if total endothelial
coverage on the surface of stents is accomplished with the natural anti-thrombogenic
properties of native endothelial cells.

Stents are usually produced using stainless steel, Tantalum (Ta), nitinol, or some other inert
material.30 These materials are mechanically ductile and can be expanded by the inflation of
balloons inside of a blocked artery. Ta has several advantages when compared to the other
materials. For example, Ta is a biocompatible and inert metal with less thrombogenicity than
titanium or stainless steel.30 Because of its high electron density, it is also used as a marker
for identification when placed in the body for stents made of less dense materials. Unlike
stainless steel, Ta does not interfere with magnetic resonance imaging (MRI) studies. Due to
these advantages, Ta has been extensively used for stent fabrication along with titanium (Ti).
Further, Ta has approximately six hydroxyl groups/nm2 on its surface.32 These hydroxyl
groups can be used for surface modification with well-known silane chemistry to increase
the functionality of the stent surface.33

In this paper, we fabricated nano-dimpled Ta surfaces using a one-step anodization of Ta.
The surfaces were then covalently-modified with a cyclic-RGDfK peptide. We studied the
effects of nano-dimples and surface functionalization with RGD-containing cyclic peptide
cell-adhesion motif on endothelialization of the surfaces. We found that early phase cell
spreading and later stage proliferation of endothelial cells was higher for the combination of
surface-functionalized nano-dimpled substrates as compared to no-dimple (i.e., plain) and
unfunctionalized surfaces. The results of this study enhance our knowledge on the growth
and spreading of cells on nanostructure materials. This study may find potential implications
in many areas of research including surface chemistry, implantable devices, and tissue
engineering.

Methods and Materials
Materials

All the solvents for surface treatment were purchased from Fisher Scientific and were used
as received unless otherwise noted in the text. 3-(triethoxysilyl) propylsuccinic anhydride
(TSPA) and cyclic-(arginine-glycine-aspartic acid-D-phenylalanine-lysine) (cRGDfK) were
purchased from Peptides International and Gelest Inc., respectively. cRGDfK was chosen
because it is a well-known cell binding motif.17,24 The characterization of the nano-dimpled
tantalum (Ta) was performed using scanning electron microscopy. The functionalized TSPA
and cRGDfK nano-dimpled surfaces were characterized with infra-red (IR) and mass
spectroscopy (MS). The chemical structures of TSPA and cRGDfK are shown in Scheme 1.
For cell experiments, Alexa Fluor 488-conjugated phalloidin and Hoechst 33342
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(trihydrochloride, trihydrate FluoPure Grade) were purchased from Molecular Probes/
Invitrogen (Carlsbad, CA), and the mounting solution was obtained from Vector Labs
(Burlingame, CA). All other chemical reagents, cell culture glassware, and cell culture
reagents were purchased from Fisher Scientific (Pittsburgh, PA) and Cambrex (East
Rutherford, NJ), respectively, unless otherwise mentioned.

Substrates used in the studies
Four types of substrates were used for our studies: Ta with two different topologies (no-
dimple (plain) and nano-dimpled) with and without covalently bound cRGDfK peptides.
Nano-dimples were created using an electropolishing method described previously (see
below).25–28,32 All the substrates used for cell studies had a total planar (non-porous) area in
the range of 1 to 2 cm2.

Synthesis of nano-dimpled substrates
Electrochemical treatment of many metals provides nanoporous metal oxides. For example,
the anodic oxidation of aluminum, tantalum (Ta), titanium, and other metals have been
reported.25–32 Nano-dimples were created on Ta surfaces using electropolishing in a
solution composed of 95–98% sulfuric acid and 48% hydrofluoric acid (HF) in a volumetric
9:1 ratio (Figure 1).25–28,32 Caution: HF is highly toxic and dangerous to humans and
animals. HF should be used in a well-vented hood and all safety precautions must be taken
when using HF. As pointed by Kruse’s group, Ta surface likely to possess native oxide layer
on its surface which can be stripped with HF during electropolishing step. Thus, by
controlling the rate of oxide dissolution and formation, an array of nano-dimple on the
surface is formed.26,32 The typical area of the Ta samples used for electropolishing in our
studies was approximately 1 to 2 cm2. The polishing solution was kept at room temperature
for a few hours prior to performing these experiments. Ta substrates (anodes) were kept at
approximately 1.5 cm away from the platinum wire (cathode). A potential of 15 V was
applied between two electrodes for 15 minutes. This technique produced nano-sized Ta
dimples on the surface with ~4 nm thick TaO2 top layer.

SEM characterization
To avoid charging of the sample, nano-dimpled Ta samples were coated with a thin layer
(approximately 10 nm thick) of gold-palladium for electron microscopic characterization.
All the samples were analyzed either on FEI Quanta 450 or Hitachi S570 using a secondary
electron detector. The pore diameter of the nano-dimples was (23 ± 4) nm.

Surface-functionalization of plain and nano-dimpled Ta substrates
The surface functionalization with cRGDfK was accomplished using a two-step method
(Scheme 1). In the first step, the surfaces were activated with TSPA which provided
anhydride functionality on the surface for immobilizing amine-terminated cRGDfK
peptides. The surfaces were soaked in 10 mM TSPA solution in dry dichloromethane for 3
hours. The surfaces were then thoroughly washed with dry dichloromethane to wash off
unreacted TSPA from the surfaces. Reflection-absorption infrared spectroscopy on TSPA
modified substrates showed a peak in 1792 cm−1 region which corresponds to carbonyl
groups in the five-member succinic-anhydride group of TSPA (Figure S1). As a controlled
experiment to show that TSPA-amine reaction occurs on surfaces, a reaction of 4-amino
pyrene with succinic anhydride tagged on quartz substrates provided bluish fluorescent
surfaces after a thorough washing with dichloromethane. The fluorescence from pyrene
suggested the presence of succinic anhydride on the surface and its reaction with amine
group of pyrene. The anhydride-functionalized Ta surfaces were immersed in a 10 μM
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amine-terminated cRGDfK peptides dissolved in PBS buffer solution for 6–12 hours. The
surfaces were then washed thoroughly in PBS or Tris buffer solution (pH 7.4).

Infra-red (IR) spectroscopy analysis of the samples
External reflection FTIR spectra of the functionalized Ta substrates were measured with
Nicolet Nexus 670 FTIR fitted with nitrogen cooled MCT-B detector and a Velma II
variable-angle specular-reflectance accessory operating at a beam incidence angle of 80°
with respect to surface normal. The samples were averaged at 1000 scans and 2 cm−1

resolution against a background of a bare Ta substrate. The spectrometer was purged
continuously with dry nitrogen gas to minimize water vapor in the sample chamber.

Mass spectroscopy (MS) analysis
MS was performed on unfunctionalized nano-dimpled Ta, TSPA- and cRGDfK-
functionalized Ta using a Bruker Daltonics Microflex Time-of-Flight Mass Spectrometer. A
pulsed nitrogen laser (337 nm, 20 kHz repetition rate) was used to desorb/ionize the sample,
and the resultant ions were observed in the positive ion mode. The mass spectrum
represented a sum of 500 individual mass spectra. The ion signals were observed in the m/z
range from 20 to 1000.

Routine cell culture
Bovine aortic endothelial cells (BAECs) were purchased from Cambrex Biosciences and
cultured in tissue culture dishes in Dulbecco’s modified eagle medium supplemented with
5% fetal bovine serum, 1% sodium pyruvate, and 1% penicillin streptomycin. This mixed
solution was referred to as complete DMEM. BAECs were incubated in humidified 5%
CO2/95% air at 37°C in an incubator. When cells became confluent, they were removed
from the petri dishes by Trypsin and then placed into new dishes. Only cells with low
passage numbers were used for the present study.

Preparing Ta samples for seeding cells
Prior to seeding BAECs, the various Ta samples were cleaned and sterilized by the
following protocol: they were rinsed with sterilized nanopure water, immersed in an 70%
ethanol bath for 1 minute, rinsed with sterilized nanopure water, immersed in an 70%
ethanol bath again but for 5 minutes, allowed to air dry, and exposed to UV for 15 minutes
on both sides in a biosafety cabinet.

Seeding BAECs on Ta samples
Different Ta samples: (1) no-dimple (plain) Ta without peptides, 2) plain Ta with peptides,
3) nano-dimpled Ta without peptides, and 4) nano-dimpled Ta with peptides were placed
into separate wells of a 12-well plate (Figure 2a). Each experiment had duplicates and n≥3.
BAECs from the routine culture were removed from petri dishes using Trypsin and
suspended in complete DMEM at approximately 100 cells/μL. 200 μL of BAECs solution
was placed onto each sample (Figure 2b). The 12-well plate was rotated gently to distribute
BAECs evenly for 45 minutes. 2 ml of complete DMEM was added to each well (Figure 2c)
and the BAECs were incubated an additional 5.25 or 29.25 hours for a total of 6 and 30
hours, respectively, in humidified 5% CO2/95 % air at 37°C in an incubator.

Fluorescent staining and microscopic imaging
Following the 6- or 30-hour incubation time, BAECs on each sample were washed three
times with phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde in PBS at room
temperature for 15 minutes, and permeabilized in 0.2% Triton X-100 in PBS at room
temperature for 15 minutes. The fixed and permeabilized cells were incubated in a solution
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consist of 5 μg/ml Hoechst 33342 in distilled H2O for 30 minutes to stain nuclei (the stained
nuclei emit blue fluorescence). After incubation, cells were washed three times with PBS
and incubated in Alexa Fluor 488-conjugated phalloidin diluted with PBS for 60 minutes to
stain actin fibers (the stained actin fibers emit green fluorescence) (Figure 2d). Finally, the
mounting solution was added and the stained cells were sealed with a coverslip glass.
Fluorescent microscopic images of the cells were observed using a Hamamatsu ORCA-ER
digital camera attached to an Olympus IX70 microscope. DAPI and FITC filters were used
for the nuclei and actin filaments imaging, respectively. For determining cell density, four
randomly selected areas were taken from each Ta sample using a 20X objective (lower
magnification). A 40X objective (higher magnification) was used for determining cell
spreading.

Microscopic image analysis and data presentation
To determine the cell density, the number of cells in each of the four randomly selected
areas (specifically, the number of the stained blue nuclei in each field of view) of each
sample was counted using ImageJ (a Java image processing program from NIH). Briefly,
lower magnification images were imported into ImageJ and processed into binary format,
rendering the blue nuclei as black particles. Next, the number of BAECs was counted for
each image by using the black particle analysis command in ImageJ, and the cell density
was reported as the number of BAECs per cm2. The final cell density for each surface type
was calculated by averaging results from three or more experiments. For cell spreading, the
higher magnification images (Figure 4) were analyzed to assess quantitatively morphology
of BAECs (specifically, area of the cells) using ImageJ. Briefly, the edge of each
fluorescently labeled cell body (green color) was manually traced, and the enclosed area was
then calculated in ImageJ. The calculated result was reported as the area (μm2) per cell, and
the final “area per cell” for each surface type was calculated by averaging results from three
or more experiments. n≥3 for all experiments, and statistical analysis was performed using
Student’s t test.

Results and Discussion
Figure 3 shows a typical SEM of nano-dimpled surface prepared by anodic oxidation of Ta
in HF/H2SO4 mixture. The dimples (i.e., pores) are hexagonal packed with a diameter of 23
± 4 nm. Ta anodic oxidation treatment provides a pore depth ~8–10 nm in the film of which
about 4 nm thick tantalum oxide is top-most layer.26,32 The modification of nano-dimple Ta
can provide surfaces with a wide variety of functionalities that are otherwise hard to obtain.
We utilized the RGD-motif for the functionalization of nanoporous Ta using a two-step
reaction (Scheme 1). First, the surface was activated by reacting Ta surface with TSPA. The
anhydride species were then reacted with amine-terminated cRGDfK (Scheme 1). The
reaction of anhydride with amine from the lysine groups present in the peptide provides
highly stable amide bonds. Figures S1A and S1B show the IR spectra before and after
immobilization of cRGDfK on a TSPA-functionalized surface. It is known that peaks in
1775–1870 cm−1 region in the IR spectrum is an indicative of asymmetric C=O stretching
resonance in a cyclic anhydride which blue-shifts to lower frequency after opening of the
ring.33 A peak at 1792 cm−1 in our FTIR spectra is attributed to asymmetric C=O stretching
of the succinic anhydride which completely disappeared after addition of cRGDfK peptide
on the surface. The disappearance of carbonyl stretching peak of succinic anhydride
suggests a reaction between the amine group of lysine in cRGDfK and succinic anhydride of
the TSPA on the surface (Figure S1). Our mass spectroscopic analysis on a physisorbed
cRGDfK on unfunctionalized-Ta surface showed a peak at 603.31 m/z (corresponding to
cRGDfK) confirmed the presence of cRGDFK on these surfaces, but a lack of m/z
corresponding to 603.31 confirmed covalently immobilization of cRGDfK on the TSPA-
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functionalized surfaces. Furthermore, the peaks at 1674 cm−1 and 1565 cm−1 in the FTIR
spectrum are attributed to amide I (C=O) and amide II (N-H) respectively reinforced the
above argument regarding the formation of peptide bonds on the surface.

We next analyzed cell density and area of cells present on the modified surface. We selected
these two functionality factors (cell density and cell area) because they are closely related to
our intended applications: when a bare stent is placed in a patient, a rapid increase in its
coverage by cells requires rapid cell attachment and spreading, as well as an increase in cell
number over time. The BAEC adhesion and morphology vary depending on stent surface
topography and existence of cRGDfK peptide coating on the surface. Figures 5 and 6
summarize the cell density and cell area, respectively, on the four types of Ta surfaces. The
representative fluorescent images of BAECs on samples with different surface topography/
cRGDfK are shown in Figure 7.

Effect of topology and surface functionalization on cell density
We first consider the cell density 6 and 30 hours after seeding (Figure 5). The cells need to
attach to a surface, in order to spread and continue to survive, growth and proliferate. We
found that, within 6 hours, cell density on the non-functionalized plain and nano-dimpled
surfaces was comparable to each other, but was approximately two-fold higher than the cell
density on the functionalized plain and nano-dimpled surfaces. Thus, during this short
period, at the first glance, functionalization appeared to have a significant inhibitive effect
on cell density, but the nanopatterning did not appear to affect cell density. Our results
showed a negative relationship between cell density and functionalization during this short
initial period, which was not what we had anticipated. A possible explanation is that more
cells could attach to the non-functionalized surface through non-specific binding
interactions, whereas cells could only attach to the functionalized surface through specific
receptor-ligand binding interactions. Strong cell attachment and normal cell spreading onto
the surface is mediated by the interactions between cell receptors and RGD-motif ligands on
the surface. As mentioned above, the cells need to attach to and spread on the surface in
order to survive, growth and proliferate. Thus, even though there were more cells on the
non-functionalized surface within the short period of time, these cells may not attach to or
spread well on the surface, and hence may not proliferate well. We found an approximately
two-fold increase in the cell density on the functionalized surfaces (plain or non-dimpled)
following 30 hours of incubation (Figure 5). On the other hand, under the same experimental
conditions, the cell density on the non-functionalized surface (plain or nano-dimpled)
dropped significantly from 6 hours to 30 hours (Figure 5). This suggests that while there
were more cells on the non-functionalized surface within first 6 hours growth period, these
cells may not have attached to the surface strongly, leading to lower cell spreading and
proliferation as compared to functionalized surfaces. It is interesting to note that, after 30
hours of incubation on functionalized surfaces, the plain surface had more cells than the
nano-dimpled surface (Figure 5). Thus, functionalization appeared to have a more positive
effect on cell proliferation as compared to surface topography.

Effect of topology and surface functionalization on cell spreading
Within the first 6 hours, the average cell area seemed to be smaller on the plain surface than
on the nano-dimpled surface (particularly without cRGDfK coating on the surface (Figure
4)). Although BAECs can spread out and develop actin filaments on all surfaces within 6
hours, they formed more defined lamellapodia (arrow heads in Figure 4) and filapodia
(arrows in Figure 4) on the nano-dimpled than the plain surfaces that were not coated with
cRGDfK. Though, such a trend (i.e., larger cell area on nano-dimpled surface than on plain
surface) was not statistically significant, regardless of functionalization (Figure 6). After
culture for 30 hours, the cell area increased with time on the nano-dimpled surface, whereas
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the cell area seemed to remain unchanged on the plain surface, regardless of
functionalization (Figure 6). Indeed, the cell area on the nano-dimpled surface after 30 hours
of incubation was significantly larger than the cell area on the plain surface after 6 hours of
incubation, regardless of functionalization (Figure 6). Thus, the surface topography appeared
to have a more positive effect on the cell spreading when compared to surface
functionalization. Our finding that surface patterning shows a tendency to enhance cell
spreading is consistent with the literature where authors recently reported an enhanced
keratinocyte spreading on nano-textured surfaces as compared to unmodified substrates.7

In summary, we found that, to achieve an increased cell density over time, functionalization
appeared to have a more positive effect than surface topography (Figure 5). Surface
topography also appeared to have a more positive effect than functionalization on increased
cell area over time (Figure 6). Therefore, it is likely that the combined surface modification
is optimal for promoting endothelialization and may have several advantages with regard to
clinical applications. Our results suggested that nanopatterning enhances spreading during
the initial phase; i.e., during the shorter (6 hours) growth period when cells come into
contact with the surface. Quick cell spreading, and hence, increased coverage of the stent
with endothelial cells can prevent or minimize the contact between platelets and the stent.
Our results also suggest that peptide functionalization exhibited an advantageous effect on
increase in cell density after 30 hours of growth time. Therefore, future research should look
into how to implement both modifications (topographic and chemical modifications) to
optimize the stent surface for endothelialization. Finally, it is worth mentioning that a longer
growth time for nano-dimpled and functionalized surfaces resulted in cell-to-cell
interactions (arrows in Figure 7). We did not perform rigorous analysis of cell-cell junction
formation, which is worthy of exploration in the future.

Our results suggest that a combined topography and functionalization modifications may
lead to an enhanced spreading of cells on the stent surfaces, and eventually can create a
confluent layer with intact cell-cell junctions through cell growth and spreading. The
uniform coverage of the stent surface will be highly beneficial because it will reduce the
growth of smooth muscle cells and adsorption of other biological materials on stents, thus,
reducing the probability of late-stent restenosis and in-stent thrombosis. Further,
funtionalized-nanodimple coating may find applications in other implantable devices where
uniform coating with reduced defects may help in reducing infection and inflammation due
to non-specific biomolecular adsorption on the devices.

Conclusion
We fabricated nano-dimpled Ta surfaces using a simple one step electropolishing step. We
covalently tagged the nano-dimpled surface with cRGDfK peptide. We observed that
topographic and chemical modifications had different but important roles in promoting
endothelialization. (1) Nanopatterning enhanced cell spreading (larger cell area) at both the
early and late phases of the cell growth. (2) Functionalization appeared to enhance the cell
proliferation (larger cell density) at the later phase. (3) Finally, it seemed that by combining
nano-texturing and cRGDfK peptide functionalization, better cell-cell junctions may be
achieved than nano-texturing or functionalization alone.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic diagram of the setup for the fabrication of nano-dimpled tantalum using
electropolishing in a H2SO4/HF mixture.
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Figure 2.
Schematic of cell culture experiments. (a) A Ta sample was placed in one well of a 12-well
plate. (b) 200 μL of bovine aortic endothelial cells (BAECs) at 100 cells/μL were placed on
top of the sample and incubated for 45 minutes. (c) 2 ml of cell culture medium was added
and the cells were incubated for a total of 6 or 30 hours. (d) The actin and nuclei were
stained green and blue, respectively.
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Figure 3.
A typical scanning electron micrograph of nano-dimpled Ta surface. The pore diameter is
approximately 23 ± 4 nm.
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Figure 4.
Representative fluorescence optical micrographs of BAECs after culture for 6 hours on non-
functionalized surfaces (40X objective). During this initial phase, although BAECs can
spread out and develop actin filaments on both surfaces, they formed more defined
lamellapodia (arrow heads) and filapodia (arrows) on the nano-dimpled than the plain
tantalum surfaces.
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Figure 5.
Cell density on different substrates after culture for 6 and 30 hours.
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Figure 6.
Cell area on different substrates after culture for 6 and 30 hours.
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Figure 7.
Representative fluorescence optical micrographs of BAECs after culture for 6 and 30 hours
(40X objective). Arrows point to cell-cell borders showing intense actin staining.
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Scheme 1.
Chemical structures of TSPA and cRGDfK used in our studies.
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Scheme 2.
Schematic of the covalent immobilization of cRGDfK on the nano-dimpled Ta substrates
using a two-step process.
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