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Abstract

Anodic oxidation of titanium implants is a practical, cost-effective method to enhance implant
success, especially due to rising hypersensitivity concerns. This study investigated the
electrochemical behavior, surface characteristics, and biocompatibility of anodized commercially
pure titanium (cpTi, grade IV). Anodization is performed on polished, cleaned cpTi sheet samples in
1 M H2SOsusing a constant voltage of 15 V for 15 and 45 min. The color of oxide layer is evaluated
using CIELab color space, while composition is analyzed by Scanning Electron Microscope (SEM)
equipped with Energy Dispersive Spectrometer (EDS). Additionally, X-ray diffraction (XRD) and X-
ray photoelectron spectroscopy (XPS) are performed to identify and monitor phase transformations
of formed titanium oxides. Corrosion measurements are performed in 9 g L-' NaCl, pH = 7.4, and
shows excellent corrosion stability of the anodized samples in comparison with pure titanium.
Biological response is assessed by mitochondrial activity and gene expression of human fibroblasts.
Anodized surfaces, particularly Ti-45, promoted higher mitochondrial activity and upregulation of
adhesion-related genes (N-cadherin and Vimentin) in human gingival fibroblasts, indicating
improved biocompatibility and potential for enhanced early soft tissue integration.

Keywords: titanium oxide; surface characterization; corrosion resistance; gene expression;
cytotoxicity

1. Introduction

The American Dental Association [1] since 2001. recommended the use of titanium and different
titanium alloys as a feasible choice to more traditional noble and base metal alloys. Regarding the
surface characteristics of dental implants, when exposed to air, titanium develops a thin natural
protective oxide layer with an average thickness of ~10 nm on its surface [2]. Several surface
modification techniques have been successfully introduced to increase this layer thickness and
generate a bioactive TiO2 [3]. Those coatings are developed to perform multiple functions, such as
improving the healing process, reducing the prevalence of periimplantitis, and increasing the long-
term effectiveness of the implant. After the implant placement, direct contact of peri-implant tissue
with the titanium surface induces a host immune response, a phenomenon crucial for proper tissue
integration. In addition, the permanent implantation of the protein in the desired position would
promote cell adhesion and cell differentiation and the new tissue formation around the implant [4].
Contemporary findings suggest that a thin layer of proteins is seen between the titanium implant
surface and osseous tissue [5]. These proteins’ activity is particularly important for therapeutic
success during immediate and early implant loading protocols [6]. A few seconds after the implant
placement, cells secret a range of substances as a type of cell-to-cell communication [7]. A few days
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after surgery, fibroblasts usually travel to the wound and produce extracellular matrix and protective
elements such as collagen, elastin, and proteoglycans[8]. The release of messenger molecules causes
the proliferation phase to begin. In reaction to low tissue oxygen concentrations at the wound site
(~50 mmHg pO2), cells create hypoxia-induced factors [9]. The most important is VEGF, which
interacts with the cells that surround blood vessels. At that moment, angiogenesis takes place, a
process responsible for connecting new vessels to the preexisting vascular system.

Despite the formation of a natural or anodized TiO: layer, widely recognized as the primary
factor enhancing the corrosion resistance of titanium and its alloys, localized corrosion phenomena
such as pitting and crevice corrosion remain significant challenges [10-15]. These forms of corrosion
can lead to the release of metal ions, potentially compromising the biocompatibility and mechanical
integrity of titanium-based implants due to cytotoxic effects [16,17]. Therefore, evaluating the
susceptibility of titanium and its alloys to localized corrosion in physiological environments is
critical. In order to improve the corrosion stability of Ti and its alloys, oxidation (anodization) is
usually performed. The anodic oxidation is a process governed by the dynamic equilibrium between
oxide film growth and its dissolution, both of which are strongly influenced by the electrolyte
composition and temperature. This method also offers the possibility to overcome the disadvantage
of titanium’s grayish appearance by interfering color of the oxide formation. The applied voltage can
vary to form a thicker titanium oxide (TiO2) layer, resulting in a more desired color on the Ti surface
[18-20].

The many different compositions of the anodizing solutions based on inorganic acids and bases,
organic acids, organic solvents, etc. have been used [11,18,19] In the literature, compact oxide films,
nanostructured materials including, disordered porous films, are formed through anodization
utilizing different electrolytes such as H.SOs, HsPOs, NaOH, CHsCOOH, Na:HPOs, NH4Cl, and self-
organized porous or nanotubular films can be obtained in the presence of fluoride ions from, NH4F,
HF, NaF, [11,12,20,21]. Also, different organic-based electrolytes containing ethylene glycol, glycerol,
diethylene glycol, citric, and oxalic acid are used, but mainly for nanotube formation [22-24.] It is also
worth mentioning that adjusting the anodization variables, such as the type of electrolyte,
concentration of the electrolyte, pH level, temperature, applied voltage or current, and duration, can
influence the color of the anodized samples, physical and chemical characteristics of the oxide layer
that develops on titanium and its alloys [25].

Depending on the electrolyte and voltage practically whole spectra of color can be obtained, for
more details please see [17,19,26-29]

For example, Khadiri et al. [30] investigated anodization in the range of the applied voltage from
20 to 35V in a 5 M phosphoric acid solution. A red-violet shade is observed at 20 V, which shifts to a
dark blue at 25 V and then transits to a light blue at 35 V. By the anodizing of cpTi in 1 M KOH
solution at 25 °C for 1 min at 5, 10, 20, 30, and 40 V voltage variations in the color are from color
varieties of gold, violet, dark, blue, and light blues {31]. The corrosion current in simulated body fluid
(SBF) depends on the applied anodizing voltage, for the voltages of 5V, 10 V,20V, 30V, and 40 V,
determined corrosion currents are 4.35 pUA, 2.6 HA, 2.75 pA, 3.42 pA, and 2.65 pA, respectively.
Numerous studies have investigated the corrosion behavior of commercially pure titanium (cpTi)
and its alloys mainly in simulated body fluids, such as Ringer’s and Hanks’ solutions. For instance,
Tamilselvi et al. [32] reported corrosion potentials (Ecorr) of =387 mV and -401 mV, with corrosion
current densities (jcorr) values of 5.97 x 107 A cm™? and 4.84 x 107 A cm™ for cpTi and Ti-6Al-4V,
respectively, in saline solutions. Under an impressed potential of +500 mV for 1 hour, these values
improved to 3.05 x 108 A cm2 and 1.06 x 108 A cm?, respectively, due to the formation of a protective
TiO:2 passive film. Similarly, Jaquez-Mufioz et al. [12] evaluated the electrochemical corrosion
behavior of Ti-cp2, Ti-6Al-25n-4Zr-2Mo, Ti-6Al-4V, and Ti Beta-C, anodized in 1 M H2504 and HsPO4
solutions at a constant current density of 0.025 A cm™, and tested in 3.5 wt% NaCl and H250.
environments. Non-anodized alloys exhibited jcorr values in the range of 10¢ A cm2, while anodized
samples showed improved corrosion resistance, with jeor values decreasing to 107 A cm to 102 A
cm? and Ecorr values shifting approximately 0.2 V to the more positive value The authors noted that
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anodizing produced a more homogeneous and protective oxide layer, particularly in a-phase-
dominated alloys like Ti-6Al-4V, whereas [3-phase-rich alloys, such as Ti Beta-C, formed less uniform
oxide layers, resulting in relatively poorer corrosion performance. Additionally, Almeraya-Calderén
et al. [11] reported a jeorr of 7.16 x 106 A cm™ and an Ecorr of -421 mV vs. SCE for Ti-cp2 in Ringer’s
solution, with a passive range of 1.154 V. Surface preparation techniques also significantly influence
corrosion behavior. MiloSev et al. [13] demonstrated that grinding, diamond polishing, and chemo-
mechanical polishing of Ti-6Al-4V in 0.9 wt.% NaCl and in artificial saliva reduced surface roughness,
correlating with enhanced polarization resistance, as confirmed by electrochemical impedance
spectroscopy.

Even the many electrolytes for anodization are used, the one based on sulfuric acid is dominant
in the practice [19,33]. The electrolyte can be a moderately concentrated sulfuric acid (1 to 2 M is
appropriate). Kumar et al. [33] investigated anodization in the sulfuric acid in the range of
concentration 0.5-5 M, applying voltage from 10 V to 90 V, proposed that the optimal concentration
is 1 M HaSOs and voltage of 15 V. Also, Capek et al. [34] investigated the Ti anodization in 1 M H250x
varying the temperature from 6 °C, 2, °C and 36 °C, applying the voltage of 5V, 10 V and 15 V. Using
the ellipsometry for the samples anodized during 4 min, 60 min and 180 min with 5V and 15V,
determined the thickness of ~10 nm for 5 V and an exponential increase of thickness from 30 nm to
110 nm for 15 V. However, reported corrosion parameters vary widely due to differences in surface
preparation, alloy microstructure, and testing conditions, such as the composition and pH of
solutions like Ringer’s and Hanks’ [11,35]. This variability underscores the need for standardized
corrosion testing protocols.

Therefore, this study aims to systematically investigate the corrosion behavior of commercially
pure and anodized titanium in 9 g L' NaCl environment, with a focus on the effects of anodization
on corrosion resistance and its relevance to biomedical applications. Given that the microstructure,
composition, thickness, and phase distribution of the oxide layer influence soft tissue integration, the
study aimed to evaluate the effect of anodically oxidized cpTi surfaces on human fibroblasts
biocompatibility.

2. Materials and Methods
2.1. Anodization and Characterization of Oxidized Titanium
2.1.1. Anodization

For the anodization, a cpTi plate (in the rest of the text, cpTi was denoted as Ti), 0.127 mm thick
(Alfa Aesar, Ward Hill, MA, USA), with the dimensions of 1 cm x 1 cm with a neck of 0.2 cm x 3 cm
was used. The samples were ground with SiC abrasive papers (1000-4000 grit) and polished with
0.05 pm Al20Os on polishing cloth, followed by degreasing in acetone and DI water in an ultrasonic
bath. Anodization was performed in 1 M H2S0s (Merck KGaA, Darmstadt, Germany) at room
temperature with a constant voltage of 15 V for 15 min and 45 min [33,34]. As a constant voltage
power supply, the ISKRA MA 4153 0-25 V, 0.4 A (Iskar, Kranj, Slovenia) was used. The anodization
was performed in a 100 cm?® beaker, with two platinum, 2 cm x 2 c¢m, counter electrodes. After
immersion of the Ti electrode in the solution, the voltage was gradually increased from 0 V to 15 V
for 30 s. The voltage was kept constant for 15 min and 45 min, and voltage and current were recorded
with a digital voltmeter ISO-Tech IDM 73 (Iso-Tech, Corby, Northamptonshire UK), interfaced to a
PC via RS-232, with a step size of 10 s. The potential was measured using a saturated calomel
electrode (SCE) with Gamry 1010E (Gamry, Warminster, PA, USA) potentiostat/galvanostat. After
anodization, the samples were removed from the solution, washed with distilled water, and in
isopropanol. In the following text, base Ti and Ti anodized for 15 and 45 minutes are denoted as Ti-
0, Ti-15, and Ti-45, respectively.

2.1.2. Color Measurements
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The color of the anodized samples, as well as the color of the no oxidized Ti plate, was measured
with a Datacolor Spectro 700 (DATACOLOR, Switzerland, Basel) spherical spectrophotometer, under
the following conditions: D65, 10°, SPI. The final result, i.e., the color coordinates, was obtained by
averaging from three measurements at three different locations on each sample, based on the CIELab
color system. The images of samples were taken using a Canon 77D camera (Canon, Tokyo, Japan).

2.1.3. SEM and EDS Characterization

For the non-electrochemical characterization, only pure Ti, Ti-0, and Ti-45 were used, to avoid
the significant number of figures. The morphology and chemical composition of the samples were
analyzed using a scanning electron microscope (SEM) JEOL JSM-6610LV (JEOL, Tokyo, Japan), at 20
kV, coupled to an Energy Dispersive Spectrometer (EDS) model, X-Max Large Area Analytical Silicon
Drift connected with INCA Energy 350 (Oxford Instruments, Concord, MA, USA).

2.1.3. X-Ray Diffraction (XRD) Measurements

X-ray diffraction was done on a Philips PW 1050 diffractometer with Cu—Kau,2 radiation using a
Ni filter, at room temperature. The diffraction data were collected with a scanning step width of 0.05°
and 3 s time per step in a 26 range from 10° to 80°.

2.1.4. X-Ray Photoelectron Spectroscopy (XPS) Measurements

X-ray Photoelectron Spectroscopy (XPS) measurements were carried out using a SPECS system
equipped with an XP50M X-ray source, a Focus 500 X-ray monochromator, and a PHOIBOS 100/150
analyzer. The system employed an Al Ka anode (photon energy of 1486.74 eV), operating at 12.5 kV
and 32 mA. Survey scans were acquired over a binding energy range of 0 to 1000 eV using a constant
pass energy of 40 eV, a step size of 0.5 eV, and a dwell time of 0.2 seconds in FAT mode. High-
resolution spectra for Ti 2p and O 1s regions were recorded with a pass energy of 20 eV, a step size
of 0.1 eV, and a dwell time of 2 seconds. The base pressure in the analysis chamber was maintained
at 8x10 mbar. All binding energies were calibrated with respect to the C 1s peak at 284.8 eV.

2.2. Corrosion Measurements

The corrosion measurements were performed according to the modified ISO 10271:2009 [36] and
ASTM F 2129-01 standards [37]. All the experiments were conducted in a 9 g L' (0.9 wt.%) NaCl
(Merck KGaA, Darmstadt, Germany) solution at pH = 7.4 adjusted with 0.1 M NaOH (Merck KGaA,
Darmstadt, Germany), ISO 10271:2009, at room temperature. The three-compartment glass cell with
a volume of 200 cm?® using the saturated calomel electrode (SCE) as a reference, and lead plate 1 cm x
6 cm, inserted in a micro-porous polypropylene bag, to avoid the formation of hypochlorite that could
disturb measurements, were used. Because, ISO 10271:2009, recommended that the following
parameters have to be determined: Open circuit potential, Eop, V, the potential after one hour of
immersion in the electrolyte; Zero current potential, E-n, V, (n=1, 2, 3.....), corrosion potentials obtained
from the polarization curves when the current changes direction from cathodic to anodic and vice
versa; Active peak potentials, Ecn, V, (n = 1, 2, 3.....), active or transition peak potentials on the
polarization curves with corresponding current density jen, A cm Breakdown potential, Ep, V,
transpassive, critical, pitting or active dissolution potential with corresponding current density jp, A
cm, Current density, los or jos, A cm™, at the potential Eos= E-1+ 0.3 V (SCE), we modified standards
by the means that during the establishing of the open circuit potentials, simultaneously linear
polarization measurements was conducted + 10 mV vs. Eop, and polarization resistance, Rp, was
determined. Also, both standards recommend that the polarization curve starts from -100 mV in
cathodic directions vs. Eocp, which is insufficiently small polarization that Tafel slop could be properly
determined. Similarly, the standard ISO 10271:2009 did not consider reverse scan, from which
repassivation potential can be obtained. In that manner, we performed a cyclic polarization test, but
not to +0.8 V as recommended by ASTM F 2129-01, considering that the breakdown potential for Ti
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and its alloys is at much higher potentials. Also, both standard recommended experiments in the
electrolyte purged with an inert gas to remove dissolved oxygen, as oxygen reduction is considered
the dominant cathodic reaction under given conditions. But, for the application in the mouth for
example prosthesis, oxygen is present, so the obtained results according to the standards will be
unrealistic. For the problems of using those two standards please refer to [35,38]. Hereafter, after 1 h,
of exposure to 9 g L' NaCl, the cyclic polarization curve was recorded with a sweep rate of 1 mV s-!
starting from —0.5 V with conditioning during 300 s, followed by a forward scan to breakdown
potential and increase of current density to ~100 uA cm2, and then applying backward scan to —0.5
V. The imaginary and real capacitance is determined, at the open circuit potential in the frequency
range from 10 kHz to 0.1 mHz. All corrosion investigations were performed using Gamry 1010E
(Gamry, Warminster, PA, USA) potentiostat/galvanostat

2.3. Biocompatibility
2.3.1. Mitochondrial Activity Assay (MTT Assay)

Human gingival fibroblasts (HGF) were isolated from the gingival tissue of a healthy 18-year-
old donor, following the protocol described in a previous study [39], previously approved by the
ethics committee (No: 36/7), Faculty of Dental Medicine, University of Belgrade, and carried out in
compliance with the Declaration of Helsinki. Cells after the third passage were used in the
experiment.

The experimental samples were first placed into 24-well plates and sterilized under ultraviolet
light for 15 minutes on each side. Complete culture medium (Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 100 U/mL penicillin-streptomycin (all
reagents from Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA)) was added in the plates.
On the following day, the samples were transferred to new 24-well plates. A total of 1 x 10* HGFs
were seeded onto each sample and cultured under standard conditions (37 °C, 5% COz, humidified
atmosphere). Cell viability was assessed after 7 days of culture. The culture medium was removed
and replaced with an MTT solution (0.5 mg mL-!; Sigma-Aldrich, St. Louis, MO, USA). The samples
were incubated for 4 hours. Subsequently, the MTT solution was discarded, and dimethyl sulfoxide
(DMSO; Sigma-Aldrich, St. Louis, MO, USA) was added. The plates were shaken at 250 rpm for 20
minutes at 37 °C in the dark. The solutions were transferred into a 96-well plate, and absorbance was
measured at 540 nm using a microplate reader (RT-2100c, Rayto, Shenzhen, China). Mitochondrial
activity was expressed as a percentage relative to the control group.

2.3.2. Gene Expression

Samples were prepared following the same protocol used for the MTT assay. HGF cells, at a
density of 5 x 10* cells per sample, were seeded onto samples and cultured under standard conditions
(37 °C, 5% COg2, in a humidified incubator). After 7 days of incubation, total RNA was extracted using
the TRIzol reagent (Thermo Fisher Scientific), in accordance with the manufacturer’s protocol. RNA
concentration was quantified using a microvolume spectrophotometer BioSpec-nano UV-Vis
Spectrophotometer (Shimadzu Scientific Instruments, Columbia, MD, USA). For cDNA synthesis, 1
pg of total RNA was reverse-transcribed using the RevertAid First Strand ¢cDNA Synthesis Kit
(Thermo Fisher Scientific, Waltham, Massachusetts, USA) and oligo(dT) primers. Target gene
amplification was performed with the SensiFAST™ SYBR® Hi-ROX Kit (Bioline, London, UK).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) served as the internal control for
normalization. The primer sequences used for quantitative PCR (qPCR) were as follows (5'-3'), as
represented in Table 1.
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Table 1. The primer sequences used for quantitative PCR (qPCR).
Gene Forward Reverse
N-cadherin: AGGGTGGACGTCATTGTAGC CTGTTGGGGTCTGTCAGGAT
VEGF-A: GGGAGCTTCAGGACATTGCT GGCAACTCAGAAGCAGGTGA
Vimentin: TCTACGAGGAGGAGATGCGG GGTCAAGACGTGCCAGAGAC

GAPDH: TCATGACCACAGTCCATGCCATCA CCTGTTGCTGTAGCCAAATTCGT

PCR reactions were carried out in a final volume of 15 uL, comprising SYBR Green Master Mix,
200 nmol L' of each primer, and 2 uL of synthesized cDNA. Each sample was run in duplicate across
three independent experiments. JPCR was performed using the CFX96 real-time PCR system (Bio-
Rad Laboratories, Hercules, CA, USA). A melting curve analysis followed each run to verify
amplification specificity. Cycle threshold (Ct) values, defined as the number of cycles required for
the fluorescent signal to cross a preset threshold, were recorded. Relative mRNA expression was
quantified using the 2"-ACt method, with gene expression levels of N-cadherin, VEGF-A, and
Vimentin normalized to GAPDH.

2.3.3. Contact Angle Measurements

Surface wettability was measured under room temperature (22.5£0.2 °C) conditions. Samples
(Ti, Ti-15, and Ti-45) were set onto a measurement settle, and a 2 uL drop of deionized water, as a
polar component, was placed onto the film’s surface, using a micropipette (Finnpipette, Thermo
Fisher, Helsinki, Finland), at a distance of 4 mm and angle of 90°. The measurements of the non-polar
components, dilodomethane, and ethylene glycol, were conducted similarly. Contact angles (6) were
measured 1 s after the liquid achieved contact with the substrate surface by measuring the angle
between the plane tangent to the drop and the plane of the underlying surface. The analyzer’s setup
consists of a Canon 77D camera with a Canon ultrasonic micro-lens {100 mm (Tokyo, Japan) and a
position stand. Data were analyzed using Image]J contact angle softer (version 1.5t, National Institutes
of Health, LOCI, University of Wisconsin, Madison, Wisconsin, USA).

2.3.4. Statistical Analysis

For the assessment of the biocompatibility testing software package, GraphPad Prism ver. 9 was
used (GraphPad Software, Inc., San Diego, CA, USA). The Kolmogorov-Smirnov test was used to
assess whether the data followed a normal distribution. For biocompatibility testing Kruskal-Wallis
test was used. The values are presented as mean + SD. The results of contact angle measurements
were subjected to statistical analysis using descriptive measurements and the Kruskal-Wallis test. P
value less than 0.05 was considered significant.

3. Results and Discussion
3.1. Anodization and Characterization of Oxidized Titanium
3.1.1. Titanium Anodization

In Figure 1 the dependence of the voltage, potentials, and current densities, during anodization
of Ti, are shown. Given the constant applied voltage of 15 V, the observed lower electrode potential
(~13 V) is associated with a high overpotential for the hydrogen evolution reaction at the cathode.
The current density, initially fast rises to 5-7 mA cm=2 and then decreases to the ~1.5 mA cm=2. By
integrating the current density over time, a charge of 1.59 C is determined for the sample anodized
for 15 min, and 4.64 C for the sample anodized for 45 min. Although oxygen evolution and a change
in the color of the electrolyte are observed during anodization, the maximum oxide thicknesses can
be estimated from the given charge values using the modified Faraday’s law:
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)

where Q is the passed charge, C, in C, M(TiOz2), 79.9 g mol-' and o(TiO2) = 4.23 g cm-3, molar mass
and, 0~4.3 g cm3, density of TiO2, and 1 current efficiency. Using the Equation 1, the theoretical

thickness of 0.75 um and 2.25 um are calculated. But, Capek et al. [34] determined the oxide thickness
of Ti oxide film anodized at 15 V in 1 M H250s of ~40 nm for 15 min and around 70 nm for 45 min of
anodization. As pointed out by Prando et al. [40] in 0.5 M H2SOs for the passed charge of 1 C cm™2

yields an oxide film thickness of about 560 nm in the absence of any parasitic reactions. In our case,

the charge is 1.59 C for 15 min, and 4.64 C for 45 min of anodization that corresponds to the

thicknesses of 0.890 pm and 2.6 pm, which is in good agreement with the thickness determined using

Equation 1.

UlV; Evs.SCE/V
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U
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474 J4
J ke
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Figure 1. The dependence of anodization voltage, potential, and current densities of Ti in 1 M H2SOxa.

On the other hand, the anodization process in acidic media proceeds via an overall simplified

reaction:

Ti+2H20 =TiO:2 + 4H* + 4e-

2)

Zhang et al. and Sul et al. [41,42] give some more probable mechanisms for the anodization of
Ti that include the formation of non-stoichiometric hydrated TiO2x(OH)2x via the following plausible

reactions:

Ti = Ti# + de-
Ti#* +(4-x)H20 = TiO2x(OH)2x + 4H*
or:

Ti# +4H20 = Ti(OH): + Hz

Ti(OH)s = TiO2:x(OH)2x + (2-x)H20

©)
(4)

()
(6)

the product of hydrolyses could be metatitanic TiO(OH)2, orthotitanic H4TiOs, pyrotitanic
H:Ti20 or H2TiO:s acid, and so forth.
However, in addition to the reactions described by Equation 2, alternative processes such as

oxygen evolution may also occur. Moreover, Ti** can form a soluble hydrated complex, [Ti(H20)]e*

[43,44], which can significantly reduce the current efficiency.
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2H2O = 4H* + Oz + 4e- )
Ti + 6H20 = [Ti(H20)]* + 3e- (8)

Hence, we chose a different approach to estimate formed oxide thickness. Assuming that TiO2
without UV light could be treated as an insulator, the Ti and solution can represent the conducting
plates of the capacitors, and knowing that the capacitance is:

S
C=¢— 9
3b5rd )

and that theoretically ideal capacitance is frequency independent. But in the electrochemical
measurements, the impedance of the capacitance is frequency dependent according to:

11
~2zfC,, i2xfC,

(10)
real

Consequently, in Figure 2a, the dependence of real and imaginary capacitance over the
logarithm of the frequency at open circuit potential are shown. It should be noted that the Ti-0
imaginary part shows only one time constants at 1000 Hz, while, Ti-15 and Ti-45 show two time
constants, at 3800 Hz and 2500 Hz, and at 1.2 Hz and 4.2 Hz, respectively. This could be interpreted
as the existence of naturally formed and electrochemically grown oxide films. The real capacitance
part, Figure 2a, significantly increases from high to medium frequencies, and then much slower to
low frequencies. At high frequencies, the data is not unreliable, due to the occurrence of
electrochemical double layer, parasitic capacitances, etc. So, if we look at the real part of Equation 8§,
it can be written as:

1
7= ——
real 272' fcrea| (11)
or
logZ = —log(27) ™" —log(C,,) " —log(f)™ (12)

Representing log (Creal)™ over the log (f)-, in the case when f — o, log (f)* — 0, Equation 12
becomes:

|Og Zreal N Iog(creal )_1 (13)

therefore impedance becomes reciprocal capacitance. Because all the slopes are practically parallel,
we can suppose that 100 kHz could be taken as infinitive, and the determined capacitances for Ti-0,
T-15, and Ti-45 are 4.8 uF cm?, 1.2 uF ecm? and 0.52 uF cm?, respectively. It is known from the
literature that the thickness, d, of naturally formed oxide on Ti and its alloys, is around 10 nm (1x10-
6 cm) [2,45]. From Equation 9, it can be calculated the constant of the film thickness, k:

d xC(Ti-0) =k (14)

and the estimated value of k is 4.7x10-'2, nm F cm2. Consequently, the thickness of the anodized
samples can be calculated by dividing constant k with capacitance. For Ti-15, the estimated thickness
is ~40+15 nm, and for Ti-45 is 90+30 nm which is in excellent agreement with the experimentally
determined value by Capek et al. [34]. Accordingly, it can be concluded that the current efficiency for
anodization is very low, as was also observed by Prando et al. [40]. For example, under the
galvanostatic oxidation of Ti with a current density of 5 mA cm, the current efficiency was <10%.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.2028.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 June 2025 d0i:10.20944/preprints202506.2028.v1

9 of 24

T T T T T T T T T T T T
0.52 pF em (b)
107 F 3
—0—Ti-0
—0—Ti-15
N o —0—Ti-45
E =10 9gL ' NaCl
= £
- 13
E =5
S 100k 1
U S
10° E
10—7 1 1 1 1 1 | | i 1 | 1
10" 10° 10' 10 10° 10" 10° 10" 10° 10 10" 10
J/Hz (f/ Hzy™

Figure 2. (a) The dependence of real capacitance (open symbols) and imaginary capacitance (full symbols) over
frequency. (b) The dependence of the reciprocal values of the real capacitance over the reciprocal value of

frequency.

3.1.2. Color Measurements

In Figure 3 the images of the Ti samples are shown. It can be seen that the nonoxidized sample
had a grey color, the anodized sample during 15 min uniform dark green, and the sample anodized
for 45 min dark purple. But considering that the color appearance is dependent on the spectator’s
eye, the color is determined by spectrophotometry.

0 min. 15 min. 45 min

Figure 3. Appearance of the color during anodization of Ti in 1 M H2SOs, for 0, 15, and 45 min.

The results of the color measurements, as well as the approximate color appearance of the
samples, are shown in Table 2. The L*a*b* values of the untreated sample correspond to a
predominantly neutral gray tone, with a slight yellow tint. The L* coordinate (brightness) decreases
with the duration of electrochemical anodization, so the sample becomes darker as the oxide layer
becomes thicker. The a* coordinate values (red-green) increase with the duration of anodization, i.e.,
shift towards the red end of the color axis. However, the values of the b* coordinate (yellow-blue)
decrease more for the sample anodized for 15 minutes, compared to the sample anodized for 45 min,
resulting in a greenish appearance of the Ti-15 sample and a reddish appearance of the Ti-45 sample.
The approximate color appearance calculated from the obtained parameters is in good agreement
with the images given in Figure 3.
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Table 2. The results of the color measurements of the pure, and anodized Ti.

Sample L* a* b* Approximate color appearance
Ti-0 57,43 1,33 4,74 ‘
Ti-15 36,44 6,19 -12,87 .
Ti-45 32,79 10,14 -10,17 .

3.1.3. EDS and SEM Analysis

Figures 4a and d, shows EDS spectra for Ti-0 and Ti-45, taken from SEM images shown in Figures
4b and e. The determined compositions are for Ti-0 98.4 wt.% of Ti and 7.1 wt.% of O, while for Ti-
45, 81.5 wt.% of Ti and 18.5 wt.% of O. This clearly indicates that on anodized Ti oxide film is formed.
At low magnifications, in Figures 4b and e, the homogenous surface can be observed, with the
appearance of small black dots. The black dots observed on the polished Ti surfaces in SEM images
often indicate the presence of surface imperfections or embedded particles. These imperfections can
be due to the soft and ductile nature of Ti that are easily deformed by abrasive particles during
grinding and polishing processes. Embedded particles could originate from grinding with SiC
abrasive papers [46]. At higher magnifications, Figures 4c and f, practically did not show significant
differences. The matrix Ti material during grinding and polishing is mainly removed in the ductile
mode. Typically, the flaws that occur in the surface layer can be categorized into the following groups:
(i) voids and micro-cracks, (ii) fractures or crushed areas, (iii) pulled-out sections, and (iv) smearing
[47].

Energy / kev

Energy / kev

Figure 4. EDS and SEM images of the Ti-0 (a, b, ), and T-45 (d, e, ).

Converting wt.% to at.%, Table 3, it can be seen that oxygen content significantly increases after
anodization, from 17.8 at.%. to 40.5 at.%. But, from the manual of Oxford Instruments for used EDS
detector, the penetration depth of rays at 20 kV is ~1 um, so the titanium content originated also from
the bulk of materials.

Table 3. The summarized EDS analysis of the surfaces shown in Figures 4c and e.

Sample Ti wt.% O wt.% Ti at.% O at.%
Ti-0 98.4 7.1 82.2 17.8
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Ti-45 81.5 18.5 59.5 40.5

3.1.4. XRD Analysis

X-ray patterns of the titanium sheet before and after anodization are presented in Figure 5. The
diffractograms follow the symmetry of the a-Ti phase, a hexagonal close-packed (hcp) structure. No
additional peaks associated with the crystalline oxide phase are observed after anodization. XRD
cannot confirm the presence of titanium oxide due to its low crystallinity and/or thin layer.

:; Ti-45 AJ J
3 [ I A Jl A
8
E
JU g h
[ L A
o 1 T P P A
10 20 30 40 50 60 70 80

20 / degree

Figure 5. XRD pattern of the titanium before (Ti-0) and after anodization (Ti-45).

The Le Bail whole pattern decomposition method [48] is used to calculate the lattice parameters
(Table 4). The fit is done in a hexagonal space group P63/mmc. Lattice parameters of pristine titanium
are in agreement with the literature data (PDF# 00-089-2762). There is a slight decrease in lattice
parameters after anodization. This can be related to the surface effect and the formation of an oxide
layer. Namely, before anodization, the X-rays came from the surface of the titanium sheet, while after
anodization, they penetrated through the oxide layer before coming off the bulk metal. The surface
may experience more strain, leading to a slight expansion of the lattice compared to the interior of
the metal. Khadiri et al. [30], also did not observe crystalline structure by anodizing cpTi in 5 M HsPOa
in the voltage range from 20 V to 35 V. Also, the small anatase peaks are detected in 1 M H2504 only

at 50 V. [49]
Table 4. Lattice parameters determined by the Le Bail method.
Lattice parameters, space group P63/mmc
Sample a[A] b[A] c[A]
Ti-0 2.9531 2.9531 4.6900
Ti-45 2.9516 2.9516 4.6877

3.1.5. XPS Analysis

X-ray Photoelectron Spectroscopy (XPS) measurements are used to determine the elemental
composition and oxidation states of the surface of the samples. Figure 6 displays the XPS survey
spectra for two titanium-containing samples Ti-0 and Ti-45. Both spectra show the presence of
titanium (Ti), oxygen (O), and carbon (C), with no detectable impurities. The carbon signal is most
likely due to surface contamination from organic compounds adsorbed from air during sample
preparation, handling, or storage. The increase of peaks connected with Ti and O is significant for the
anodized sample. The calculated at.% of Ti and O for the sample Ti-0 is 37.6 at% Ti and 62.4 at.% O,
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That correspond to stoichiometry of ~Ti04Oos that could represent ~Ti2Os phase, but is deficient in
oxygen for formation of TiOz. For the anodized sample, Ti-45, the composition is 23.7 at.% Ti and 76.3
at.% O, so the O to Ti ratio is 3.2 indicating complex stricture of the formed oxide film.

12000

10000

8000

6000

Intensity / a.u.

Ols

N

o

(=]

[==]
T

2000

1000 800 600 400 200 0
Binding energy / eV

Figure 6. Survey XPS spectra of TiO and Ti45.

High-resolution XPS spectra of the Ti 2p and O 1s regions for two titanium-containing samples
are shown in Figure 7. In the Ti 2p spectrum for Ti-0 (Figure 7a), peaks at 455.6 eV and 462.1 eV can
be attributed to Ti*, while additional peaks at 458.7 eV and 464.6 eV are assigned to Ti%* [50]. The
presence of Ti* is characteristic of titanium dioxide (TiOz), where titanium is in its fully oxidized
state. In contrast, the Ti** component indicates a more reduced titanium species, consistent with Ti-0.
The coexistence of these oxidation states suggests a mixed valence system, likely resulting from
oxygen deficiency, non-stoichiometry, or surface reduction. The corresponding O 1s spectrum for Ti-
0 (Figure 7b) exhibits two primary components. A peak at 531.2 eV corresponding to lattice oxygen
(O*) within the titanium oxide structure, and a higher binding energy peak at 532.9 eV, attributed to
adsorbed oxygen-containing species such as hydroxyl groups, molecular water, or carbonates present
on the surface [50].

Spectra of Ti 2p for Ti-45 (Figure 7c) shows a doublet. Peaks at 457.1 and 462.3 eV can be assigned
to Ti** oxidation state, while the peaks at 458.8 and 464.2 eV can be attributed to Ti* oxidation state.
Ti** is commonly associated with compounds like Ti2Os, where titanium exists in an intermediate
oxidation state. The combination of Ti** and Ti* suggests an even more reduced sample compared to
the previous, possibly indicating a sub-stoichiometric oxide or a surface rich in oxygen vacancies [50].
For Ti-45, its O 1s spectra (Figure 7d) also contain two peaks at 531.1 and 532.0 eV, which can be
ascribed to lattice and adsorbed oxygen, respectively. The relative B.E. position of this adsorbed
oxygen peak varies between the samples, reflecting differences in surface reactivity, hydration, or
contamination between them.
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Figure 7. High-resolution XPS spectra of a) Ti 2p for Ti-0, b) O 1s for Ti-0, c) Ti 2p for Ti-45, and d) O 1s for Ti-
45.

3.2. Corrosion Measurements

Figure 8a shows the dependence of the open circuit potentials, Eocp, of the investigated electrodes
in 9 g L' NaCl. The anodized samples show some small increase of the potential after the immersion
in the electrolyte from ~0 V to 75 mV. In contrast, pure Ti shows a significant nonlinear increase of
the open circuit potential over time, from -0.375 V to ~0 V. The polarization resistance, Rp, for the
pure sample gradually increases from ~50 kQ2 cm-2 to 250 kQ) cm, as can be seen from Figure 8b. The
anodized sample shows the initial decrease of the polarization resistance and stabilizes around 2.0
MQ cm?? for Ti-15 and 3.5 MQ cm~ for Ti-45. Such behavior could be explained as follows. The
naturally formed oxide film on pure Ti is likely inhomogeneous. Upon contact with the electrolyte,
the solution penetrates through its pores and reacts with the underlying Ti surface, forming
additional oxide. This process leads to an increase in open circuit potential and polarization
resistance. In contrast, for the anodized samples, the electrolyte initially fills the pores of the oxide
layer, which results in a temporary decrease in the film’s polarization resistance.
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Figure 8. (a) The dependence of the open circuit potentials, Eop, over time, and (b) The dependence of the

polarization resistance, Rp, over time, for Ti-0, Ti-15, and Ti-45.

The anodic linear polarization curves of the investigated samples are shown in Figure 9. The
pure Ti shows some increase of the current density already at the potential of ~0.150 V in the range
from 5 HA cm=2 to 10 HA cm?, followed by an additional increase of the current density above 1 V.
Rapid increase of the current density is observed above potentials of ~1.3 V. Anodized samples, did
not shows any feature below ~1.35 V, where increase of the current is observed. It should be
mentioned that rapid increase in the current density are at significantly higher potentials than the
thermodynamic potential for oxygen evolution reaction:

4H:0 = Oz + 20H- + 4e- (15)
E,(0,|H,0) = E’(O,|H,0) — 0.0591pH (16)
of 0.548 V vs. SCE at pH 7 4.
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Figure 9. The anodic linear polarization curve of the investigated samples.

In Figure 10a the Evans diagram of investigated pure and anodized samples is shown. Starting
from —0.5 V the linear part of the cathodic pat of the polarization curves over two magnitudes of
current density are observed. The slopes of the line ranging from -177 mV dec! for pure Ti and ~ -
115 mV dec! for anodized samples could be associated with Tafel behavior, most probably with
oxygen reduction reaction (ORR). Increasing potential practically means that the same corrosion
potentials are reached at around —0.15 V. The pure Ti does not form a passive film near the corrosion
potential, but active dissolution occurs up to the potentials of 0.3 V when passive behavior is reached.
Breakdown potential occurred at ~0.97 V. Anodized samples show similar behavior in the cathodic
branches, but after reaching the corrosion potentials practically passivity begins. Before reaching the
breakdown potential Ti-15 in the passive range show some increase in the current that could be
associated with changes in the oxide film structure. Researchers often express a metal pitting
resistance, labeled Rpit, with the equation Rpit= AE = | Ecorr — Epit| . The gap between Ecorr and Epit shows
how easily pitting can start on that surface [51]. When AE is very small, the material becomes more
vulnerable; and tiny shifts in potential push the metal toward severe pitting. In our case AE is higher
than 1V, indicating excellent resistance to the pitting corrosion. From the intercept of the cathodic
Tafel lines and corrosion potentials, the corrosion current densities are estimated. To determine
whether the samples undergo repassivation after the breakdown potentials, cyclic polarization
curves are recorded and presented in Figure 10b.
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It can be seen that after reaching ~100 pA cm2, the reverse scan is recorded, and interestingly,
for all three samples hysteresis, characteristics for pitting corrosion are not observed [51]. Also, in the
passive region, the occurrence of metastable pitting is not observed. Thus it is plausible that instead
of the pitting corrosion, oxygen evolution occurs. Repassivation of all three samples occurred at
practically the same potentials of ~0.8 V.
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Figure 10. (a) The Evans diagram, and (b) The cyclic polarization curves, of the investigated pure and anodized

samples in 9 g L' NaCl.

All the determined corrosion parameters are summarized in Table 5. The open circuit potential
after one hour is 0 V for Ti-0, 69 mV for Ti-15, and 75 mV for Ti-45, indicating that the delicate balance
between oxygen reduction reaction (ORR) and dissolution of base metals or oxides exists. When the
overpotential, 7, is minimal (+10 mV) and the electrochemical system is in a state of equilibrium, the
traditional Stern-Geary equation for the polarization resistance, Rp, can be expressed with the
equation:

. RT

Joe = WFR, ®)
from which current densities can be estimated. From Table 5. it can be seen that the calculated
current density, jp.c, at open circuit potentials, is in very good agreement with values of jop determined
from Figure 10a. It is worth mentioning that for the blank Ti samples jop is more than an order of
magnitude higher than for anodized samples. Determined corrosion potentials, Ecor, are more
negative than open circuit potentials, which could be explained that under cathodic polarization, a
delicate balance between ORR and corrosion reactions is disturbed. Corrosion current density, jcor,
determined by Tafel extrapolation is also an order of magnitude smaller for anodized than for pure
Ti. Passive currents show tremendous improvement for the anodized sample. For pure Ti, passive
current density is in the range of ~5.5 pA cm-2, while for Ti-15 is in the range of 7-80 nA cm-2, and for
Ti-45 in the range of 4-20 nA cm-2. The breakdown potentials for all samples are higher than 1 V. An
interesting discussion about breakdown potential is elaborated by Rosenbloom et al. [35]. Authors
relying solely on in vitro tests have developed conservative acceptance criteria, which could be
applied broadly to all materials tested according to ASTM F 2129-12. This benchmark stems from
published in vivo measurements showing that most in vivo biological resting potentials lie below
roughly +0.3 V vs. SCE. Any component destined for living tissue must tolerate potentials higher
than those normally reached in the body. Because a single corrosion failure may have severe clinical
and financial effects, adding an extra safety margin is only practical. For these reasons, authors
conclude that a material demonstrating breakdown potential at, or above, +0.6 mV vs. SCE can
reasonably be regarded as corrosion-safe for medical use. Therefore all our samples satisfied these

recommendations.
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Table 5. Summarized corrosion parameters of investigated samples in 9 g L-1 NaCl.
Sample Eop  jocp Rp Jpe Ecorr  be Jeorr Jpass Eb Eyp AE
mV nA MQ nA mV mV nA nAcm- mV  mV mV
cm2 cm? cm2 dec! cm-2 2

Ti-0 0 139 0.25 103 - -177 29 ~5500 968 794 1102
134

Ti-15 69 98 2.14 12 - -115 242 7-80 1032 835 1180
152

Ti-45 75 49 3.48 7.3 - -116 1.84 4-20 1062 801 1225
154

Among the determined corrosion parameters shown in Table 5, in Table 6 determined corrosion
parameter, required from ISO 10271 is given.

Table 6. The determined corrosion parameter as suggested by ISO 10271.

Sample Eocp Ecorr jat Ecorrt0.3 V Ev Jb
mV mV nA c¢cm= \'% nA cm=
Ti-0 0 -134 650 0.968 8500
Ti-15 69 -148 12.1 0.1032 90
Ti-45 75 -163 4.7 0.1062 21

From Tables 5 and 6, it is obvious that anodized samples possess superior corrosion properties
than pure Ti.

3.2.3. SEM and EDS Analysis After Corrosion

After the cyclic polarization test, pure Ti and anodized Ti during 45 min are investigated by EDS
and SEM.

Comparing the result of EDS analysis before cyclic polarization, Table 3, and after polarization,
Table 7, it can be observed that, for pure Ti, there is a slight decrease in Ti content from 82.2 at.% to
78.0 at.%, accompanied by an increase in O content from 17.8 at.% to 22.0 at.%, indicating an increase
in oxide thickness during polarization. In contrast, for Ti-45, the Ti content slightly increases from
59.5 at.% to 61.0 at.%, while the O content decreases from 40.5 at.% to 39.0 at.%, suggesting a different
surface behavior during polarization. This could be explained by the slight dissolution of Ti through
oxide pores, reaction with oxygen, OH- and Cl-, and formation of unstable TiOCl: that immediately
hydrolyze and form TiO:2 onto the surface. The small white spots that are visible in Figure 11f, could
be the formed TiO: that explains the increase of the oxygen in EDS. Also, from Figures 11b and e, can
be seen that the black spots visible in Figures 4b and e, for pure Ti are practically completely removed,
but for Ti-45 are still slightly visible, probably due to occlusion with oxide film formed during
anodization. Also from SEM analysis, it can be concluded that pitting corrosion does not occur and
that after the breakdown potentials, only an oxygen evolution reaction occurrs.

Table 7. EDS analysis of the Ti-0 and Ti-45 after cyclic polarization test.

Ti wt. % O wt.% Ti at. % O at.%
Ti-0 91.4 8.6 78.0 22.0
Ti-45 824 17.6 61.0 39.0
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Figure 11. EDS and SEM analysis of pure Ti (a-c) and Ti-45 (d-f) after cyclic polarization.

3.3. Biocompatibility
3.3.1. MTT Assay

The mitochondrial activity of oral fibroblasts seeded on Ti samples and cultured for 7 days is

approximately equal to the control in the Ti-15 group (98.6%), and significantly higher in the Ti-45
group (123.9%), Figure 12.
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Figure 12. Cell viability for the three groups polished Ti-0, anodized T-15 min, and Ti-45, at 7 days of culturing;
Kruskal-Wallis test, **p < 0.01.

3.3.2. Gene Expression

The relative gene expression of molecules involved in cell adhesion and vascularization is
analyzed after 7 days of culturing HGF on the samples, Figure 13. N-cadherin and Vimentin are
significantly upregulated in both experimental groups, Ti-15 and Ti-45. In contrast, VEGF-A
expression is downregulated in the experimental groups compared to the polished Ti surface.
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Figure 13. Relative gene expression of N-cadherin, Vimentin, and VEGF-A, obtained after 7 days of HGF
culturing on polished Ti (Ti-0), 15 min anodized Ti (Ti-15), and 45 min anodized Ti (Ti-45); Kruskal-Wallis test,
*p<0.05, *p < 0.01.

3.3.3. Wettability

The contact angle measurements of reference liquids of samples are presented in Table 8.
Comparing the contact angle measurements between groups (polished Ti, 15 min, and 45 min
anodized Ti) the Kruskal-Wallis test showed that anodization has a statistically significant effect on
the decrease of contact angle, p=0.019.

Table 8. Descriptive statistics of wettability measurements.

Reference liquid Sample Mean St. dev Min Max
Distilled water Ti-0 50.01 3.83 45.20 54.81
Distilled water T-15i 42.43 1.90 39.88 4498
Distilled water T-451 40.27 3.13 36.53 44.66
Diiodomethane Ti-0 36.10 1.73 33.90 38.23
Diiodomethane T-151 27.64 2.14 26.40 29.06
Diiodomethane Ti -45 24.20 1.60 22,5 254

Ethylene-glycol Ti-0 46.66 2.47 43.64 49.12
Ethylene-glycol Ti-15 36.05 2.15 33.90 37.06
Ethylene-glycol Ti 45 21.51 1.13 20.05 23.22

Note: n=5.
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Figure 14. Example of a contact angle for Ti sample with a moderate wettability.

3.3.4. Biological Activity

Results of several in vitro studies demonstrated that anodized titanium expressed increased
levels of cell proliferation and maturation [18,20,52].

N-cadherin is considered one of the main factors in guiding cell-to-cell interactions during
fibroblast differentiation, as it is well-documented that N-cadherin regulates the formation and
renewal of junctions through the cell’s microtubule network [53]. Our results showed a statistically
higher expression of this gene, which indicates the potential for greater tissue deposition on the
titanium implant surface. Similar results were confirmed in previous research [19].

As far as ECM Vimentin protein, the results were similar. Vimentin is engaged in cell-matrix
adhesion, both with cell spreading and migration. It has been reported that it successfully regulates
the directional migration of fibroblasts [54]. Our results demonstrated that the anodization process
could increase the ability of fibroblasts to spread on an anodized titanium surface, statistically
significant in comparison to machined and polished titanium.

In contrast, the results revealed a different expression pattern for VEGF-A. Previous research
has shown that VEGF-A, a key pro-angiogenic factor during wound healing, is primarily produced
in response to hypoxic conditions [55]. Downregulation of VEGF-A in our experimental samples
could be explained by changes in surface chemistry after anodization. It is assumed that the surface
oxide layer formed during oxidation in sulfuric acid would have reduced angiogenesis. Anodic
oxidation could stimulate adherent fibroblast cell phenotypes rather than angiogenic. Reduced
VEGEF-A expression indicates a lack of migratory pro-angiogenic factors, potentially leading to
dicreased angiogenesis in initial healing stages. N-cadherin, vimentin, and VEGE-A play distinct but
interconnected roles, especially in tissue remodeling, angiogenesis, and fibroblast behavior. N-
cadherin and vimentin support fibroblast mobility, structure, and ECM deposition [56,57], while
VEGF-A predominantly stimulates endothelial cell proliferation and migration [16]. Anodized
titanium surfaces have been reported to upregulate adhesion-related proteins in human gingival
fibroblasts, suggesting a phenotypic shift toward extracellular matrix production and structural
support. This indicates that titanium surfaces may direct fibroblasts toward tissue remodeling
functions rather than promoting angiogenic signaling [58].

In this study, we prepared model surfaces with the anodized substrate to achieve an oxide layer
with excellent chemical stability. Titanium oxides with low roughness, produced through oxidation,
exhibit low friction, making them suitable for long-term fluid flow and enhanced heat exchange
[59,60]. In line with that, these surfaces also promote nonspecific adsorption of proteins, cells, and
other biomolecules, which expands their applications, particularly in dental implantology [61].
Moderately hydrophilic surfaces (contact angle around 40°) support optimal cell attachment [62], a
trend also observed in studies using polymer thin films with contact angles between 20° and 60° [63].
It is also reported that hydrophilic surfaces can promote cell differentiation [64].

Moreover, hydrophilic behavior is desirable for application as coatings of orthopedic implants,
because good wettability promotes better tissue integration [65]. The results of our study justified
that anodic oxidation significantly increased the hydrophilicity of the titanium surface.

4. Conclusions

e  cpTiis successfully anodized in 1 M H250s at constant voltage of 15 V for 15 and 45 min.

e The thickness of anodized samples are determined by newly developed method by the
analysis of frequency dependent capacitance.

° For 15 min anodization the thickness was estimated to ~40+15 nm, and for 45 min 90+30 nm

e  From EDS, XRD and XPS analysis it is confirmed that oxide layer is very complex.

e  Anodized samples has a superior corrosion stability in 9 g L-' NaCl than pyre cpTi.

e By the SEM analzsis, after cyclic polarization, it is concluded that all three samples do not
undergo pitting corrosion, and that the oxygen evolution reaction is the main one.
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e Anodized samples enhances surface hydrophility
e  Anodized samples produces a surface-driven stimulation of human gingival fibroblasts by
activating their adhesion and spreading mechanisms.
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