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Binding of human coronary artery endothelial cells to plasma-treated
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Abstract: Nanoscale topography in improving vascular
response in vitro was established previously on various tita-
nium surfaces. In the present study different surface nanoto-
pographies that is different diameters of titanium dioxide
(TiO2) nanotubes (NTs) were fabricated by electrochemical
anodization and conditioned with highly reactive gaseous
oxygen plasma. The morphology of different diameter NTs
was studied by scanning electron microscopy and atomic
force microscopy, while changes in chemical composition
on the surface before and after plasma treatment were
determined by X-ray photoelectron spectroscopy. Perform-
ance of human coronary artery endothelial cells (HCAEC) on
those conditioned surfaces was studied in regard to cell pro-
liferation, released IL-6 protein and immunofluorescence

microscopy (IFM). We show that HCAEC function is depend-
ent on the diameter of the TiO, NTs, functioning far less
optimally when bound to 100 nm TiO, NTs as compared to
Ti foil, 15 nm NTs or 50 nm NTs. There were improved,
morphological cell shape changes, observed with IFM,
between HCAEC growing on oxygen-rich plasma-treated
versus nontreated 100 nm NTs. These endothelialized
conditioned Ti nanosurfaces could elucidate optimization
conditions necessary for vascular implants in coronary
arteries. © 2016 Wiley Periodicals, Inc. J Biomed Mater Res Part A:
104A: 1113-1120, 2016.
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INTRODUCTION

Coronary artery disease presents the major cause of mortal-
ity in the modern world. The majority of percutaneous coro-
nary interventions involve stents, which are implemented in
order to help enlarge the lumen wall and restore the blood
flow through the affected vessel. Stents are made of hemo-
compatible and durable material such as titanium (Ti),
316 L stainless steel (SS-medical grade), Nitinol (an alloy of
Nickel and Titanium), and Cobalt-Chromium (CoCr). In some
instances, a stent can elicit allergic reactions most com-
monly those that contain Nickel, such as Nitinol and stain-
less steel.'”” The most promising properties of titanium and
titanium alloys, more specifically high biocompatibility,
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resistance to body fluids, great tensile strength, flexibility,
and high corrosion resistance, have ensured their successful
and extensive use as biomaterials,>* for example materials
in stents. For >50 years, metallic materials have been used
in medical applications (orthopaedics, vascular surgery, and
dentistry) and titanium (Ti) and Ti alloys received signifi-
cant attention in stents applications.>™® The stents can be
divided in bare metal stents (BMS) and drug-eluting stents
(DES). With DES the problems of allergenic reactions as
well as risks of restenosis were lowered, as DES release
anticell-proliferative, immunosuppressive or antithrombo-
genic drugs which inhibit proliferation of smooth muscle
cells and reduce thrombus formation.” Titanium in its oxide
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TABLE I. Anodization Conditions used for Fabrication of
Ti-Nanostructures.

Diameter of

Nanotubes Electrolyte Solution Potential Time
15 nm EG +8M H,0 + 0.2M HF 10V 25h
50 nm EG +8M H,0 + 0.2M HF 20V 25h
100 nm EG +8M H,0 + 0.2M HF 58 V 25h

EG: ethylene glycol; HF: hydrogen fluoride.

form has been proposed, because of its excellent tissue
response, as a suitable stent coating on bare metal stents,
providing a hemocompatible surface, with alterations in its
surface chemistry and topography contributing to improved
biocompatibility.®*® Success of stents depends mainly on
avoiding the aggregation of platelets, preventing uncon-
trolled proliferation of smooth muscle cells and appropriate
proliferation of endothelial cells. As the endothelial cells are
thought to be an ideal natural antithrombogenic material,
which is found in our natural blood vessels it would be val-
uable to produce such stent surfaces which would improve
proliferation of endothelial cells. Research in the field of
nanomaterials has revealed that the material’s topography
is a crucial factor for appropriate biological response. Nano-
scale surface topography stimulates and controls several
molecular and cellular events at the tissue/implant interface
has prompted investigations of such topographies in the
design of implantable metals.'®™*® Nanomodification of Ti
generating patterened TiO, surfaces has proved beneficial in
promoting endothelial proliferation as well as migration
onto stent surfaces.®'! Stent surfaces that promote re-
endothelialization would be a good option for preventing
stent thrombosis after long-term implantation. The previous
study® on flat Ti surfaces successfully demonstrated that
uniform TiO, nanoscale modifications of various topologies
on metallic Ti promoted endothelialization, with subsequent
inhibition of smooth muscle cell proliferation and platelet
adhesion. For nanopatterening of the Ti surfaces, it has
been proved that electrochemical anodization is the best
suitable method to obtain desired morphologies.**%2°
Recently, our group investigated the binding of specific
plasma proteins (e.g. immunoglobulin G, acute phase serum
amyloid A (SAA) and B2-glycoprotein I) under different con-
ditions onto titanium dioxide foil and nanotubes (NTs) of
different diameters. We found that protein attachment can
be correlated with larger NT diameters and presumably
lengths of NTs, which could impact the growth of cells,
physiological blood-nanomaterial interface, and hemocom-
patibility responses.® Previously, we had determined that
human primary endothelial cells coming from different
sources, such as coronary arteries (HCAEC) or umbilical
veins (HUVEC) have very unique responses to inflammatory
stimuli, with HCAEC being highly responsive and eliciting
significantly increased interleukin-6 (IL-6) at both the
mRNA and protein levels.?**> HCAEC also exhibited highly
elevated expression of TLR2 following stimulation by either
IL-18 or SAA and showed upregulated phosphorylation of
ERK1/2, NF-xB (p65, p105) and JNK, as well as expression/
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release of IL-6, IL-8, G-CSF, GM-CSF, ICAM-1 and VCAM-1, all
potent molecules involved in neutrophil-related activities in
response to SAAZ

In the present work, Ti surfaces were nanostructured by
electrochemical anodization into different diameters TiO,
NTs. The experimental anodization conditions (electrolyte
composition, applied voltage, time) were chosen to obtain a
specific surface topography, that is a specific diameter (15,
50, or 100 nm), with an open top morphology. The obtained
nanostructures were surface conditioned with highly reac-
tive oxygen plasma in order to remove impurities from the
surface and to increase oxygen content on the surface. The
influence of nanotexturing of Ti substrates with surface con-
ditioning was studied in order to determine the perform-
ance of HCAEC on NTs and their functionality, which can
elucidate their potential use for vascular implants in coro-
nary arteries. Our overall aim was to determine whether
plasma-treated or untreated TiO, NTs (of different diame-
ters) could provide an appropriate support for HCAEC opti-
mal growth, proliferation, and overall cellular well-being.

MATERIALS AND METHODS
Growth of TiO, NTs by electrochemical anodization
TiO, nanostructures were obtained by electrochemical anod-
ization of titanium foils (Advent Research Materials, Eng-
land, 0.1 mm thickness, 99.6% purity) following a
previously published procedure.® Briefly, prior to anodiza-
tion, the Ti foils were cleaned by successive ultrasonication
in acetone, ethanol, and deionized (DI) water for 5 min each
and then dried in a nitrogen stream. Ethylene glycol (EG)
based electrolytes were used to grow Ti-nanostructures
with specific compositions of water (H,0) and hydrofluoric
acid (HF) and optimized experimental parameters (such as
applied voltage and time)—as listed in Table I. All anodiza-
tion experiments were carried out at room temperature
(~20°C) in a two-electrode system with titanium foil as the
anode and platinum gauze as the cathode, with a working
distance of 15 mm.

Formed nanostructures were kept in ethanol for 2 hours
to remove all organic components from the electrolyte, then
washed with distilled water and dried in a nitrogen stream.

Scanning electron microscopy

The morphology of the obtained TiO, nanostructures was
observed using a field-emission scanning electron micro-
scope—Hitachi FE-SEM $4800 as previously described.?*
High contrast images of nanostructural morphology of
Ti-surfaces were obtained without gold sputtering, as the
untreated samples already display images with reasonably
good contrast.

Gaseous plasma treatment of NTs

Treatment of NTs was done by oxygen plasma in the plasma
reactor shown in Figure 1. The system was evacuated with
a two-stage oil rotary pump with a nominal pumping speed
of 44 X 103 m®/s. The discharge chamber was a Pyrex
cylinder with a length of 0.6 m and an inner diameter of
0.036 m. Gaseous plasma was created with an inductively
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FIGURE 1. The experimental setup for treatment of samples with radiofrequency (RF) plasma. The setup consists of the gas flask with oxygen,
leak valve, plasma chamber with RF coil and the air cooling system, RF generator and a two-stage rotary pump.

coupled radiofrequency (RF) generator, operating at a fre-
quency of 13.56 MHz and an output power of about 200 W.
The plasma parameters were measured with a double Lang-
muir probe and a catalytic probe. Commercially available
oxygen was leaked into the discharge chamber. The pressure
was measured by an absolute vacuum gauge. The pressure
was adjusted during continuous pumping by a precise leak
valve. In our experiments, the pressure was fixed at 75 Pa,
because at this pressure we obtained the highest degree of
dissociation of oxygen molecules as measured by the cata-
lytic probes.?® At these discharge parameters, plasma with
an ion density of about 2 X 10*® m™3, an electron tempera-
ture of 4 eV, and a neutral atoms density of about 4 X 10%1
m ™3 was obtained. The samples were treated for 60 s.

Atomic force microscopy

Topography of Ti-foil and as formed Ti-nanostructured
surfaces were examined by Atomic Force Microscopy (Solver
PRO, NT-MDT, Russia) in tapping mode in air. The samples
were scanned with the standard Si cantilever at a constant
force of 22 N/m and resonance frequency of 325 kHz (10
nm tip radius, 95 pum tip length). The average surface
roughness (Ra) was calculated from 1 X 1 pum? image
areas.

X-ray photoelectron spectroscopy

The surface of the sample was analyzed with an X-ray pho-
toelectron spectroscopy (XPS) instrument TFA XPS Physical
Electronics. The base pressure in the XPS analysis chamber
was about 6 X 107® Pa. The samples were excited with
X-rays over a 400-um spot area with a monochromatic Al
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K,1» radiation at 1486.6 eV. The photoelectrons were
detected with a hemispherical analyzer positioned at an
angle of 45° with respect to the normal of the sample sur-
face. The energy resolution was about 0.5 eV. The XPS spec-
tra were measured on plain titanium, on NTs (with 15, 50,
and 100 nm in diameter) immediately after anodization pro-
cedure and on NTs (with 15, 50, and 100 nm in diameter)
immediately after plasma treatment.

Cell culturing

Human coronary artery endothelial cells (HCAEC) were pur-
chased from Lonza(Walkersville, MD, USA). HCAEC were
grown under standard conditions in Endothelial Growth
Medium-2 (EGM-2; Lonza, Walkersville, MD, USA) supple-
mented with singlequots EGM-2-MV with 5% fetal bovine
serum, at 37°C in 5% CO, in humidified air. HCAEC were
passaged using Trypsin/EDTA and used for experiments at
low passages 4 and 5. A summary of the work flow is pro-
vided (Scheme 1).

Immunofluorescent microscopy and cell morphology

For immunochemistry determination, HCAEC were applied
onto NTs with different diameter pore sizes (100, 50, and
15 nm) and foil, all in the presence or absence of plasma, in
12 well plates at a density of 15 X 10> cells per cm?. Cells
were grown for 3 days, then stained with the fluorescent
dyes Fluorescein Phalloidin and DAPI (both from Molecular
Probes, Thermo Fisher Scientific) with affinity for F-actin
and the nucleus, respectively, following manufacturer’s
instructions. Briefly, for fluorescein phalloidin staining cells
were washed twice for 3 min with prewarmed phosphate-
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SCHEME 1. Summary of work flow

The sequential working protocols involved were initially: production
of titanium dioxide (TiO,) nanotubes (NTs) with different diameters
by electrochemical anodization and characterization of their surface
morphology by scanning electron microscopy (SEM) and atomic force
microscopy (AFM). This was followed by the investigation of the
chemical composition and changes between plasma-treated and
untreated foil and NTs of different diameters by X-ray photoelectron
spectroscopy (XPS). Cellular protocols were performed lastly, in order
to determine cell viability, proliferation and well-being, with the fol-
lowing  experiments:  immunofluorescent  microscopy  (IFM),
interleukin-6 (IL-6) enzyme-linked immunosorbant assay (ELISA) and
the cell proliferation MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) assay.

Gaseous plasma treated

IL-6 ELISA
MTT assay

buffered saline (PBS, pH 7.4) and fixed in 3.7% formalde-
hyde solution in PBS for 10’ at RT, followed by washing
three times for 3 min with PBS at RT. Cells were then
treated with a solution of 0.1% Triton X-100 in PBS for 4
min and washed with PBS for three times, 3 min. Fluores-
cein Phalloidin (methanolic stock solution) was diluted 1:40
in PBS containing 1% BSA and cells on NTs incubated for
30 min. The wells were covered to prevent evaporation.
Additional washing was performed three times, 3 min with
PBS.

For DAPI staining, DAPI stock solution was diluted to a
final concentration of 300 nM in PBS and was added to the
NT preparations, making certain that the cells were com-
pletely covered and incubated for 5 min, followed by a 3
min wash with PBS. All treatments and washes were per-
formed at RT. A drop of SlowFade reagent (Thermo Fisher
Scientific, USA) was then applied onto the cells/NT prepara-
tion and adjusted with a cover slide using clear nail polish.
The slides can be examined immediately or stored in the
dark at 2-6°C for next day examination. Cell staining and
morphology was evaluated using the fluorescent microscope
Nikon eclipse E400 and images were taken with a digital
camera (Nikon Instruments, Dusseldorf, Germany) and
Nikon ACT-1 imaging software.

Cell proliferation assay

HCAEC were seeded into 12 well plates at a density of 15 X
10% cells per cm? in presence and absence of treated/
nontreated NTs. After 3 days, the CellTiter 96 Aqueous One
Solution Cell Proliferation Assay (MTT; Promega, Madison,
WI, USA) was used to determine cell proliferation, following
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manufacturer’s instructions. Briefly, 20 pL of reagent MTS
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium) was added into every
100 pL of cell medium EGM-2. Enough reagent/medium
was added into wells to cover the cells in duplicate and
incubated at 37°C, 5% CO; for 20 min. One hundred uL of
supernatant was pipetted into 96 well plates and the yellow
tetrazolium MTT compound (3-(4, 5-dimethylthiazolyl-2)-2,
5-diphenyltetrazolium bromide) was reduced by metabol-
ically active cells to generate reducing equivalents. The
resulting intracellular purple formazan was quantified by
absorbance recorded at 490 nm. In order to normalize the
results against the background control (which included only

FIGURE 2. Top view SEM images of TiO, NTs with (a) 15 nm diameter
(inset shows a higher magnification top view image), (b) 50 nm diam-
eter, and (c) 100 nm diameter.

BINDING OF HCAEC TO PLASMA-TREATED TiO, NTs
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FIGURE 3. Surface morphology by AFM on (a) Ti-foil, (b) 15 nm NTs, (c) 50 nm NTs, and (d) 100 nm NTs.

medium and assay reagent) we deducted the background
absorbance values from the results.

Measurement of human interleukin-6 released protein
levels

HCAEC supernatants were collected 24 h after starting cell
treatments and centrifuged for 3 min at 5000 rpm, aliquoted
and stored at —20°C. Samples were thawed, allowed to reach
room temperature and diluted 1:50 in standard dilution
buffer. Released IL-6 protein levels were determined in dupli-
cate by enzyme-linked immunosorbent assay (ELISA) (Invi-
trogen, Belgium), following manufacturer’s instructions.
Statistical analysis was performed using analysis of variance,
using the mean+/-SD of three separate experiments.

RESULTS

Nanoscale morphology of TiO, NTs

The nanoscale morphology of the obtained TiO, structures
was evaluated by scanning electron microscopy (SEM), and
the top view SEM images (see Fig. 2) clearly indicate that
self-organized nanotubular structures with different diame-
ters are obtained with a high degree of uniformity by elec-
trochemical anodization. Atomic force microscopy (AFM) is
used to investigate the topographical features of the NTs
with different diameters and pristine (nonanodized) Ti-foil,

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH A | MAY 2016 VOL 104A, ISSUE 5

are shown in Figure 3. The estimated average surface
roughness measured on 1 X 1 pm? of the Ti-foil is around
11.8 nm [Fig. 3(a)]. However, imaging of 15 nm diameter
NTs is not completely representative, because of the size of
the AFM tip that does not allow it to enter the 15 nm diam-
eter NTs. This is the reason why the 15 nm diameter nano-
tubular feature appears to be closed instead of opened
(hollow), as seen in Figure 3(b). The average surface rough-
ness measured on 15 nm NTs is around 9.6 nm, which is a
bit lower in comparison to the Ti-foil. In case of the 50 nm
NTs, a similar effect is observed, as many of the tubes seem
to be closed—see Figure 3(c), and a roughness of around
15.5 nm was measured. It was, however, possible to get a
better understanding of the nanotubular topographic fea-
tures for the 100 nm diameter structures, as shown in Fig-
ure 3(d).

XPS analysis

The chemical composition of the titanium dioxide nanotubu-
lar structures was analyzed before and after plasma treat-
ment with XPS. Figure 4 presents an overview of the
chemical composition of the different surfaces used (Ti foil,
nanotubular structures and the nanotubular structures after
plasma treatment). The plain titanium surface has 38.3 at %
of carbon, about 41.2 at % of oxygen, and about 18 at % of
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FIGURE 4. Chemical composition (at %) obtained from XPS spectra
on Ti foil and on as anodized and plasma-treated TiO, NTs (15, 50,
and 100 nm in diameter).

titanium. After the growth of NTs on this surface by anod-
ization, we observe a slight decrease in the carbon content
and increase in the fluorine content, which is because of the
electrolyte used during the anodization procedure (organic
electrolyte containing fluorine ions). By increasing the size
of NT more fluorine is observed on the surface. Thus the F/
Ti ratio increases from 0.21 to 0.33 for 15 and 100 nm
diameter NTs, respectively. However after exposure to oxy-
gen plasma only a small amount of fluorine can be detected
on 50 and 100 nm NTs, while no fluorine is observed on
15 nm. For example on plasma-treated 100 nm diameter
NTs the F/Ti ratio is about 0.07. All plasma-treated surfaces
have lower carbon content, which decreases from about 38
at % to about 20 at %, and of course an increase in oxygen
and titanium is observed.

Cell staining and morphology

In order to determine the phenotype, morphology, and gen-
eral condition of the cells, HCAEC were stained with fluores-
cein phalloidin for F-actin and DAPI for double-stranded
DNA (Fig. 5). HCAEC grown on glass appeared phenotypi-
cally healthy and in a confluent state. Cells grown on
untreated or plasma-treated foil were comparable to the
control. While the cells on 15 nm NTs were numerous, they
appeared smaller in size and slightly rounder and were
comparable with HCAEC grown on 50 nm diameter NTs. On
plasma-treated 50 nm diameter NTs, the cells observed
were in better condition than on the 50 nm NTs alone.
However, HCAEC grown on 100 nm NTs exhibited a dra-
matic reduction in number, as well as a change in cell
shape, many appearing to exhibit membrane blebbing indic-
ative of apoptotic cells.

Cell proliferation

To investigate cell proliferation, the MTT assay was per-
formed. The MTS tetrazolium compound in the MTT assay is
bio-reduced by the cells into a colored formazan and meas-
ured by the absorbance at 490 nm (Fig. 6). This conversion
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is accomplished by NADPH or NADH produced by dehydro-
genase enzymes in metabolically active cells. Surprisingly
comparable absorbance values at 490 nm were obtained
between the controls (cells grown on glass and plastic
surfaces) and plasma-treated and untreated NTs with 50
and 15 nm diameters and foil. One hundred nm NTs

glass

foil

foil plasma

15 nm 15 nm plasma

50 nm 50 nm plasma

100 nm plasma

FIGURE 5. Fluorescent images of HCAEC on different surfaces. Cells
were grown for 3 days on glass and untreated or plasma-treated TiO,
NTs of different diameters (15, 50, and 100 nm). Each experiment was
repeated three times and representative images are shown. F-actin is
shown in green (Fluorescein Phalloidin) and nuclei are shown in blue
(DAPI).
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FIGURE 6. Cell proliferation was monitored by the MTT assay. Three
independent experiments were performed. The results were analyzed
with two-way analysis of variance and Bonferroni post-tests, and sig-
nificance was determined as *p <0.05. MTT, 3-(4,5-dimethylthiazol-2-
yl)—2,5-diphenyltetrazolium bromide.

(plasma-treated and untreated) showed a significantly
decreased cell proliferation, which is in line with our cell
staining and morphology data (Fig. 5, bottom panels).

Interleukin 6 (IL-6) levels

In order to determine whether and to what extent IL-6 is
released from HCAEC following the binding of cells to NTs
of different diameter and/or treatments, ELISA was per-
formed (Fig. 7). HCAEC showed strikingly increased IL-6
levels in supernatants when cells are grown on 100 nm
NTs, in presence or absence of plasma treatment, while
HCAEC did not exhibit change in IL-6 levels whether grown
on glass or plastic surfaces.

DISCUSSION AND CONCLUSIONS

Stents used in coronary artery diseases should be stable,
durable, flexible, hemo- and cell-compatible, with corrosion
resistance and without the possibility of eliciting allergic
reactions. With the aim to evaluate more optimal biocom-
patible material, we grew TiO, NTs of different diameters,
visualized their surface morphology and determined differ-
ences between plasma-treated and untreated TiO, NTs
based on their chemical composition and endothelial cell
effects. Firstly, we evaluated TiO, NT surface morphology,
with SEM (Fig. 2) providing an overall scan of the surface,
while AFM (Fig. 3) provided a clear picture of the open top
of the nanotubular structures, since the AFM tip could pene-
trate the inner diameter of the 100 nm diameter NTs. The
evaluated surface roughness was the highest for this struc-
ture, around 41.1 nm, mainly because of the ability of the
AFM tip to enter inside of the NTs. It should be noted that
also in this case, the measured roughness is underestimated,
as the AFM tip could not distinguish the interstitial sites
among the NTs and was not able to reach the bottom of the
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NT surface. Nevertheless, all the morphological features
measured are beneficial to validate the presence of NTs and
their variable depth in contrast to two-dimensional SEM
micrographs. Therefore, the AFM study revealed slightly dif-
ferent information than SEM, because of its technical limita-
tions as described above. It should also be noted that AFM
analysis was done also on NTs following plasma treatment
and no significant differences in surface morphology were
observed (data not shown).

No significant differences in chemical composition
between the plasma-treated surfaces were observed either,
nor between the untreated surfaces (with the exception of
fluorine content). It was shown that plasma treatment
removes fluorine, as well as carbon impurities from the sur-
face, which could be mainly because of interaction of highly
reactive oxygen plasma species with the surface, by which
carbon and fluorine are removed from the surface.

Since IL-6 is secreted by endothelial cells, T cells, and
macrophages to stimulate an immune response, for example
during infection and after trauma, especially burns or other
tissue damage leading to inflammation,?®?” this cytokine
could be used as a marker of cellular stress/well-being.
Because release of IL-6 is strongly correlated with the num-
ber of living cells, the results were normalized using the
MTT test. Moreover, levels of IL-6 corresponded with the cell
proliferation test and cell morphology data, indicating compa-
rable results on glass, plastic, foil, and NT of 15 and 50 nm
diameter (regardless of the plasma treatment). These results
are in accordance with HCAEC cellular physiology, where
cells make relatively close cell-cell contacts, which are pre-
vented by the larger NT spaces in 100 nm NTs. Indeed,
HCAEC grown on 100 nm NTs exhibited a dramatic reduction
in number, as well as a change in cell shape, many appearing
to exhibit membrane blebbing, indicative of apoptotic cells,
which is in accordance with the cell proliferation results.

IL-6
3 NT
10000+ = NT plasma
S’ 8000-
<
3 6000+ }
2
@ 40004
©
2
[<}] -
= HH I*“_I I_IH
0 T T, T T T
P foil 15nm 50 nm 100 nm

¢ @

FIGURE 7. Released IL-6 protein levels were measured in supernatants
of HCAEC grown on indicated substrates for 3 days. IL-6 was deter-
mined by ELISA and expressed as arbitrary units following the nor-
malization against cell proliferation MTT assay.
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The chemical composition changes (including oxygen
content) between untreated and plasma-treated TiO, NTs
(15, 50, and 100 nm in diameter) did not significantly affect
endothelial cell proliferation (Fig. 6) or released IL-6 protein
levels (Fig. 7), which only strengthens the point that size of
NT diameter seems to be the determining factor responsible
for the cellular changes observed. However, there was an
indication that plasma treatment (along with elevated oxy-
gen content) could in fact protect cells from morphological
change (e.g. membrane blebbing) (Fig. 5, bottom panels).

In conclusion, our data clearly show that there are
higher rates of HCAEC membrane blebbing, increased
release of IL-6 into the supernatants and significantly dimin-
ished cell proliferation observed on 100 nm NTs, all indicat-
ing the importance of diameter size and, up to a point, also
surface treatment for the well-being of these specialized
cells. There were less blebbing cells observed on the
plasma-treated 100 nm NTs, however, this did not reflect in
the quantitative assays. These results could elucidate opti-
mization of conditions necessary for vascular implants in
coronary arteries. In the future, it would be relevant to
examine cellular apoptosis in greater detail, especially in
regard to the plasma-treated/untreated changes. Also, it
would be of interest to investigate the NTs in combination
with plasma proteins and HCAEC, in order to achieve closer
representation to in vivo conditions.
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