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Abstract: The hardness, wettability, and electrochemical properties of Ti6Al4V alloy surfaces treated with anodic oxidation and plasma oxida-
tion as well as the viabilities of the different cell lines on the obtained surfaces were investigated. The anodic oxidation was performed for 10
min under 100 V potential, and it resulted in a 0.95 pum thick nanoporous anatase-TiO, structure. On the other hand, plasma oxidation was car-
ried out at 650°C for 1 h and resulted in a dense rutile-TiO, structure with a thickness of 1.2 um. While a hardness of HV o,5 823 and rough-
ness of ~220 nm were obtained by plasma oxidation, those obtained by anodic oxidation were HV ¢ps 512 and ~130 nm, respectively. The an-
odic oxidation process created a more hydrophilic surface with a contact angle of 87.2°. Both oxidation processes produced similar properties
in terms of corrosion behavior and showed better resistance than the as-received state in a certain range of potential. Moreover, the surface
treatments led to no significant change in the protein adsorption levels, which indicates that the difference in viability between the osteoblast
and fibroblast cells was not due to the difference in surface protein adsorption. Given all the factors, the surfaces obtained by anodic oxidation

treatment revealed higher cell viability than those obtained by plasma oxidation (p = 0.05).

Keywords: Ti6Al4V; oxidation; corrosion; cell viability; protein adsorption

1. Introduction

Orthopedic implants are used for long bone fracture fixa-
tions, spinal fracture and deformity corrections and stabiliza-
tions, arthritic joint replacements, and maxillofacial applica-
tions. While these implants provide mechanical stability, they
have to be biologically compatible with the implantation sites
[1]. Various surface treatment techniques have been pro-
posed to improve the biocompatibility, as well as the mech-
anical and electrochemical properties, of implant materials.
These surface treatments can be performed for most of the
metals used for implant manufacturing, such as titanium and
its alloys. Titanium and its alloys have a certain degree of
biocompatibility due to the natural passive oxide layer on
their surfaces [2-3]. Although titanium alloys have high
biocompatibility, alloying elements such as vanadium and
aluminum can dissolve after implantation and are then re-
leased into the tissue, causing poor osseointegration. While
vanadium ions are particularly cytotoxic, aluminum ions are
suspected to induce neurological diseases [4-5]. Passive
films formed on the surfaces of metallic implants slow down
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the corrosion reactions on the surface and reduce the dissolu-
tion rate of metals in the biological environment, thus pro-
longing the implants life. The surface oxide layers contribute
to the adsorption of proteins and differentiation in bone cells.
The thickness of these layers is also an important parameter
for biocompatibility [6—7]. Anodic oxidation (anodization) is
one of the surface treatments that can be used to create an ox-
ide film as a result of reactions occurring on the surface of a
metal workpiece attached to the system as a positive elec-
trode in the electrolytic environment. The most important ad-
vantage of anodic oxidation is the strong bonding of oxides to
the titanium surface [8]. Anodic oxidation is also applied to
increase the corrosion resistance, to color the metal, and to
create porous/rough surfaces by forming a thick oxide layer
on the metal surface. The structural and chemical properties
of the oxidized surfaces depend on process parameters such
as potential, current, electrolyte composition, and temperat-
ure [9]. Another method employed to increase the fatigue
strength, wear resistance, and corrosion resistance properties
of metals is the glow discharge plasma oxidation. This meth-
od is a thermochemical process in which oxygen atoms are
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diffused to the material surface and form a hard layer on the
surface in a gaseous plasma environment. Thermochemical
treatments pose many advantages, such as a shorter treat-
ment time, homogenous surface structures, the possibility of
obtaining results similar to those of conventional methods at
lower temperatures, less environmental impact and gas con-
sumption, and more biocompatible materials [10—11]. The
biocompatibility of implant materials is tested in a cell cul-
ture, which is an in vitro test system, prior to the clinical use
of the materials. In this way, the use of experimental animals
can be reduced. Recently, a wide range of studies on biocom-
patibility have been conducted, including those focusing on
in vitro cytotoxicity and tissue-material interactions of mater-
ials [12—14]. Fibroblast cell lines are commonly used to test
the cytotoxicity of implant materials, but these cell lines do
not represent specific cells that are appropriate for bone tis-
sues. Therefore, using fibroblast cells instead of osteoblast
cells for bone tissues may cause incomplete interpretation to
assess cytotoxicity [ 14]. The main goal of the current study is
to determine whether fibroblast and osteoblast cell lines have
different cell viabilities on the surface of Ti6Al4V alloy
modified with anodic oxidation and glow discharge plasma
oxidation techniques. Changes in the corrosion properties
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after the surface treatments were also investigated. The pro-
cess parameters were selected based on factors such as sci-
entific literature, industrial applicability, and plasma stability.
Considering the plasma oxidation of pure or alloyed titanium,
it has been reported that a diffusion layer that reaches satura-
tion at low temperatures (400-500°C) is formed, but no sig-
nificant oxide layer is formed. When the temperature is in-
creased, the oxide layer is formed and thickens with further
temperature increase, but the adhesion of this layer gradually
decreases due to the tensile residual stresses in the
material-oxide interface and high Pilling—Bedworth ratio
[15-17]. Regarding the anodization, high voltages have been
reported to have adverse effects on especially corrosion res-
istance, and at lower voltages, very thin layers form on the
surface [18-20].

2. Experimental

2.1. Sample characterization and preparation

The chemical composition of the as-received alloy de-
termined from energy-dispersive X-ray spectroscopy (EDS)
analysis and the standard chemical composition given in the
relevant standard are presented in Table 1.

Table 1. Chemical composition of Ti6Al4V alloy wt%
Alloy Al \% Fe (¢} C H N Ti Others
ISO 5832-3 5.5-6.7 3.545 <0.30 <0.20 <0.08 <0.015 <0.05 87-91 <0.4
As-received 6.25 3.71 <0.30 <0.20 <0.08 <0.015 <0.05 Bal. <0.4

Ti6Al4V alloy samples with a thickness of 3 mm were cut
from a 14 mm diameter cylindrical bar. The surfaces of the
samples were ground with 80, 220, 400, 600, 800, and 1200
silicon carbide emery papers to remove the undesirable sur-
face layer affected by the heat of the cutting process and the
resulting plastic deformation. The samples were cleaned in an
acetone bath using an ultrasonic cleaner for 15 min and dried
with hot air before surface treatments.

2.2. Anodic and glow discharge plasma oxidation

The anodic oxidation setup consisted of a direct-current
power source (GPR-30H10D, 500 W, 50-60 Hz), a magnet-
ic stirrer, a 400 mL beaker, and a magnetic fish to ensure the
mixture homogeneity. Moreover, AISI type 304 stainless
steel was used as the cathode, Ti6Al4V (grade 5) sample as
the anode, and 1.5 mol/L H,SO, (96% pure) as the solution.
The sample holder was also manufactured from Ti6Al4V al-
loy. The process potential, duration, and temperature selec-
ted for the anodic oxidation process were 100 V, 10 min, and
25°C, respectively.

For glow discharge plasma treatment, the ground samples
were cleaned with alcohol and dried with hot air. They were
then placed on the 42CrMo4 alloy steel sample holder, which
was also the system cathode. The chamber was vacuumed to

2.5 Pa. Prior to the surface treatment, preliminary sputtering
was performed for 15 min under 500 V potential and H, at-
mosphere to remove possible contaminations from the
samples. The chamber was re-vacuumed and filled with
100% pure O,. The pressure was set to 500 Pa by a needle
valve. The plasma environment was created via glow dis-
charge as the direct current (DC) power supply was engaged.
By adjusting the applied voltage, samples were heated up to
the temperature determined according to the test plan. No ad-
ditional heater was present in the plasma oxidation system.
Since the samples were placed symmetrically on the sample
holder, the temperature value of the sample in the middle was
assumed to be the same for all samples. Plasma oxidation
was carried out at 650°C for 1 h, and the samples were slowly
cooled in a vacuum.

2.3. Surface characterization

2.3.1. Structural analysis

Structural analyses of the as-received and treated-surface
samples were performed using X-ray diffraction (XRD,
Panalytical Empyrean) and EDS. For the XRD measure-
ments, Cu-Ka radiation with a wavelength of 1 = 15405.9 nm
was used, and the structures of the formed phases were de-
termined by comparing the obtained diffraction patterns with
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the International Center for Diffraction Data standard cards.
2.3.2. Surface and layer properties

Surface and cross-sectional images after both oxidation
processes and corrosion tests were obtained using scanning
electron microscopy (SEM, FEI Quanta EFG 450). For cross-
sectional investigations, the top sides of the samples were
ground and chemically etched with 10 mL HF (48wt%) + 90
mL H,O for 5 min. The etched samples were rinsed with dis-
tilled water, cleaned in an ultrasonic cleaner, and dried with
hot air. The surface roughness values before and after oxida-
tion treatments were determined using atomic force micro-
scopy (AFM, Park System XE-100-E).

Vickers microhardness measurements were carried out at
the as-received and oxidized sample surfaces with a micro-
Vickers hardness tester (Shimadzu HMV-G20D) at a con-
stant load of 0.245 N and an indentation period of 15 s. At
least five measurements, which would not affect one another,
were performed for each sample and averaged.

2.3.3. Corrosion studies

Accelerated electrochemical tests were performed in trip-
licate under naturally stagnant condition using a potentiostat/
galvanostat (Gamry Reference G750) in a 0.9wt% saline
solution at 37 + 1°C. The temperature was controlled by a
thermostatic water bath. A conventional three-electrode sys-
tem was adopted using saturated Ag/AgCl as the reference
electrode and a graphite counter electrode. The measured
sample with an exposed area of 0.38 cm’ was utilized as the
working electrode.

Open circuit potentials (OCPs) of the as-received and
treated-surface samples were recorded continuously for 5400
s before cyclic polarization and electrochemical impedance
spectroscopy (EIS) analyses. Forward scans of cyclic polar-
ization tests were performed in the range of —250-1500 mV,
referenced to the OCP, at a scanning rate of 1 mV-s™'. Re-
verse scans were performed until the OCP was reached. The
EIS tests were performed using a frequency range of 0.1 Hz
to 100 kHz under potentiostatic condition at OCP (0 mV vs.
Vocp) With a 10 mV amplitude alternating current (AC)
voltage signal.

2.3.4. Contact angle

Static water contact angle measurements were carried out
with an optical tensiometer (Attension Theta Lite) equipped
with charge-coupled device (CCD) camera and light-emit-
ting diode (LED) background illumination. The contact
angles were determined by taking three measurements from
different points on each sample using the sessile drop tech-
nique. Distilled water with a volume of 3.07 uL was used for
measurements. After waiting 5 s for stabilization, recorded
images of drops were automatically transferred to a com-
puter, and the Young—Laplace model was used for contact
angle estimation. Contact angles were measured from both
sides of the sessile drop with automatic base line detection
via computer software. The reported results are the arithmet-

ic means of a total of six measurements for each sample.
2.4. Protein adsorption of Ti alloy surfaces

Tissue culture plates (TCPs) and the as-received and
treated Ti6A14V surfaces were sterilized under high pressure
at 121°C for 20 min and then incubated with 500 pL of fetal
bovine serum (FBS) (Sigma—Aldrich F7524) for 24, 48, and
72 h at 37°C in a humidified 5vol% CO, atmosphere. When
the incubation time was completed, samples were removed
and rinsed twice with phosphate buffer solution (Sigma—Ald-
rich P3619). Adsorbed proteins on the samples were de-
tached into 500 pL of 5wt% sodium dodecyl sulfate (SDS,
Sigma—Aldrich #436143) solution by shaking for 15 min.
The protein amounts in the SDS solutions were measured via
Bradford assay (Pierce Coomassie Protein Assay Kit
#23200). The optical density values of the solutions were de-
termined at 562 nm in a spectrophotometer (iMark, Bio-
Rad).

2.5. Cell lines culture

Mouse fibroblast cell lines (L929) and human osteoblast
(hFOB) cell lines were cultured in a DMEM/F12 medium
(Sigma—Aldrich D9785), which was supplemented with
10vol% FBS, 100 IU/mL of penicillin, and 100 pg/mL of
streptomycin solution (Gibco PenStrep #15140-122). The
culture was carried out at 37°C temperature in a humidified
5vol% CO, atmosphere. The medium was renewed every
three days. The cells were then passaged when they reached
confluence. Furthermore, 0.25vol% trypsin/Ethylenediam-
inetetraacetic acid (EDTA) (Pan Biotech #P10-019500) solu-
tion was used to detach the cells. The cells were counted in a
hemocytometer and plated at a density of 4 x 10* cells/well
on 24-well TCPs, sterilized as-received Ti6Al4V (control),
and treated Ti alloy surfaces. The plates were incubated for
24,48, and 72 h to assess the cell viability assay.

The colorimetric assay MTT (3-(4,5-dimethythiazol-2-yl)-
2,5-diphenyl tetrazolium bromide) (Serva #20395) was used
to determine the cell viability after 24, 48, and 72 h of incub-
ation on TCPs and Ti alloy samples. Yellow MTT was re-
duced to insoluble dark purple formazan via mitochondrial
succinate dehydrogenase. Since only living cells can parti-
cipate in this reaction, the level of reduced MTT is accepted
as a scale of cell viability. The cells were incubated at 37°C
for 3 h after 50 uL/well of MTT solution was added. After in-
cubation, dimethylsulfoxide (Sigma—Aldrich #472301) was
added to each well to dissolve the color. Lastly, a microplate
reader was used to determine the absorbance values, since the
optical absorbance values of the MTT are directly propor-
tional to the number of viable cells.

2.6. Statistics

Experiments were performed in triplicate. Values were
expressed as mean + standard deviation (SD). The SPSS 16.0
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software was used for statistical analysis. The absorbance
values of each group were first normalized, and then, a one-
way ANOVA test was performed to find significant differ-
ences between groups. For the groups that were different,
Tukey’s test was performed to determine statistically signi-
ficant differences. The significance level was less than 5% (p
<0.05).

3. Results
3.1. Crystal structure analyses

The XRD patterns of as-received and treated-surface
samples are given in Fig. 1. As expected, the as-received
Ti6Al4V samples consisted of hexagonal closed pack alpha
and body-centered cubic beta phases, since Ti6AI4V is a
metastable a+f alloy. After the plasma oxidation process, ru-
tile-TiO,, which is the most stable polymorph of titania, was
formed on the surface. However, in the case of anodic oxida-
tion, the dominant TiO, phase was found to be anatase, which
is a metastable polymorph of titania. Some small diffractions
of rutile were also observed.

3.2. Surface and layer properties

Fig. 2 shows the SEM images of the surfaces of samples
treated by plasma oxidation and anodic oxidation. The oxide
layer obtained from plasma oxidation (Fig. 2(a)) exhibited a
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Fig. 1. X-ray diffraction patterns of Ti6Al4V alloy before and
after plasma oxidation and anodic oxidation.

fairly homogenous and dense structure, while anodic oxida-
tion yielded a more porous oxide layer (Fig. 2(b)). The aver-
age diameter of pores was measured as ~170 nm. In the
plasma oxidation process, the oxygen plasma spread uni-
formly to the surface, and a homogeneous surface was
formed because of the low temperature and short processing
time, which resulted in the limited sputtering of Ti ions from
the surface and subsequent re-condensation on the surface.
Therefore, the surface topography from the previous surface
finish was evident in the SEM image. The chemical compos-
itions (wt%) of the plasma oxidation- and anodic oxidation-
treated surfaces are given in Table 2.

Fig.2. SEM images of (a) plasma-oxidized and (b) anodically oxidized surfaces.

Table 2. Chemical compositions of plasma oxidation- and anodic oxidation-treated surfaces wt%
Sample Ti Al \% (0] Others
Plasma oxidation-treated surface 40.00 0.58 0.90 58.30 0.22
Anodic oxidation-treated surface 41.55 0.42 0.69 57.22 0.12

The AFM images of the as-received, plasma-oxidized, and
anodically oxidized samples (Fig. 3) provide results similar
to those derived from the SEM images. Based on the AFM
images, the average surface roughness values (R,) were de-
termined as ~200, ~220, and ~130 nm for the as-received,
plasma-oxidized, and anodically oxidized samples, respect-
ively.

Fig. 4 presents the microhardness and roughness values of
the surfaces. Both oxidation processes resulted in increase in
the surface hardness. The increase in hardness was around
118% for plasma oxidation and around 35% for anodic oxid-
ation.

Figs. 5(a) and 5(b) show the cross-sectional microstruc-
tures after plasma oxidation and anodic oxidation. The aver-
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Fig. 4. Surface roughness (R,) and surface microhardness of
Ti6Al4V alloy before and after oxidations.

age oxide layer thickness values were measured as 1.2 and
0.95 pum for the plasma-oxidized and anodically oxidized

samples, respectively. The oxide layers were observed to be
separated from the surfaces, which is due to the chemical
etching procedure applied to obtain a better contrast between
the layer and the base material.

3.3. Contact angle

Contact angle water drop profiles are presented in Fig. 6.
Both oxidation processes created less hydrophilic surfaces.
While the contact angle of the as-received sample was
49.35°, plasma oxidation yielded a surface with a contact
angle of 74.92°. Anodic oxidation, on the other hand, pro-
duced the least hydrophilic surface, with a contact angle of
87.20°.

3.4. Corrosion studies

Fig. 7(a) shows the OCP graphs of the as-received and ox-

Fig. 5. Microstructure of samples of Ti6Al4V in cross section after (a) plasma oxidation and (b) anodic oxidation.
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Fig. 6. Water drop profiles of (a) as-received, (b) plasma-oxidized, and (c) anodically oxidized surfaces.
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idized samples. Open circuit potential, or free potential, is the
potential of any freely immersed electrode in an environment.
Based on the principle of charge conservation, the accumula-
tion of charge on a freely immersed electrode should be
avoided. This can only be achieved if the sum of the oxida-
tion currents is equal to the sum of the reduction currents.
The as-received Ti6Al4V sample had a very low potential as
it was first immersed into the solution, but its potential
climbed toward the positive direction over time. The OCPs of
both anodically and plasma-oxidized samples were similar
from the beginning of the test. All three samples reached a
steady state between —0.1 and —0.15 V vs. V+(V .t is the po-
tential of reference electrode Ag/AgCl).

Cyclic polarization curves of the untreated and treated
samples in saline solution are given in Fig. 7(b). The as-re-
ceived surface exhibited a very limited passivity in the anod-
ic region between 0.15 and 0.25 V. Anodic dissolution oc-
curred after this potential region was passed, and it continued

until the forward scan was complete. Both oxidized samples
showed a pronounced stable passive state right after the Tafel
region. In the case of plasma oxidation, anodic dissolution
started again after approximately —1 V. The reverse scan cur-
rent densities were lower than the forward scan current dens-
ities for all three samples. Only the as-received sample yiel-
ded repassivation potential (£,,) during the reverse scan.
Quantitative values obtained from the Tafel region are
provided in Table 3. The free corrosion potentials of both
treated samples were positively shifted. On the other hand,
the corrosion current density of the untreated sample was
lower than those of the oxidized samples; therefore, the cor-
rosion rate of the untreated sample, which was calculated
based on Faraday’s law, was slightly lower than those of the
treated samples. Considering that the calculated corrosion
rate was solely based on the quantitative values of the Tafel
region and did not represent the entire polarization range,
weight loss was also measured and is given in Table 3.

Table 3. Results obtained from Tafel extrapolations and weight measurements

Sample Icorr / (A ) Cmi2)

Eeon/ MV Ba/(V-dec) fc/(V-dec™) Corrosion rate / (mm-a™') Weight loss / wt%

As-received

125 %10 +2.18 x 10° —147 5.3 0.447+0.0399 0.860 + 0.0243
Anodic oxidation 2.07 x 107+ 6.55 % 10 —120+2.5 0.283 +0.0210 0.336+ 0.0279
Plasma oxidation 2.48 x 107 £2.47 x 107 —129+2.6 0.254+0.0221 0.231 +0.0276

2.019+0.035 0.225 +0.025
2.12+0.067 0.159+0.019
2.55+0.25 0.718 +0.087

Note: Lo, Ecoms Ba, and B¢ denote corrosion current desnity, corrosion potential, anodic slope, and cathodic slope, respectively.

Complex plane (Nyquist) plots of untreated and treated
samples obtained from EIS measurements and a diagram of
the equivalent electrical circuit used for data interpretation
are shown in Fig. 8. All three conditions yielded similar ohm-
ic resistances (R,), which represent the resistances of the
solution, wires, and connections and other uncompensated
resistances [21]. The as-received sample exhibited a single
time constant system. The diameter of the semi-circle, which
represents the polarization or charge transfer resistance, was
considerably wide. After plasma oxidation and anodic oxida-
tion treatments, the samples yielded at least two noticeable
time constants. The first time constant at the high-frequency
region represents coating, and those for both treated samples

featured similar attributes. At middle and low frequencies,
mass transport (diffusion) seemed to play a role and created a
more complicated mixed control case at the oxidized
samples. The electron exchange rate between the active spe-
cies in solution and sample surface became very high; the
corrosion rate was controlled by the diffusion of corrosion
products toward or away from the test electrode, which ap-
pears as a nearly straight line with a slope of approximately
45°. Therefore, a Warburg impedance (W) was added to the
corresponding equivalent circuit model, which also consisted
of a capacitor and a resistor, creating an equivalent circuit
with mixed kinetic and charge transfer control [22]. The
Warburg impedance is dependent on the perturbation fre-
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Fig. 8. Nyquist graph and equivalent electrical circuit of as-
received and oxidized samples. Z,. is the real part of imped-
ance (resistance), and Z;,, is the imaginary part of impedance
(reactance).

quency, and it has a small value at high frequencies because
reactants move short distances. At low frequencies, on the
other hand, the diffusing reactants have to move farther,
which in return increases the Warburg impedance. The capa-
citor element Cy in the circuit model represents the capacit-
ance of the electrical double layer that forms at the electrode
surface. The resistor R, denotes the charge transfer resistance
of the electrical double layer. Even though the as-received
sample exhibited only kinetic control and could be represen-
ted by a simple equivalent electrical circuit such as the

Randles circuit, the mixed control circuit including Warburg
impedance was also used for this sample in order to compare
the results. The quantitative results of circuit elements are
given in Table 4.

Fig. 9 shows the SEM micrographs of the as-received and
oxidized samples after polarization tests. The as-received
state (Fig. 9(a)) exhibited severe deterioration, evidenced by
the small pits and spalling observed at the surface. The anod-
ic-oxidation sample showed almost no sign of corrosion (Fig.
9(b)). This result agrees with the polarization graphs. The
plasma-oxidation sample exhibited some cracks and pits at
the surface, resembling blistering (Fig. 9(c)).

3.5. Protein adsorption and cell viability on surfaces

After Ti6AI4V surface modifications, the results of pro-
tein adsorption and cell viability were obtained to analyze the
effect of the modifications. As shown in Fig. 10(a), the pro-
tein adsorption levels on all surfaces were similar for all time
points (p > 0.05). The surface treatments had no significant
effect on the protein adsorption of surfaces.

As seen in Fig. 10(b), the fibroblast cell viabilities on sur-
faces specially produced for cell cultures at all time points
were statistically higher than those for other surfaces (as-re-
ceived, plasma-treated, and anodization-treated) (p < 0.05).
The fibroblast cell viabilities on as-received and plasma-
treated surfaces were similar at 24 and 48 h, whereas that in
the anodization-treated surfaces was higher (p < 0.05). At the

Table 4. Quantitative results of circuit elements

Sample R,/ (Q-cm?) Ca/ (uF-cm™?) W4/ (S's"*em™?) R,/ (Qcm)
As-received 6.931 +£0.039 19.34 £ (<0.01) 0.0027 £+ 0.00007 1602 £ 11.75
Anodic oxidation 7.065 + 0.002 1.61 +(<0.01) 0.09 £0.0019 37.78 £ 0.206
Plasma oxidation 7.672 +£0.003 1.03 £ (<0.01) 0.11 £0.0026 35.41+0.213

Fig. 9. Surface SEM images after polarization: (a) as-received; (b) anodic-oxidation; (c) plasma-oxidation samples.
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before and after oxidation. a, b, ¢, and d show statistically significant differences between variables.

end of 72 h, the fibroblast cell viability on the plasma-treated
surfaces was found to be higher than that on the as-received
Ti6Al4V surfaces (as-received surfaces) (p < 0.05). In the
figure, the bars with different letters are significantly differ-
ent at the 0.05 level.

The viability of osteoblast cells, as well as fibroblast cells,
on the TCP surfaces was highest for all time durations com-
pared with those on other surfaces (p <0.05) (Fig. 10(c)). The
osteoblast cell viabilities on all TiAl4V surfaces were statist-
ically similar for 24 and 72 h (p > 0.05), while the cell viabil-
ity on the anodization-treated surfaces was slightly higher
than that on the plasma-treated surfaces for 48 h (p < 0.05),
Although a more detailed study is required, the surface prop-
erties are believed to be unnoticeable for osteoblast cells
compared with fibroblast cells.

4. Discussion

In accordance with the XRD results, the glow discharge
plasma oxidation procedure yielded an oxide layer domin-
ated by rutile-TiO,. Since the plasma oxidation procedure
was performed under vacuum conditions, rutile formation at
a relatively lower temperature was facilitated. Anodic oxida-
tion was performed under ambient pressure and temperature.

Therefore, the oxide layer consisted of anatase-TiO, phase.
Some minor diffractions from rutile phase were also evident
and are known to be formed after a certain anodic oxidation
period [23], at around 100 V potential [24]. Diffractions be-
longing to the substrate metal on the oxidized surfaces indic-
ate relatively thin oxide layers, which are also evident at
cross-sectional SEM micrographs.

The obtained EDS results prove that oxide layers with
similar chemical compositions were formed on the surface,
which was expected since both anatase and rutile phases have
the same TiO, stoichiometry and tetragonal crystallographic
structure but different lattice parameters. The EDS results
also revealed that the alloying elements Al and V occurred in
a negligible quantity at the surface area. This result is analog-
ous with the findings of Satoh et al. [25] and was reported to
be caused by the local depletion of such elements, which
have possible toxic effects, from the outermost surface.

The AFM analyses indicated that the plasma oxidation
process increased the surface roughness due to the ion and
electron bombardment that occurred during the procedure.
Particles with high kinetic energy in the plasma environment
impact on the surface, causing the sputtering of atoms, ions,
or electrons from the surface [26-28].

In the anodic oxidation process, however, a nanoporous
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surface emerged, due to abrupt electrical discharges. Since
the sample was the anode of the oxidation system, surface as-
perities were subjected to anodic dissolution due to the high-
er current density of such peak points [29]. The formed oxide
layer also filled up the roughness valleys. Hence, the surface
topography generated by the prior mechanical surface finish
seemed to be less pronounced.

The surface hardness values were high on both oxidized
surfaces compared with the as-received state. Both anatase
and rutile phases are oxide ceramics and exhibit high resist-
ance to local deformation. Bulk rutile is known to be harder
than bulk anatase due to the crystal structure of the former. In
addition, the diffusion layer formed underneath the oxide lay-
er during plasma oxidation increased the load-bearing capa-
city of the surface in our case. Since this study is focused on
cell response on the surfaces, the sub-surface structure was
not analyzed.

The as-received sample exhibiting varying OCPs during
immersion in saline solution indicates that an electrochemic-
ally unstable surface was present. The ascending nature of the
curve coincides with the decrease in the anodic reaction rate
due to the formation of a natural oxide surface film. On the
other hand, the occurrence of almost constant potential val-
ues of oxidized samples throughout the test suggests that
chemically stable/noble surfaces were achieved with both
surface treatment procedures [30-32].

The lower current densities on reverse scan indicate negat-
ive hysteresis, and negative hysteresis is usually associated
with a passive surface film, which is capable of repairing it-
self. This situation was observed for all three samples. With-
in the three test conditions, only the as-received surface dis-
played repassivation potential (£,,) during the reverse scan,
which is indicative of a chemically less stable surface.

Despite the corrosion rate calculation results, the sample
exposed to anodic oxidation had the lowest weight loss, and
the untreated sample had the highest weight loss. While the
anodic-oxidation sample showed strong passivation during
polarization, the as-received sample was exposed to anodic
dissolution that continued throughout the experiment.

As mentioned before, all three samples exhibited very
similar ohmic resistance values, which was expected since
the tests were performed at virtually the same conditions. The
double-layer capacitor and polarization resistance values of
the as-received sample were higher by orders of magnitude
than those of the oxidized samples. The Warburg impedance
of the untreated sample was so small that it was negligible
and thus has no real physical equivalent in this sample. It can
be concluded that under free potential conditions, the as-re-
ceived state can store more charge and resist better than the
oxidized states. Warburg impedance showed that the diffu-
sion was very similar in the oxidized samples; that is, a simil-
ar diffusion process occurred.

Because the as-received sample did not exhibit passiva-

tion and dissolved continuously during polarization, the sur-
face of this sample showed pitting and spalling. The surface
of the anodic-oxidation sample remained intact after the po-
larization measurements. The strong passivation exhibited by
this sample protected the surface against anodic dissolution.
Delamination, which was observed on the surface of the
plasma-treated sample, seemed to originate from under the
oxide layer and may be caused by the diffusion of corrosion
products and reactants from the surface, changing the course
of corrosion reaction from the surface to oxide layer inter-
face.

Contact angle measurements indicated that the anodized
alloy surface was less hydrophilic than the surfaces of the
other samples, but the difference between two oxide surfaces
was not considerable. Proteins tend to adhere more to hydro-
phobic surfaces than to hydrophilic surfaces [33]; however,
in this study, no statistically significant differences were ob-
served for protein adsorption among the three investigated
Ti6Al4V surfaces. The higher contact angle of the anodically
oxidized surface is attributed to the nanoporous structure.
Moreover, since rutile phase has a greater chemical stability
than anatase, the free energy of anatase-dominant surface was
believed to be higher [34].

The interaction of an implant and its surrounding is influ-
enced by various factors, including implant surface topology.
Surfaces with a wide variety of properties such as topology,
chemistry, or roughness can be achieved via several prepara-
tion methods [35]. Even though cell reaction is influenced by
the combined effect of several factors, it has been reported
that rougher surfaces may enhance adhesion, proliferation,
and vitality [35-37]. It is also expected that surface treat-
ments lead to more cell proliferation by causing more protein
adsorption, especially for bone implants [38]. However, in
the present study, we noticed that cell proliferation was inde-
pendent of protein adsorption because the as-received sur-
face and oxidized surfaces had similar protein levels.

The fibroblast cells were shown to exhibit a higher affin-
ity for anodic oxidation-treated Ti6Al4V surfaces with a nan-
oporous topography rather than plasma-treated surfaces with
a non-porous structure. As the anodization process created a
porous structure and a titanium oxide layer with an anatase
phase on the implant surface, this method yielded more cell
viability for both cell lines compared with the glow dis-
charge plasma oxidation. As mentioned by Crespo et al. [39],
surface texture and composition may influence cell anchor-
age and therefore cell proliferation. However, the optimal
surface properties have not yet been clearly defined for the
attachment, proliferation, and differentiation of cells [38].

Surface treatments may lead to different levels of ion re-
lease from the Ti6Al4V surface, and especially, the osteo-
blast cells may be more susceptible to this ion release level
[40]. Additionally, no differences were observed between
cells cultured on the untreated or treated alloy in some previ-
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ous studies. Therefore, we can conclude that cell prolifera-
tion on biomaterial is not a rule. Activities, morphologies,
and differentiation of cells may also be affected [39]. On the
other hand, even if the treated alloy can show better biocom-
patibility, attention should be paid to signs of inflammation
as reported by Chen et al. [41]. We demonstrated that no sig-
nificant changes in osteoblast cell viability were observed
among the investigated surfaces, which agrees with the find-
ing of Silva et al. [42]. Therefore, we may conclude that the
osteoblast cells had less viability than the fibroblasts on
treated surfaces.

In vitro biocompatibility studies that show the cellular re-
sponse of titanium alloys after different surface treatments
have been conducted using osteoblastic cells (mouse
MC3T3-El) [43-45], fibroblast [45—46], rat bone marrow
cells and human umbilical vein endothelial cells [47—48], os-
teosarcoma cells [49], normal epithelial cells [50], and hu-
man peripheral blood mononuclear cells [48,51]. In most bio-
material cytotoxicity analyses, fibroblast cells are used.
However, fibroblast cells and tumor-derived cells do not rep-
resent the normal bone cells and tissues [14]. Moreover, de-
termining cell viability is not enough to decide the biocom-
patibility of a material; therefore, the cell spreading, differen-
tiation, and inflammation caused by the biomaterial should
also be determined.

5. Conclusion

The effects of anodic and plasma oxidation processes on
the corrosion properties and the cell response of Ti6AI4V al-
loy were investigated. As a result of the anodic oxidation pro-
cess, a nanoporous anatase-Ti0, surface with an average pore
diameter of ~170 nm was formed. The plasma oxidation pro-
cess, on the other hand, yielded a non-porous and relatively
dense rutile-TiO, structure. The surface roughness of the
sample after plasma oxidation (~220 nm) was slightly great-
er than that of the as-received condition (~200 nm). The an-
odic oxidation process caused the surface roughness to de-
crease to ~130 nm. Both oxidation processes produced lay-
ers with high hardness. The rutile-dominant surface obtained
by plasma oxidation exhibited a much higher hardness, with
an increase of 118% compared with the as-received condi-
tion. With the anodic oxidation process, a 35% increase was
achieved. The thicknesses of the formed layers were similar
for the plasma oxidation and anodic oxidation processes and
measured around 1 pm. Hydrophilicity was lowest on the an-
odization-treated surface, with a contact angle of 87.2°. The
OCP measurements showed that the oxidized surfaces
demonstrated similar corrosion behaviors and were more
electrochemically stable than the as-received sample.
Moreover, while Tafel extrapolations indicated that the cor-
rosion of the as-received sample was lower than those the ox-
idized surfaces, polarization and weight loss measurements
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showed that the oxidized surfaces exhibited passivation. The
anodically oxidized sample presented the highest corrosion
resistance. The EIS studies also revealed that the corrosion
reactions on the oxidized surfaces were carried out by com-
plex mechanisms, including mass transfer (diffusion). The
protein adsorption levels on the surfaces were found to be
similar for all samples after the 24-, 48-, and 72-h periods.
Fibroblast cell viability was higher in the anodized sample
than in the untreated sample. The plasma-treated surface and
the as-received surface exhibited similar viabilities after the
24- and 48-h periods, while the former exhibited a higher vi-
ability after the 72-h period. Similarly, the anodized surface
featured a better osteoblast cell viability after 48 h. Lastly, al-
though measuring cell viability may offer an idea to determ-
ine the biomaterial compatibility, differentiation, migration,
gene expressions, and antibacterial effects should be evalu-
ated for a more accurate determination.
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