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ABSTRACT: Plasma-induced electrochemical anodization (PA) is introduced as an [masma_induced electrochemical anodisation (pA)]
alternative strategy for fabricating titanium oxide nanostructures using environmentally
benign, chloride-based electrolytes. Unlike conventional anodization methods that rely
on metallic cathodes and fluoride-containing acidic electrolytes, the PA approach
employs an atmospheric-pressure plasma jet (APPJ) as the cathode, enabling anodization
in aqueous sodium chloride solutions with optional ethylene glycol addition. By adjusting
electrolyte composition and processing conditions, hierarchical flower-like micro-
structures composed of densely packed nanotube-like TiO, features were obtained. R —
The most uniform and well-defined structures were obtained with 2.5 M NaCl and ~~~ *"'

Reduced neointimal overgrowth
«_moderate HCASMCadhesion

ethylene glycol. Additional oxygen plasma treatment modified surface chemistry and
enhanced wettability without altering surface morphology. Biological evaluation
demonstrated that PA-treated surfaces significantly reduced platelet adhesion and
activation, decreased Escherichia coli attachment by up to 92%, and promoted endothelial
cell adhesion and spreading. Smooth muscle cells also exhibited increased adhesion to modified surfaces; however, their morphology
was altered, with reduced spreading and a nonuniform distribution. Overall, the more pronounced response of endothelial cells
indicates a favorable trend toward endothelialisation. These findings demonstrate that plasma-induced electrochemical anodization
enables the fabrication of titanium surfaces with multifunctional biological performance, combining reduced thrombogenicity and
bacterial adhesion with enhanced endothelial response. The use of fluoride-free electrolytes further highlights the potential of this
approach for applications in cardiovascular and other blood-contacting biomedical devices.

1. INTRODUCTION acid, sulfuric acid, or perchloric acid, which raise concerns
regarding operator safety, environmental impact, and industrial
scalability.”'” As a result, considerable effort has been directed
toward developing alternative electrolyte systems that eliminate
fluoride while still enabling controlled nanostructure formation.
Dilute nitric acid has been used to generate nanoporous or
nanotubular TiO,, in which nitrate ions form unstable
complexes that decompose during anodization, yielding
TiO,."*'* Other approaches include electrolytes containing
hydrogen peroxide, or mixed oxidizing systems that accelerate
oxide growth by generating reactive oxygen species.'>***°
Chloride-containing electrolytes have also been investigated, as
chloride ions can induce localized passivity breakdown and
pitting corrosion on titanium, leading to the formation of high-
aspect-ratio nanotubular bundles under specific anodization

Titanium dioxide (TiO,) has attracted sustained interest owing
to its favorable electrical and optical properties, chemical
stability, photocatalytic activity, and excellent biocompatibil-
ity."”” In biomedical applications, nanostructured TiO, surfaces
are particularly relevant because they can modulate protein
adsorption, cellular responses, and interfacial biological events,
making them attractive for use in implants and blood-contacting
devices. Among various fabrication approaches, titanium dioxide
nanotubular surfaces (NTs) have been extensively studied due
to their high surface area and tunable geometry. NTs have been
fabricated using methods such as hydrothermal synthesis,” sol—
gel processing,3 electrochemical anodization,”® and chemical
vapor deposition.’ Of these, electrochemical anodization
remains the most widely used technique because it is cost-
effective and allows precise control over nanotube dimensions

through parameters such as voltage, electrolyte composition, Received:  January 26, 2026
temperature, and anodization time.”~” In conventional anodiza- Revised:  June 18, 2026
tion, nanotube formation relies on a dynamic equilibrium Accepted: July 31, 2026

between anodic oxide growth and chemical dissolution, typically
mediated by fluoride ions.”~"" This process generally requires
aggressive and hazardous electrolytes, including hydrofluoric
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conditions,' %1744 Replacing fluoride ions with chloride
therefore, represents a less toxic and potentially more
sustainable route to titanjum nanostructuring.

In parallel with electrolyte engineering, plasma-assisted
electrochemical approaches have emerged as environmentally
friendly alternatives for nanomaterial synthesis.'® In plasma
electrochemistry, reactive species generated at the plasma—
liquid interface drive electrochemical reactions without the need
for toxic reducing or stabilizing agents.””™>' Early studies
demonstrated the synthesis of TiO, nanoparticles using pulsed
plasma discharges in water,”” while subsequent work employed
plasma-treated water as an anodizing electrolyte, exploiting
plasma-generated hydro%en peroxide and nitrate species to
promote oxide growth.””** It has been shown that such plasma-
activated species can independently induce porous or nano-
tubular TiO, formation during anodization.'”"* More recently,
hybrid plasma—anodization strategies have been proposed,
where plasma-treated water is continuously supplied during
anodization to maintain a steady flux of reactive species,
enabling rapid formation of TiO, nanotubes.”’

Atmospheric-pressure plasma jets (APPJs) are particularly
versatile plasma sources for nanofabrication and biomedical
applications because they operate in ambient conditions, are
easily integrated into electrochemical systems, and generate a
rich mixture of reactive oxygen and nitrogen species.”*”' Fang et
al. demonstrated that an APPJ can function as a counter
electrode in liquid-phase electrochemical processes, enabling
plasma-assisted formation of oxide layers and nanoparticles
directly on submerged electrodes.”” Similar concepts have been
applied to fabricate porous electrocatalysts and functional
coatings using rapid, plasma-driven processes.”” In addition to
plasma-assisted anodization, low-pressure oxygen plasma treat-
ment is widely used as a postprocessing step to tailor surface
chemistry, enhance wettability, and remove adventitious carbon
contamination without significantly altering surface topogra-
phy 293034-37

In this work, we present a plasma-induced electrochemical
anodization (PA) strategy for the fabrication of titanium oxide
nanostructures using environmentally benign, chloride-based
electrolytes. In this approach, the conventional solid cathode is
replaced by an atmospheric-pressure plasma jet, which serves as
the cathode during anodization, while titanium acts as the
anode. By tuning electrolyte composition, anodization time, and
plasma parameters, we demonstrate the formation of
hierarchical flower-like microstructures composed of densely
packed TiO, nanotube bundles. An additional low-pressure
oxygen plasma treatment is employed to modify surface
chemistry and wettability without altering the surface morphol-
ogy. The biological performance of the resulting surfaces is
evaluated for hemocompatibility, antibacterial activity, and
cellular response using human coronary artery endothelial cells
(HCEC) and human coronary artery smooth muscle cells
(HCASMC). To our knowledge, this study represents the first
systematic investigation of the biological response to nanostruc-
tures fabricated via plasma-induced electrochemical anodiza-
tion, highlighting its potential as a sustainable and versatile
platform for engineering titanium surfaces for cardiovascular
and other blood-contacting biomedical applications.

While fluoride-free anodization and plasma-assisted ap-
proaches have been previously reported, their combination
with comprehensive biological evaluation remains limited, with
most studies focusing either on the synthesis of TiO,
nanostructures using alternative electrolytes or on isolated

biological end points, such as antibacterial activity or cell
response. In contrast, the present study introduces several key
advances by integrating (i) a plasma-induced electrochemical
anodization configuration employing an atmospheric-pressure
plasma jet as the cathode, enabling anodization in simple
chloride-based electrolytes without the need for conventional
metallic counter-electrodes or hazardous fluoride-containing
chemistries, (ii) the formation of a distinct hierarchical “flower-
like” TiO, nanotubular morphology arising from a chloride-
induced localized breakdown mechanism, which differs
fundamentally from the ordered arrays typically obtained in
conventional anodization systems, and (iii) a systematic and
integrated biological evaluation performed on identical surfaces,
including platelet adhesion, bacterial attachment (E. coli),
endothelial cell (HCEC) behavior, and smooth muscle cell
(HCASMC) response. This combined approach enables direct
correlation between processing conditions, surface morphology,
wettability, and multiple biologically relevant end points. To the
best of our knowledge, this is the first study to integrate these
aspects into a unified framework for designing multifunctional
TiO, surfaces using environmentally benign processing routes.

2. EXPERIMENTAL SECTION

2.1. Materials

Titanium (Ti) foils (Advent, thickness 0.10 mm, purity > 99.6%) were
used as substrates for all experiments. Prior to anodization, the foils
were sequentially ultrasonically cleaned in acetone, ethanol, and
deionized water for S min each, then dried under a nitrogen stream.
Deionized water (Milli-Q, Merck KGaA, Darmstadt, Germany),
phosphate-buffered saline (PBS; Sigma-Aldrich, St. Louis, MO,
USA), sodium chloride (NaCl, > 99.5%, Fluka), and ethylene glycol
(EG, = 99.5%, Fluka) were used as electrolytes without further
purification.

2.2. Plasma-Induced Electrochemical Anodisation (PA)

Plasma-induced electrochemical anodization (PA) was performed at
room temperature using a custom-built atmospheric-pressure plasma
jet (APP]) as the cathode and titanium foil as the anode, as
schematically illustrated in Figure 1. A constant voltage of 60 V was
applied for anodization times of 30 or 60 min. The titanium foil was
positioned vertically opposite the plasma jet at a distance of 1—2 cm and
fully immersed in the electrolyte. The APPJ was operated using a radio
frequency (RF) power supply at 375 kHz and consisted of a tubular

APPJ
(cathode)

Power supply
unit

Ti foil

Gas

source

Electrolyte sol"

Figure 1. Schematic of a setup used for Atmospheric pressure plasma
jet-induced electrochemical anodization.
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dielectric capillary (glass or quartz) with an internal powered electrode
and an external grounded ring electrode located near the gas outlet.
Argon was used as the working gas, with flow rates controlled by mass
flow controllers (up to 1000 sccm). PA experiments were conducted in
four environmentally benign electrolytes: deionized water, PBS, and
aqueous NaCl solutions at 0.25 and 2.5 M. Unless otherwise stated,
anodization was performed for 60 min. To investigate the influence of
anodization parameters on surface nanostructuring, selected samples
were treated for 30 or 60 min using NaCl electrolytes of different
concentrations (0.25 and 2.5 M), as shown in Figure 3. The surface
morphology of the anodized titanium foils was analyzed by scanning
electron microscopy (SEM).

Figure 2. Scanning electron morphology (SEM) images of titanium foil
subjected to plasma anodization in different electrolytes (a) Deionized
water (b) PBS (c) 2.5 M sodium chloride (NaCl) and (d) 2.5 M sodium
chloride (NaCl) + Ethylene Glycol (EG) for 1 h.

Figure 3. SEM images of Ti foil subjected to plasma anodization in
electrolyte solution containing (a) 0.25 M NaCl for 30 min, (b) 0.25 M
NaCl for 60 min, (c) 2.5 M NaCl for 30 min and (d) 2.5 M NaCl for 60
min (Insets 1 ym).

2.3. Oxygen Plasma Treatment

Fabricated nanostructures were treated with low-pressure oxygen
plasma in a plasma reactor.***” The plasma was generated using an
inductively coupled radio frequency (RF) source operating at 13.56

MHz with an output power of approximately 200 W. High-purity
oxygen was introduced into the discharge chamber, and the operating
pressure was maintained at 75 Pa, corresponding to the highest degree
of molecular dissociation as determined by catalytic probe measure-
ments. Samples were placed on a glass holder and exposed to oxygen
plasma for 60 s.

2.4. Hemocompatibility Studies

The adhesion and activation of platelets on the samples were performed
in accordance with the Declaration of Helsinki and approved by
Slovenia’s ethics committee (approval number $6/03/10). Before
whole-blood incubation, samples were cleaned with ethanol, dried, and
incubated with blood obtained by venipuncture from a healthy human
donor. The blood was drawn into trisodium citrate anticoagulant-
coated 9 mL tubes. Afterward, the fresh blood was incubated with
samples in 24-well plates for 45 min at room temperature. After
incubation, PBS was added to the samples, which was later removed,
and the sample surface was rinsed 5 times with 250 L PBS to remove
weakly adherent platelets. Adherent cells were fixed with 250 uL of
0.5% glutaraldehyde (GA) solution for 15 min at room temperature.
Afterward, the surfaces were rinsed with PBS and then dehydrated using
a graded ethanol series (50, 70, 80, 90, 100, and again 100 vol %
ethanol) for S min, and in the final stage of the series (100 vol %
ethanol) for 1S min. Then the samples were placed in a critical-point
dryer, where the solvent was exchanged with liquid carbon dioxide. By
increasing the temperature in the drier, the liquid carbon dioxide passes
through the critical point, at which its density equals that of the vapor
phase. This drying process preserves the sample’s natural structure and
avoids surface tension that can occur during normal drying. The dried
samples were coated with a gold/palladium layer and examined using
scanning electron microscopy (SEM). The experiment was performed
in triplicate. For quantitative analysis, SEM images were acquired at
identical magnification, and nine independent fields per sample (3
samples X 3 fields) were analyzed. Platelet density was calculated by
normalizing platelet counts to the analyzed SEM image area (0.0142
mm?) and expressed as plateletsmm ™2 Surface coverage (%) was
estimated as the fraction of the image area occupied by adherent
platelets. Values are reported as mean =+ standard deviation (n = 9).
Platelet morphology was classified as round (nonactivated), dendritic
(partially activated), and spread (fully activated).

2.5. Antibacterial Studies

An antibacterial test on the samples was performed according to the
ISO 22196 protocol for evaluating the antibacterial effect.”” Detailed
information about the antibacterial test is published in our previous
paper.*" Briefly, a bacterial culture suspension of Escherichia coli (E. coli)
(10° colony-forming units (CFU)/mL) was prepared, from which 0.1
mL was pipetted onto the sample surface. The samples were then
incubated in the incubator (I-105 CK UV, Kambic) for 24 h at 37 °C in
a humidity box. After incubation, E. coli on the surface was removed
using 2.5 mL of sterilized PBS and 0.2 mL of this solution was taken for
inoculation of E. coli in the agar plate at 37 °C for 24 h. The number of
CFUs can then be determined. For convenient CFU counting, before
inoculating E. coli into the agar plate, the initial solution was diluted
further with PBS by a factor of 10 ©.10°. The CFU/mL were calculated
using an automated colony counter (Acolyte 3, Synbiosis).

2.6. Cell Culture

Human coronary artery endothelial cells (HCEC) and human coronary
artery smooth muscle cells (HCASMC) were purchased from Lifeline
Cell Technology (Frederick, MD, USA). HCEC and HCASMC were
plated into 75 cm? flasks (TPP, Trasadigen, Switzerland) at 37 °C in a
humidified atmosphere at 5% CO, and grown in VascuLife EnGS
endothelial medium complete kit (Frederick, MD, USA) or VascuLife
SMC medium (ProVitro AG, Berlin, Germany), respectively, following
manufacturer’s instructions. For experiments, subconfluent cell cultures
were used between passages 3 and 6.

2.7. Analysis
2.7.1. Scanning Electron Microscopy (SEM and EDAX)
Analysis. The morphological analysis of the samples was conducted
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by Scanning electron microscope (JEOL JSM-7600F and Zeiss
CrossBeam$550) at an accelerating voltage of S—15 kV and beam
currents of 100 pA to 1 nA. The test was done in triplicate, and only
representative images are shown. EDX analysis was performed by an
EDAX OctaneElite EDX detector, using Apex2 software.

2.7.2. Water Contact Angle (WCA) Analysis. The surface
wettability was performed with the Drop Shape Analyzer DSA-100
(Kriiss GmbH, Hannover, Germany) by a sessile drop method to
measure a static contact angle. The contact angle on the surface was
analyzed immediately after plasma treatment or after storage in air at a
constant temperature (21 °C) and humidity (45%). A drop of 2.5 uL of
deionized water was placed on 8 different areas of the surface. Three
measurements were performed for each sample, and the average value
was calculated. The relative humidity was approximately 45%, and the
operating temperature was 21 °C, which remained relatively constant
during continuous measurements.

2.7.3. X-ray Photoelectron Spectroscopy (XPS). The X-ray
photoelectron spectroscopy (XPS) analyses were carried out on the
PHI-TFA XPS spectrometer produced by Physical Electronics Inc.
Samples were put on the sample holder and were introduced into the
ultrahigh vacuum spectrometer. The analyzed area was 0.4 mm in
diameter, and the analyzed depth was approximately 3—5 nm. Sample
surfaces were excited by X-ray radiation from a monochromatic Al
source at a photon energy of 1486.6 eV.

2.7.4. Immunofluorescent Microscopy and Cell Morphology.
The HCEC and HCASMC were seeded on round disks of sample
materials in 12-well plates at a density of 20,000 cells per cm* and grown
for 2 days. The test was conducted in biological duplicates. Fluorescein
Phalloidin (Invitrogen) staining was performed according to the
manufacturer’s instructions. Briefly, cells were washed twice for 3 min
with PBS (pH 7.4), fixed in a 3.7% formaldehyde solution for 10 min,
and washed three times for 3 min with PBS at room temperature. Cells
were incubated in 0.1% Triton X-100 for 4 min, then washed three
times with PBS for 3 min each. Dye stock was diluted 1:67 in PBS with
1% BSA and applied to HCEC and HCASMC for 30 min. Final washing
steps were performed 3 times for 3 min with PBS. ProLong Diamond
Antifade Mountant with DAPI (Thermo Fisher Scientific, USA) was
applied to HCEC and HCASMC (1 drop) and covered with a coverslip.
Slides were examined the same day. Images were generated using a
Nikon Eclipse E 400 fluorescent microscope and a digital camera
(Nikon Instruments, Diisseldorf, Germany). Analysis was performed
with Nikon ACT-1 imaging software; the representative images are
presented. Cell adhesion was quantified from fluorescence microscopy
images acquired at identical magnification. For each surface, three
independent fields were analyzed (n = 3), and adherent cells were
manually counted and expressed as cells per field HCEC and
HCASMC were evaluated separately. Data are presented as mean +
standard deviation. The HCEC/HCASMC ratio was calculated from
mean values to assess relative cell selectivity.

3. RESULTS
3.1. Morphology

SEM analysis revealed that plasma-induced electrochemical
anodization (PA) in deionized water (dH,O) resulted in
sparsely distributed microstructures on the titanium surface
(Figure 2a). Similar flower-like microstructures were observed
when PA was performed in the other electrolytes; however, their
surface coverage and uniformity varied significantly with
electrolyte composition (Figure 2b—d). In the case of dH,O,
the formation of surface features may be attributed to the
generation of hydroxyl (—OH) radicals during water dissocia-
tion, leading to limited surface modification. The low ionic
strength of dH,0, however, was insufficient to support uniform
nanostructure formation, as evidenced by the sparse distribution
of flower-like features. When phosphate-buffered saline (PBS)
was used as the electrolyte, surface cracking accompanied by a
low density of microstructures was observed (Figure 2b), which

can be attributed to the relatively low molarity of chloride salts
(KCl and NaCl) present in PBS. Increasing the chloride ion
concentration by employing NaCl electrolytes resulted in a
markedly more uniform distribution of flower-like micro-
structures on the surface (Figure 2c), indicating that chloride
concentration plays a key role in initiating and sustaining
nanostructure growth during PA. The influence of ethylene
glycol (EG) content in NaCl-based electrolytes was further
investigated by varying the EG/dH,O ratio. Increasing the EG
fraction from 1:5 to 3:2 resulted in a significant reduction in the
number of flower-like structures on the surface. The most
homogeneous and well-defined morphology was obtained using
an EG/dH,0 ratio of 1:5 in the NaCl electrolyte (Figure 2d).
These observations are consistent with previous reports
demonstrating that water content critically influences nanotube
formation during anodization.”**

The influence of anodization parameters, specifically electro-
lyte concentration and treatment time, on surface morphology
was further investigated (Figure 3). Increasing the chloride ion
concentration had a pronounced effect on the formation of
flower-like microstructures. A 2-fold increase in NaCl molarity
resulted in a substantially more uniform and densely distributed
morphology, with well-defined microflowers clearly observed by
SEM (Figure 3c,d). In contrast, extending the anodization time
from 30 to 60 min did not significantly affect flower formation,
indicating that electrolyte concentration is the dominant factor
governing nanostructure development under the applied
conditions. Thus, the SEM results demonstrate that chloride
ion concentration primarily controls both the quantity and
uniformity of the flower-like structures formed during PA.

A more detailed analysis of the nanostructures produced by
PA in 2.5 M NaCl with ethylene glycol for 60 min is presented in
Figure 4. High-magnification SEM images (Figure 4b,d) reveal
that the flower-like structures consist of bundles of closely
packed nanotubes forming a hierarchical architecture. Their
formation is attributed to localized chloride-induced attack and

Figure 4. High-magnification SEM images of Ti foil subjected to
plasma anodization in an electrolyte solution containing 2.5 M NaCl
and ethylene glycol (EG) for 60 min, showing hierarchical flower-like
TiO, nanotubular structures at different magnifications: (a) overview
morphology, (b,c) nanotubular bundle structures, and (d) detailed
view of the nanotube-like architecture.
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etching of the titanium surface, leading to nanotube nucleation
at pit sites and subsequent growth into disordered bundles that
protrude from the surface, resulting in the characteristic flower-
like morphology (Figure 4b—d). Broken structures observed at
the base of these features (Figure 4c) further support a
breakdown-driven growth mechanism. The size distribution of
the flower-like structures was evaluated from SEM micrographs
(Figure 4). The structures exhibit lateral dimensions predom-
inantly in the range of approximately 0.6—2.5 ym, with most
features falling between 1.0 and 1.8 ym, and occasional larger
structures up to ~3 um. This relatively broad size distribution
reflects a heterogeneous nucleation-and-growth process gov-
erned by the stochastic nature of localized breakdown during
plasma-induced anodization. Based on high-magnification SEM
observations, the characteristic diameter of the elongated
nanotubes is estimated to be on the order of approximately S0
nm. However, due to limitations in image resolution and
contrast, the boundaries of individual nanotubes are not
sufficiently well-defined to permit a reliable statistical evaluation
of diameter distribution. Therefore, this value should be
considered an approximate estimate derived from SEM
observations. Such behavior is consistent with previous reports
showing that chloride-containing electrolytes can induce
passivity breakdown and pitting corrosion on titanium
surfaces.*** Under these conditions, localized surface activa-
tion leads to high current densities at specific sites, promoting
rapid nanotube formation. Variations in anodization parameters
primarily influence the nucleation density and growth rate of
these features rather than the geometry of individual structures.
Consequently, the overall surface coverage and density of
nanotubular bundles are strongly governed by the applied
anodization voltage, with higher voltages generating more
initiation sites and accelerating nanostructure formation.

3.2. Elemental Composition
The surface chemical composition of the nanotubular flower

structures and untreated titanium was analyzed by X-ray
photoelectron spectroscopy (XPS), as summarized in Table 1.

Table 1. Surface Chemical Composition in Atomic % (at %)
Obtained by XPS Analysis of Samples”

sample atomic % ratio
(©) C Ti Cl O/Ti 0o/C
Ti 43.6 39.3 17.1 / 2.55 111
Ti+P 68.1 20.8 11.1 / 6.14 3.27
Ti+ PA 45.0 36.8 16.7 15 2.69 122

Ti+PA+P 519 272 194 1.4 2.66 191
“The table includes O/Ti and O/C ratio.

This analysis was performed to characterize the chemical
composition of the PA-generated nanostructures and to assess
the effects of subsequent gaseous plasma treatment. The
untreated titanium surface consisted of approximately 43.6 at
% oxygen, 39.3 at % carbon, and 17.1 at % titanium,
corresponding to an O/Ti atomic ratio of 2.55.

Following oxygen plasma treatment (Ti + P), a pronounced
increase in surface oxygen content and a corresponding
reduction in carbon were observed, consistent with oxidative
removal of adventitious carbon and the formation of a more
stoichiometric, hydroxyl-rich TiO, surface. In comparison, PA-
treated samples (Ti+ PA) exhibited a modest increase in oxygen
relative to untreated titanium, together with a small but

detectable chlorine content (~1.5 at. %) originating from the
NaCl-based electrolyte. For comparison, conventional electro-
chemical anodization with fluoride-containing electrolytes
typically yields more than 2 at % residual fluoride on the
surface.*”*> Energy-dispersive X-ray (EDX) analysis was
performed to further verify the chemical composition of the
fabricated TiO, nanotubular flower structures (Figure $).
Elemental analysis was conducted at two distinct regions:
areas containing TiO, nanotubular flowers (Area 1) and regions
of the anodized surface without flower-like structures (Area 2).
The atomic percentages of the detected elements for both
regions are summarized in the inset of Figure S.

EDX analysis revealed a pronounced compositional difference
between regions containing nanotubular flower structures (Area
1) and regions without flower formation (Area 2). Area 1
exhibited a substantially higher oxygen content (74%) compared
to Area 2 (36%), while the titanium content was correspond-
ingly lower in Area 1 (25.5%) than in Area 2 (63.4%). These
results support the hypothesis that flower formation initiates at
localized sites on the anodized surface, where enhanced
oxidation leads to preferential nanotube growth. Such localized
initiation results in less controlled growth and inhomogeneous
distributions across the substrate, affecting both surface
coverage and nanotube length. The nanotubes subsequently
cluster into closely packed bundles, which assemble into the
characteristic flower-like nanostructures. To further modify
surface chemistry and wettability, low-pressure plasma treat-
ment was applied to Ti + P and Ti + PA + P samples. As
observed in the compositional analysis, plasma treatment
increased the surface concentrations of oxygen and titanium
while reducing carbon content, leading to pronounced changes
in surface wettability. Water contact angle (WCA) measure-
ments confirmed that plasma treatment significantly enhanced
surface wettability; however, this effect was not equally stable for
all samples. After 1 week of aging in air, Ti + PA and Ti + PA + P
surfaces remained fully wettable (contact angle <40°), and only
a slight increase in contact angle was observed after 3 weeks.
Even after 4 weeks of aging, the contact angle remained low, at
approximately 12°. In contrast, untreated titanium exhibited
hydrophobic behavior with a contact angle of approximately
98°. Although plasma-treated titanium (Ti + P) initially
displayed superhydrophilic behavior, this state was short-lived,
with the contact angle increasing to approximately 75° after 3
weeks, indicating hydrophobic recovery.

3.3. Platelet Adhesion

Platelet interactions with the sample surfaces were examined by
SEM, and representative images are shown in Figure 6, while
quantitative analysis is summarized in Table 2. Untreated
titanium exhibited a high density of adherent platelets, including
both individual platelets and aggregates that were predom-
inantly fully spread across the surface (Figure 6a). These
platelets displayed dendritic and spread morphologies with well-
developed lamellipodia and occasional pseudopodia, indicating
a highly activated state. This observation is consistent with the
quantitative data, which show the highest platelet density, (6.20
+ 0.25) X 10° mm™2 and surface coverage (31.2 + 2.8%).
Morphological analysis further confirmed that the majority of
platelets were fully spread (70.4%), with smaller contributions
from dendritic (19.5%) and round (10.1%) forms, characteristic
of a highly thrombogenic surface. Following plasma treatment
(Ti + P), platelet adhesion was markedly reduced (Figure 6b).
Only a few platelets were observed, predominantly exhibiting a
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Figure 5. Energy dispersive X-ray analysis (EDAX) of two demarcated areas in SEM image of PA sample. Table in the inset of figure shows the atomic

percentage of the constituent elements present in the specific area.

Figure 6. SEM images of (a) untreated Ti (b) Ti + P (c) Ti + PA and
(d) Ti + PA + P after incubation with whole blood.

rounded morphology, suggesting minimal activation. This is
supported by the quantitative results, which show a substantial
decrease in platelet density (190 + 42 mm™) and surface
coverage (2.1 + 0.7%). No spread platelets were detected, and
the adherent population consisted mainly of dendritic (61.1%)
and round (38.9%) morphologies. Evaluation of plasma-

anodized surfaces (Ti + PA) was partially limited by the
complex nanostructured topography (Figure 6c); however, only
a very low number of platelet-like features were identified.
Occasional spherical features resembling echinocytes were
observed, which are commonly associated with artifacts arising
from the anticoagulant used during blood collection.”
Quantitative analysis indicates low platelet density (162 + 42
mm™2) and surface coverage (1.8 + 0.6%), with all identifiable
platelets exhibiting dendritic morphology (100%), suggesting
partial activation without stable spreading. Due to the
nanostructured background, platelet identification on these
surfaces is uncertain, and only clearly distinguishable platelet
features were included in the analysis. For samples subjected to
both plasma-induced anodization and subsequent oxygen
plasma treatment (Ti + PA + P), no discernible platelets or
echinocytes were observed within any of the analyzed SEM
fields (Figure 6d). This is consistent with the quantitative
results, which show zero platelet density (0 + 0 mm™) and zero
surface coverage (0 + 0%, n = 9), indicating near-complete
suppression of platelet adhesion. Overall, both plasma treatment
and plasma-induced anodization significantly reduced platelet
adhesion and inhibited platelet activation compared with
untreated titanium. The Ti + PA + P treatment exhibited the
strongest antithrombogenic behavior, as evidenced by no
detectable platelets within the analyzed fields.

3.4. Antibacterial Studies

The antibacterial performance of TiO, nanotubular flower
surfaces was evaluated using E. coli, and the results are shown in

Table 2. Quantitative Analysis of Platelet Adhesion, Surface Coverage, and Morphology (n = 9 Fields per Sample)

platelet density (mm™> surface

sample mean + SD) coverage (%)

Ti (620 +£0.25) X 10° mm™ 312 +2.8 8.9 + 1.2 (10.1%)

Ti+P 190 + 42 21407 1.0 + 0.6 (38.9%)

Ti+PA 162+ 42 1.8 + 0.6 0+ 0 (0%)

Ti + PA 0+0 0+0 not detectable
+P

round (cells/field (mean + SD),
% of total)

dendritic (cells/field (mean +
SD), % of total)
172 + 1.5 (19.5%)
1.7 + 0.6 (61.1%)
2.3 + 0.6 (100%)
not detectable

spread (cells/field (mean =+ SD),
% of total)

61.9 + 2.1 (70.4%)
0+ 0 (0%)

0+ 0 (0%)

not detectable
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Figure 7. Compared with untreated titanium, PA-treated
samples (Ti + PA) exhibited approximately an 82% reduction
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Figure 7. Adhesion of E. coli (mean CFU/mL) on TiO, nanotubular
(NT) flower surfaces: untreated Ti (Ti), Ti+ P, Ti + PA, and Ti + PA +
P. The figure shows the mean CFU/mL values obtained from four
independent measurements for each surface.

in bacterial colony formation. Plasma-treated titanium (Ti + P)
showed a moderate antibacterial effect, reducing E. coli colonies
by 46% compared with untreated Ti. Notably, samples subjected
to both plasma-induced anodization and subsequent oxygen
plasma treatment (Ti + PA + P) showed the strongest
antibacterial response, with an additional 55% reduction in
bacterial attachment compared to Ti + PA (Figure 8). Overall,
Ti + PA + P surfaces exhibited the lowest level of bacterial

Figure 8. HCEC on the surface of (a) untreated Ti, (b) Ti + P, (c) Ti+
PA, and (d) Ti + PA + P determined by immunofluorescent
microscopy. F-actin is shown in green (FITC-Phalloidin). Nuclei are
visualized with DAPI (blue color). Scale bar 25 ym. (Please denote by
arrows long cytoplasmic extensions).

adhesion, with substantially fewer bacteria adhering to them.
The reduced bacterial attachment can be attributed primarily to
the nanoscale surface morphology of the TiO, nanotubular
flower structures. It has been widely reported that nanoscale
surface features inhibit bacterial adhesion by limiting effective
contact between bacterial cells and the substrate, thereby
reducing surface-to-volume interactions. In the context of
biomedical implants, final surface processing commonly
includes sterilization procedures, which must not compromise
surface topography or antibacterial functionality.”” Nano-
structured surfaces are known to significantly influence bacterial
adhesion and proliferation, as well as cellular behavior and
platelet activation, underscoring the importance of maintaining
surface integrity throughout processing.*"*"**

Bacterial attachment to nanostructured surfaces can be
inhibited by reduced effective contact between bacterial cells
and the substrate, thereby limiting stable adhesion.*’ This effect
arises from a mismatch between the characteristic dimensions of
bacterial cells and the nanoscale surface features, resulting in
insufficient contact area for firm attachment. In addition,
bacteria may become physically trapped within surface trenches,
pits, or recessed regions, further hindering stable colonisation.>”
These mechanisms account for the antibacterial behavior
observed for the fabricated TiO, nanotubular flower surfaces,
which also exhibit an oxygen-rich surface composition. The
antibacterial effect is further enhanced in Ti + PA + P samples
following oxygen plasma treatment, resulting in a 92% reduction
in bacterial growth compared to untreated titanium.

3.5. Cell Studies

Using immunofluorescence microscopy, the morphology of
human coronary artery endothelial cells (HCEC) on the sample
surfaces was investigated. For vascular stent applications, rapid
and stable endothelialisation is highly desirable, as a functional
endothelial layer reduces thrombogenicity and improves
hemocompatibility. Therefore, the interaction of endothelial
cells with the proposed surface modifications was systematically
examined.

As shown in Figure 8, the organization of actin filaments in
HCEC (stained with FITC-phalloidin, green) revealed distinct
cell morphologies across the investigated surfaces. On untreated
titanijum, HCEC exhibited limited spreading and reduced
surface coverage, with cells maintaining a relatively rounded
morphology. In contrast, plasma-treated and plasma-anodized
surfaces promoted enhanced cell spreading, elongated morphol-
ogy, and more pronounced cytoskeletal organization, together
with more evident cell—cell interactions. On Ti + PA and Ti +
PA + P surfaces, endothelial cells appeared flattened and
extended long cytoplasmic processes (Figure 8c,d), indicating
improved interaction with the substrate. Occasional membrane
blebbing was observed on Ti + PA samples, whereas this feature
was less pronounced after additional oxygen plasma treatment,
suggesting a beneficial effect of surface chemistry modification.
Notably, Ti + PA + P surfaces supported the most extensive and
continuous endothelial cell spreading, consistent with improved
surface compatibility and endothelialisation potential. Quanti-
tative analysis supported these observations (Table 3), showing
relatively low HCEC adhesion on untreated Ti surfaces 33+
0.6 cells per field), followed by a progressive increase after
oxygen plasma treatment and plasma anodization (8.0 = 1.0 and
16.7 + 1.5 cells per field, respectively). The highest endothelial
cell adhesion was observed on Ti + PA + P surfaces (22.3 + 5.0
cells per field), indicating that the combination of plasma
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Table 3. Quantitative Analysis of Endothelial and Smooth
Muscle Cell Adhesion on Unmodified and Modified
Titanium Surfaces (Mean + SD, n = 3)

cell adhesion (cells per field,

sample mean + SD HCEC/HCASMC ratio
HCEC HCASMC
Ti 33+0.6 5.0+ 1.0 0.7
Ti+ P 8.0+ 1.0 47+ 1.5 1.7
Ti + PA 16.7 + 1.5 21.7 £ 2.5 0.8
Ti+PA+P 223 £ 5.0 133+ 1.5 1.7

anodization and additional oxygen plasma treatment further
enhanced endothelial cell attachment and spreading.

The behavior of human coronary artery smooth muscle cells
(HCASMC) is shown in Figure 9. On Ti and Ti + P surfaces,

Figure 9. HCASMC on the surface of (a) untreated Ti (b) Ti+ P (c) Ti
+ PA and (d) Ti + PA + P determined by immunofluorescent
microscopy. F-actin is shown in green (FITC-Phalloidin). Nuclei are
visualized with DAPI (blue). Scale bar 25 ym.

HCASMC exhibited relatively low cell density and less extensive
spreading, although the cells retained a flattened morphology
with visible cytoskeletal organization. In contrast, PA-treated
surfaces (Ti + PA and Ti + PA + P) promoted markedly
increased HCASMC adhesion and more elongated, nonuniform
morphologies, with attachment occurring preferentially at
specific regions of the nanostructured surface, suggesting
modified cell—surface interactions induced by plasma anodiza-
tion. Quantitative analysis confirmed relatively low HCASMC
adhesion on Tiand Ti + P surfaces (5.0 + 1.0 and 4.7 + 1.5 cells
per field, respectively), whereas plasma anodization substantially
increased smooth muscle cell attachment, particularly on Ti +
PA surfaces (21.7 + 2.5 cells per field). Additional oxygen
plasma treatment reduced HCASMC adhesion compared with
Ti + PA, although values remained higher than on untreated
surfaces (13.3 = 1.5 cells per field).

The ratio of HCEC to HCASMC adhesion provides
additional insight into surface selectivity. Untreated Ti exhibited
a ratio below unity (0.7), indicating preferential adhesion of
smooth muscle cells. In contrast, Ti + P and Ti + PA + P surfaces
exhibited the highest ratios (1.7), suggesting enhanced
endothelial selectivity relative to smooth muscle cells. Although
Ti + PA surfaces promoted strong adhesion of both cell types,

the lower ratio (0.8) indicates less selective behavior. Overall,
these results demonstrate that plasma-induced anodization
strongly influences the adhesion behavior of both endothelial
and smooth muscle cells. While Ti + PA surfaces promoted the
highest HCASMC adhesion, the additional oxygen plasma
treatment (Ti + PA + P) reduced smooth muscle cell attachment
while maintaining enhanced endothelial adhesion, suggesting
improved endothelial selectivity and promising behavior for
cardiovascular implant applications.

4. DISCUSSION

While plasma-assisted and fluoride-free anodization approaches
have been reported, their scope and biological evaluation remain
limited and fragmented. Conventional electrochemical anodiza-
tion typically relies on fluoride-containing electrolytes to achieve
self—organized TiO, nanotube arrays with well-defined geome-
try.”">* In contrast, fluoride-free systems based on chloride or
other electrolytes generally yield less-ordered nanostructures
due to the absence of controlled dissolution mechanisms. Under
such conditions, morphology is governed by localized break-
down processes, resulting in irregular, disordered, or bundle-like
features rather than uniform nanotube arrays. In this study,
plasma-induced electrochemical anodization (PA) employing
an atmospheric-pressure plasma jet as the cathode enables
anodization in simple chloride-based electrolytes without the
use of metallic counter-electrodes or hazardous fluoride species.
This configuration promotes a chloride-induced localized
breakdown mechanism, leading to the formation of hierarchical
flower-like structures composed of nanotube-like features.
These structures differ fundamentally from both the ordered
arrays obtained in fluoride-based anodization and the less-
defined morphologies typically reported in conventional
fluoride-free systems. The morphology of the obtained surfaces
strongly depended on electrolyte composition. Anodisation in
deionized water resulted in only sporadic formation of flower-
like structures, indicating insufficient ionic strength to sustain
uniform breakdown and growth. Similarly, PBS led to
nonuniform surface modification accompanied by cracking,
likely due to its relatively low chloride content. In contrast,
NaCl-based electrolytes, particularly at higher molarity, enabled
more extensive and uniform formation of nanoflower structures,
confirming the critical role of chloride ions in initiating and
sustaining localized anodic breakdown. The addition of ethylene
glycol further influenced nanostructure formation, suggesting
that electrolyte viscosity and ion mobility regulate growth
kinetics and structural organization. High-magnification SEM
analysis revealed that the flower-like structures consist of
bundles of closely packed nanotube-like features with variable
orientations. This morphology reflects a stochastic nucleation-
and-growth process, in which localized breakdown sites serve as
initiation points for structure formation. The resulting size
distribution (~0.6—3 um) further supports the heterogeneous
nature of the process. The characteristic diameter of the
nanotube-like features was estimated to be approximately 50 nm
based on SEM observations, although a precise statistical
evaluation was not possible due to resolution limitations. Surface
chemical analysis confirmed that the nanostructured layers are
primarily composed of TiO,, with only minor chlorine
incorporation from the electrolyte. Oxygen plasma treatment
further increased oxygen content and reduced surface carbon
contamination without altering morphology. This modification
had a pronounced effect on wettability. While plasma-treated flat
titanium exhibited hydrophobic recovery over time, PA-treated
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surfaces retained low contact angles even after prolonged aging,
indicating that surface topography plays a key role in stabilizing
wettability. The stable hydrophilic behavior of PA-treated
surfaces can be attributed to their hierarchical architecture,
combining nanoscale (~50 nm) and microscale (~0.6—3 pm)
features. This multiscale roughness increases the effective
surface area and promotes capillary-driven wetting, resulting in
persistent hydrophilicity. In contrast, the wettability of Ti + P is
governed primarily by surface chemistry and is therefore more
susceptible to aging-induced hydrophobic recovery. The
hierarchical morphology also plays a critical role in governing
biological interactions. At the nanoscale, the dimensions of
surface features are significantly smaller than those of bacterial
cells, limiting effective contact and reducing stable adhesion. At
the microscale, the flower-like structures provide topographical
cues that influence mammalian cell behavior, including adhesion
and spreading. The combined presence of multiple length scales
further disrupts uniform bacterial colonisation while supporting
endothelial cell organization. These effects are consistent with
the experimental observations. A substantial reduction in
bacterial adhesion was observed on PA-treated surfaces,
particularly after additional oxygen plasma treatment. Similarly,
platelet adhesion and activation were strongly suppressed, with
no detectable platelets observed within the analyzed fields for Ti
+ PA + P samples. This indicates that the combined influence of
surface topography and chemistry effectively interferes with
early stage platelet—surface interactions. Cell studies further
demonstrate the biological selectivity of the PA-treated surfaces.
Endothelial cells exhibited enhanced adhesion, spreading, and
cytoskeletal organization, particularly on Ti + PA + P surfaces,
indicating favorable conditions for endothelialisation. In
contrast, smooth muscle cells showed altered morphologyand
nonuniform distribution on PA-treated surfaces, suggesting
modified interactions with the nanostructured surface. Although
adhesion of both cell types increased on modified surfaces, the
more pronounced response of endothelial cells indicates a
beneficial trend toward selective endothelialisation. Overall, the
results demonstrate that plasma-induced electrochemical
anodization provides an effective strategy for engineering
hierarchical nanostructures on titanium surfaces and tailoring
surface chemistry. The resulting surfaces exhibit reduced platelet
adhesion, diminished bacterial attachment, and a favorable
cellular response characterized by enhanced endothelial
behavior and moderated smooth muscle cell interaction.
Importantly, these effects are achieved using environmentally
benign electrolytes, highlighting the potential of the PA
approach for the development of advanced blood-contacting
biomedical devices.

5. CONCLUSIONS

This study demonstrates that plasma-induced electrochemical
anodization (PA) enables the formation of titanium oxide
nanostructures via a fundamentally different growth mechanism
from the self-organized nanotubular arrays typically obtained in
fluoride-containing electrolytes. In the PA process, using an
atmospheric-pressure plasma jet as the cathode enables
anodization in environmentally benign, chloride-based electro-
lytes, thereby eliminating the need for strong acids and metallic
counter-electrodes. The resulting nanostructures arise from
localized passivity breakdown, leading to the formation of
hierarchical, flower-like microstructures composed of densely
packed TiO, nanotube bundles. Systematic variation of
anodization parameters revealed that chloride ion concentration

is the primary factor governing nanostructure density and
surface coverage, while electrolyte composition and water
content influence nanotube length and morphological defi-
nition. Among the investigated electrolytes, NaCl with ethylene
glycol yielded the most uniform and well-defined nanotubular
flower morphologies. XPS and EDX analyses confirmed that the
structures consist predominantly of TiO,, with only minor
chlorine incorporation from the electrolyte. Subsequent low-
pressure oxygen plasma treatment modified surface chemistry by
increasing surface oxygen content and reducing carbon
contamination, without altering surface topography, resulting
in enhanced, more stable wettability. The physicochemical
properties of the PA-treated surfaces translated into distinct
biological responses. Platelet adhesion and activation were
strongly suppressed on nanotubular flower surfaces, indicating
reduced thrombogenic potential. Bacterial attachment of E. coli
was significantly reduced, with the strongest effect observed after
additional oxygen plasma treatment. Cell studies further
demonstrated a selective response, with enhanced spreading
and cytoskeletal organization of endothelial cells, while smooth
muscle cells exhibited altered morphology and modified cell—
surface interactions on PA-treated surfaces. Taken together,
these findings indicate that plasma-induced electrochemical
anodization provides a robust, environmentally sustainable
route for tailoring the morphology and chemistry of titanium
surfaces. The combination of a hierarchical nanotubular
architecture and a favorable biological response highlights the
potential of this approach for developing titanium-based
surfaces for cardiovascular stents and other blood-contacting
biomedical devices.
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