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Micro and nanoscale changes allow the optimization of physico-chemical
properties of titanium implant surfaces. Recently UV and plasma treatments
have allowed surface hydrophilicity to take increased prominence; however,
this beneficial effect is short-lived. The aim of this study is to investigate
methodologies post-anodizing treatment to generate and maintain high sur-
face hydrophilicity along with high biocompatibility. Anodized surfaces
were characterized regarding physical-chemical properties. Then, surface
wettability with nanomorphology was evaluated at different times and
with distinct post-treatments: as deposited, with a reactive plasma and
UV-light post-treatment, stored in air or deionized (DI) water. Adhesion,
alkaline phosphatase (ALP) activity and bone cell viability tests were exe-
cuted after the incremental treatments. The anodizing process generated a
surface with TiO, nanotubes morphology and micro-roughness. Plasma-
treated surfaces resulted in the most hydrophilic samples and this property
was maintained for a longer period when those were stored in DI water
(angle variation of 7° to 12° in 21 days). Furthermore, plasma post-treatment
changed the titanium surface crystalline phase from amorphous to anatase.
Anodized surfaces modified by reactive plasma and stored in DI water
suggest better hydrophilicity stability, biocompatibility, ALP activity and
achievement of crystalline phase alteration, indicating future potential use
on biomedical implants.

1. Introduction

Orthopaedic and dental implants are increasing in global prevalence, with hun-
dreds of thousands of operations performed annually. However, a significant
proportion of these operations fail (around 11% more) due to early loading
by clinicians [1]. Thus, researchers are proposing several modifications to sur-
face topography and chemical activity of the titanium-based implants in
order to promote higher biocompatibility, fast cell adhesion and physical-
chemical resistance [2—4]. Dental and orthopaedic titanium implants are sub-
mitted to post-processing treatments and surface texturizing to accelerate and
improve cell reaction along the surface in order to provide faster and more effec-
tive bone adhesion [5,6].

Titanium surface treatments alter many properties, such as morphology, rough-
ness, crystalline phase and wettability [3,5,6]. These properties strongly influence
the cellular responses [2,5,6] and need to be evaluated with rigorous characteriz-
ation tests every time a new implant surface is proposed. Electrochemical
anodization possesses a characteristic of creating a surface morphology with
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TiO, nanotubes (TNTs), which present a characteristic of super-
ficial large area nanotexturization [6,7]. TNTs possess unique
surface properties such as the ability to carry drugs or nanopar-
ticles, to increase surface energy, to alter wettability and to
interact with cells at the nanoscale [7-10], which can improve
the success rate of biomedical implants.

Wettability is one of the properties most reported by
researchers with degradations due to ageing occurring in the
storage environment [11]. Scharnweber et al. [11] reported that
atmospheric organic impurities contaminate the surfaces of
the titanium implant during shelf storage and reduce the
adhesion of plasma proteins and osteoblasts. On the other
hand, expressive wettability alterations are made with post-
TNTs manufacturing treatments [12]. Recent approaches with
thermal treatments, photofunctionalizations, UV and plasma
usage, and coating applications [8,12-15] presented substantial
wettability alterations of the TNTs, both for hydrophilic and
hydrophobic properties. Choi et al. [10] reported that UV and
plasma treatment increased the rates of attachment, spread
and proliferation of murine osteoblast cells, as well as the
capacity of protein adsorption. Similarly, other studies have pro-
posed the application of UV-light to increase hydrophilicity and
consequently obtained improvements in cell responses that are
determinants for faster osseointegration [16,17]. However,
many of these treatments quickly alter the wettability without
the possibility of maintaining these enhanced properties for
an extended period of time after contact with air [11,13].

Highly hydrophilic properties are reported by studies to
have greater adhesion potential and cell proliferation in bio-
medical implants due to their high-energy surface and cell
spread [14,18]. As such, surface nanotexturization shows
more expressive results in osteogenic evolution and prolifer-
ation speed in in vitro and in vivo studies [6,9,19]. Some
authors reported that TNTs present an amorphous crystalline
phase after deposition and thermal annealing converts the
surface to the anatase phase and promotes enhanced biocom-
patibility between the TNTs and osteogenic cells [20,21]. In
addition, expressive benefits are evidenced in relation to cel-
lular responses when the topographic orientation has
characteristics in a highly oriented or partially oriented
design [22]. These results show that these optimized proper-
ties should be available at the time of surgery without losing
these characteristics during manufacturing, storage and sale
of biomedical implants.

In this work, we report the development of a nano-
structured surface (TNTs) from an anodizing treatment
over pure titanium grade II in order to evaluate its
physical-chemical and bio-adhesion properties. Moreover,
investigation of methodologies such as reactive plasma,
UV-light exposure and deionized (DI) water storage, aiming
to alter and maintain surface hydrophilicity up to 21 days.
Finally, the changes in the crystalline phase and superficial
morphology on surfaces, along with biocompatibility and
cell adhesion tests were analysed.

2. Materials and methods
2.1. Samples preparation

A titanium grade II slate (TitanioBrasil, Sdo Paulo, Brazil) was used
to manufacture 50 discs, 1 mm thick and 6 mm wide. The samples
were cleaned with a 70% ethanol solution (this and all other reagents
were from Sigma, St Louis, MO, USA, unless otherwise indicated)

Table 1. Anodized groups (TNTs) and storage condition after first wettability I}

test.

anodized groups treatment after

(TNTs) anodization

storage after immediate

wettability test

G1 - TNTs no treatment ambient conditions -
sterilized 24-well cell
culture plate sealed

G2 - TNTs - UV UV light for 10 min ambient conditions -

previous the sterilized 24-well cell

wettability test culture plate sealed

G3 - TNTs - plasma reactive plasma ambient conditions -

sterilized 24-well cell
culture plate sealed

G4 - TNTs - reactive plasma deionized water - sterilized

plasma - DI 24-well cell culture

plate sealed

and manually grounded using emery papers (SiC papers) of vary-
ing grit sizes (300, 600 and 900) to achieve a similar surface finish.
To initiate the anodizing process, the samples were put in acetone
for 5 min and then washed with DI water.

2.2. Anodizing process

All the samples were attacked with a solution of hydrochloric
acid (HCI - 38%) and sulfuric acid (H,SO,) diluted at 70% for
1 h at 98°C in order to produce a rougher surface. The samples
were washed as described: DI water, isopropylic ethanol, acetone
and DI water. All reagents were purchased from Merck with the
highest purity—PA (pro analyse) grade. After drying with dry
nitrogen flux, the samples were anodized in an ultrasonic bath
(25 kHz) with an electrolytic solution composed of ethylene
glycol, 0.5% NH4F (ammonium fluoride), 10% DI water and con-
trolled voltage of 40 V for 1 h. The Ti samples were used as the
anode and a Pt (platinum) sheet was used as the cathode. The
temperatures of the solution and bath were maintained at 10°C
during the entire process. After anodizing, the sample was
cleaned with the same sequence and dried with N,. The samples
were divided into four groups as showed in table 1. A non-ano-
dized surface was used as control. Finally, the samples were
enveloped and sealed on sterilization paper, to be opened only
when the characterization and wettability tests were performed.

2.2.1. Reactive plasma

For plasma treatment, a dedicated vacuum chamber was devel-
oped. The equipment consisted of a cathode with a central
magnet oriented in the N-S direction and eight inverted orien-
tation satellite magnets (5-N). The chamber was coupled to a
vacuum system consisting of a diffusion pump (6001s™) and a
mechanical pump (22 m® h™) both Edwards brand. The cathode
was machined from titanium and the anodized titanium samples
were placed on it with the surface to be treated upwards. The
anode consisted of a brass ring 2 mm away from the cathode
in order to form the plasma only in the central region of the
equipment as can be seen in figure 1. After mounting the equip-
ment with the samples, the chamber was evacuated to a base
pressure of 6 x 107° Pa. The system was filled with a mixture of
90% Ar (6.0) and 10% O, (5.0) up to a working pressure of 3 x
107" Pa. All gases were purchased from Air Products Company.
To start the plasma an Advanced Energy DC power source
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Figure 1. Device disconnected (a) and device in operation applying the plasma treatment (b).

operating at 400 V and a controlled power of 30 W was used. For
all samples, the plasma application time was 5 min in order not
to promote changes in the temperature of the samples. Figure 1
shows the device in operation.

When the plasma is on, the luminous region is formed by elec-
trons and ions of Ar*, Ar**, O," and O,™". The positive ions are
accelerated towards the cathode which is at a potential of —400 V
resulting in energies between 400 and 800 eV. The energy of the
ions will be transferred to the surface of the samples, generating
surface annealing [23]. As the surface is formed by TiO, nano-
tubes, channelling will increase the range of the ions allowing
the annealing to take place at a greater depth. This superficial
annealing may precipitate crystalline phases in this region,
which will be evaluated by X-ray diffraction.

2.2.2. Ultraviolet light treatment

For the post-anodizing UV light treatment (300 nm wavelength),
a UV light chamber (QT-UV600-C, FL, USA) was used to put the
samples (1 =9) inside for 10 min, based in short UV applications
[24,25], for later surface characterization.

2.3. Surface characterization

To evaluate morphology and properties of the TiO, nanotubes
acquired by the anodizing process, a scanning electron microscope
(FESEM, Inspect F50, Prague, Czech Republic), a transmission
electronic microscope (TEM, Tecnai G2 T20, Prague, Czech Repub-
lic), Rutherford backscattering spectroscopy (RBS, Tandetron
3 MV) and Raman Spectroscopy (Witec AlphaR-300) were used.

For roughness characterization, an atomic force microscope
(AFM, Dimension Icon, Bruker, MA, USA) was used. Three read-
ings were made in three different random samples (1 = 3) at three
different points (control samples and anodized samples), with
the cut-off value of 30 pm, for statistical analysis using the
NanoScopeAnalysis® software [26]. Two roughness parameters
were measured (Ra—two-dimensional and Sq—three-
dimensional).

The crystalline structure of each sample was investigated by
X-ray diffraction (XRD; XRD-7000, Shimadzu). Cu-K,, radiation
was used at 40 kV and 40 mA and the measurement were performed
for 26 values between 10° and 100° with a 0.02° pitch [14].

2.4. Wettability tests

To measure the wettability stability of anodized surface groups, a
Goniometer—Contact Angle Measure (Phoenix 300, SEO, Kosek-
dong, Korea) was used. The test was applied at five different
times: immediately after anodization (plasma or UV); 1h, one
week, 10 days and 21 days after the first measurement. All
measurements were performed with three different samples for
each time and group. A drop of 0.012 ml of DI water was applied
on the surface and measured by the software (Surfaceware8, ver-
sion 10.11, Korea). The samples were stored after the first test
according to table 1.

2.5. Cell culture

For the biocompatibility tests, the surface treatments post anodi-
zation with the best hydrophilicity performance were chosen (G1
and G3, G4—groups using reactive plasma) to be compared with
the negative control (machined surface). For a completely sterile
environment, all samples were sterilized in a 120° autoclave for
30 min after the anodizing process, and the post-treatment
applied previously to the cell culture experiments. The samples
were transferred under sterile conditions and the cell experiment
was carried out in a sterile flow chamber.

Epididymal adipose tissue of two male 8- to 10-week-old
Lewis rats was used to collect adipose tissue-derived mesenchy-
mal stem cells (ASCs). The present study was approved by the
Ethics Committee for Animal Research of the Pontifical Catholic
University of Rio Grande do Sul (protocol no. 7467) following all
regulations for animal use (Brazilian Regulation no. 11.794, Octo-
ber 2008) according to Ethical Principles in Animal Experimental
Research. Culture medium (CM) was composed of Dulbecco’s
modified Eagle’s medium/low glucose (DMEM, Gibco BRL,
Gaithersburg, MD, USA) with 3.7 gl™' sodium bicarbonate
(this and all other reagents were from Sigma, St Louis, MO,
USA unless otherwise indicated), 2.5 g 1"! HEPES, 10% fetal
bovine serum (Cultilab, SP, Brazil) and 1% penicillin/streptomy-
cin (Gibco). Primary cultures were established by plating the cells
into six-well culture plates (TPP, Trasadingen, Switzerland), with
incubation at 37°C in with 5% CO,, for 72 h. With 80% conflu-
ence, osteogenic differentiation was induced by culturing for
four weeks in CM supplemented with 10-5 M dexamethasone,
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5pg ml™" ascorbic acid 2-phosphate and 10 mM B-glyceropho-
sphate [26,27], and ASCs in osteogenic medium alone were
observed as control cultures. Differentiated osteoblasts (1 x
10* cm™2) were seeded over the samples.

2.5.1. Viability

Osteoblast viability on different surfaces was (1=3 per group
and time) evaluated by 3-(4, 5-dimethylthiazol-2-yl)-2, 5-di-
phenyl tetra-zolium bromide (MTT, Sigma-Aldrich, Sdo Paulo,
Brazil) assay. After incubation for 3 and 10 days, the samples
were washed with PBS and transferred into a new 96-well
plate (TPPE, Trasadingen, Switzerland). Next, the mixed solution
of o-MEM (400 pl) and MTT (100 pl) was added. The solution
was then cleared until the plate was put in a constant tempera-
ture incubator at 37°C for 4 h. Afterwards, 300 pl of dimethyl
sulfoxide (DMSO) was added. Finally, 200 pl of DMSO solution
was transferred to a 96-well plate, and the absorbance was
measured with a spectrophotometric microplate reader at a
wavelength of 490 nm [28].

2.5.2. Alkaline phosphatase

For alkaline phosphatase (ALP) activity measurements, osteo-
blasts were seeded into 24-well plates (TPP, Trasadingen,
Switzerland), on four surface groups (control, G1, G3 and G4),
and incubated at 37°C with 5% CO,. After the culture time, the
intracellular ALP was investigated at 3 and 10 days. Thereunto,
centrifugation at 10000 rpm for 5min was applied, and the
supernatant was collected for the detection of ALP activity.
The final measurements were normalized using the total protein
and calculated using a BCA (bicinchoninic acid) Protein Assay
Kit (Pierce, Bonn, Germany), which was employed according
to the manufacturer’s instructions. Final absorbance was investi-
gated using spectrophotometric microplate reader at 490 nm [28].

2.5.3. Adhesion

Osteoblasts were seeded into 24-well plates (TPP, Trasadingen,
Switzerland), on four surface groups (control, G1, G3 and G4),
and incubated at 37°C with 5% CO,, for 240 h. Afterwards,
samples (1 =2) were gently washed three times with 10 ml of
phosphate-buffered saline to remove loosely bound cells and
immediately fixed by immersion in 2.5% glutaraldehyde and
0.1 M phosphate buffer (pH 7.2-7.4) for 1 week. Samples were
prepared by critical point drying and sputtered with gold to be
examined using SEM at an accelerating voltage of 20 kV.

Furthermore, samples (1 = 2) were stained using rhodamine
B (100 nM) during 10 min of incubation in the dark at environ-
ment temperature, to visualize the cell nuclei. Rhodamine
binds to cell DNA and fluorescence intensity may express cell
number and vitality. The samples were rinsed with PBS three
times and fixed with formaldehyde 4% for 30 min. Confocal
microscopy (Zeiss, LSM 5 Exciter, Germany) was employed to
visualize the cell staining.

2.6. Statistical analyses

All data are as means + standard deviation (s.d.). For continuous
data (roughness, wettability, MTT, ALP), comparisons between
groups were applied using the Student’s t-test. One-way
ANOVA, when necessary, was applied to analyse the results.
We performed statistical analysis using OriginPro 7.5 and a sig-
nificant difference between groups was considered to occur at 5%
(p<0.05).
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Figure 2. Surface properties of TNT samples from this work: (a) XRD spectra;
(b) Raman spectra and (c) RBS spectra.

3. Results

3.1. Surfaces characterization

As soon as the samples were made, the crystal structure was
characterized by grazing angle XRD (incidence angle of 3°).
The XRD patterns, for all samples, exhibit peaks associated
with the substrate material, Ti-machined, matching the alpha-
titanium crystallography (PDF no. 44-1294), with the exception
for the sample G3 from group figure 2a. The sample from
group G3 shows four different peaks (indicated by arrows
letter A) that match with the anatase crystal structure (20=
25.38° 48.07°; 53.92° 55.10°) matching the pattern PDF no.
21-1272. It shows that plasma treatment changed the crystalline
structure of the TNT surface. Due to the high energy of the
impacts of Ar and O, ions on the surface of the TNTs during
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UV-light (bi) and plasma (bii) treatments. TEM of Ti0, nanotubes (c).

the plasma treatment process, it is possible that the crystalliza-
tion of the anatase phase has occurred. Anodizing of titanium
surfaces revealed Raman vibration modes (figure 2b) at
155cm™  (Eg-A), 2020cm™ (Eg-A), 397 cm™ (Bl g-A),
407 cm™ (B1g-A), 514cm™ (Alg-A) and 636 cm™" (Eg-A)
belonging to the TiO, anatase phase [29-31]. This observation
is consistent with X-ray diffraction data which revealed a mix-
ture of the anatase phase with the compact hexagonal phase of
the metallic Ti present in samples G1, G2 and G3.

Figure 2c shows the RBS spectrum obtained with 1 MeV
alpha particle beam detected at an angle of 165°. The samples
from groups G1, G2 and G3 were compared with a dense tita-
nium oxide sample of the same thickness as the TNTs. It can
be observed that samples with TNTs have a decrease in sur-
face count due to density decrease due to nanotubes. Group
G1 that received no post-treatment showed the largest
decrease in counts, indicating the formation of nanotubes
on the surface. The plasma exposure group G3 shows that
there was an increase in surface density due to mixing
caused by ion bombardment; however, still with a lower den-
sity than dense TiO,, indicating that the structure of TNTs

————1 200 nm

OO0
N L
AOLA Sy

.

was not compromised. This increase in density may also be
due to the formation of the anatase phase near the sample
surface. The G2 group that received 10 min of UV radiation
showed a slight increase in density compared to the GI
group probably caused by the higher surface oxidation due
to UV exposure in air. Further details on the use of RBS for
the characterization of TNTs can be found in reference [32].
The proposed anodizing process developed a nanostruc-
tured TNT surface as can be seen in figure 3a,b. No changes
in surface morphology were observed after the use of UV
light or reactive plasma (figure 3b). Table 2 shows the
measurements made by FESEM, without statistical signifi-
cance, between the nanotube’s diameter and the
intertubular spaces after the different treatments. Further
details on the nanotube structures can be obtained from a
previous study [32]. Transmission microscopy shows ano-
dized tubes of high quality, with thick walls and an empty
internal area, which increases surface energy (figure 3c).
The roughness measured by the AFM in the samples was
statistically higher in the TNTs (in average 1570 nm) than in
the control group (in average 210 nm) as observed in two
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Figure 4. (a) Roughness measurements in two parameters (Ra and Sq) and three-dimensional graphs of machined surface (b) and anodized surface (c). Statistical

significance is shown by *p < 0.05.

Table 2. Nanotubes diameter and intertubular spaces measures.

post- nanotubes intertubular
treatments diameter (nm) distances (nm)
G1 66+5.5 20.2 + 185

G2 647 £75 252+ 15

G3 68 +3.5 21.5+20.2

analysis parameters: Ra (two-dimensional) and Sq (three-
dimensional), which can be seen in figure 4.

3.2. Wettability stability

The wettability results show alterations of this property in
relation to the post-treatment, time and storage condition.
The best surface performances in terms of hydrophilicity
are immediately verified after the application of plasma or
UV light (figure 5a) with the lowest contact angle 7° in G4.
As time elapses (1h, 1 week, 10 days and 21 days), the
stored samples in contact with air presented loss of hydrophi-
licity, while the group stored in DI water maintained constant
hydrophilicity (figure 5a). Statistically, plasma and UV light
post-anodizing intensely altered the surface hydrophilicity
at time Oh and 1h (*p <0.05). However, after 1 week and
10 days, only groups G3 and G4 presented significant data
(*y <0.05) and after 21 days, only group G4 maintained
total hydrophilicity, as can be seen in the graphic (figure 5b).

3.3. Biological responses (viability, alkaline phosphatase
and qualitative adhesion)

The viability of surface osteoblasts was investigated through
a MTT test. G4 (TNTs+ plasma+DI) was statistically
superior both in 3 days as well as in 10 days compared to
the machined surface (control) and TNTs without post-treat-
ment (G1), *p<0.05, revealing a better reaction and cell
viability with the surface in the early periods (figure 6a).
Similarly, in relation to ALP activity, the results of the
group (G4) stored in DI water were statistically superior at
3 and 10 days. However, after 10 days, the group treated
with plasma and stored in ambient O, (G3), showed the
same performance suggesting a similar cell reaction after a
long period of culture with bone cells (figure 6b).

In addition, after 10 days of culture, the qualitative
microscopy images suggest excellent adhesion and well-
marked osteoblastic tissue formation on the surface of the G4
group in relation to the other groups tested, which suggests
a quicker and positive relation between cells and biomaterial
(figure 7). However, the images suggest excellent adhesion in
the G3 group, according to the qualitative analysis, and
stable cell adhesion in the G1 and control groups.

4. Discussion

Seeking the development of an accessible surface for clinical
use, we resorted to a methodology that promoted important
physico-chemical surface modifications to the, Ti, including
nanomorphology, high biocompatibility and superhydrofili-
city in order to have the best biological response to bone
cells. These three properties are individually reported
through studies as surface changes that significantly improve
cellular responses [2,9,13,14].

Thus, we critically characterize the anodized surface after
additional UV light and Ar/O; plasma treatments to show its
advantages in terms of biocompatibility. Surface nano-
morphologies and changes in the crystalline phase (anatase)
of Ti surfaces are proven promoters of better behaviour and
cellular expression [9,21,33]. The application of Ar/O,
plasma altered the crystalline phase of the Ti surface justify-
ing the different peaks found in the XRD and Raman
analyses corresponding to the anatase phase. Different sur-
face heating methodologies are reported to modify the
crystal structure of Ti such as thermal heating, cold plasma
or ions bombardment [13,14,23,34]. Usually, the method-
ologies applied for the transformation of the crystalline
phase use high temperatures and a greater amount of time,
reporting minimal morphological changes or small volume
reductions [35,36]. Moreover, the process of transforming
from the amorphous phase to anatase is important for mech-
anical endurance. A previous study reported that initial
fracture of the nanotubes occurs followed by subsequent den-
sification, which improves the mechanical properties such as
hardness and the elastic modulus [35]. All of these character-
istics together promote topographic properties with better
performance for application in a biological environment.
The plasma methodology proposed in this study altered
the crystalline phase of the surface within a short period
(5 min), using a clean, high-vacuum process with low
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Figure 5. Wettability tests of different treatments after anodization at different analysis times (a). Graphs with statistical significance (*p < 0.05) comparing groups (b).

system heating (no more than 35°C) when compared to heat
treatments.

Yu Sun et al. [13] altered the crystalline phase and wett-
ability properties of Ti by heating in a muffle furnace. They
concluded that the crystalline phase has an important influ-
ence on hydrophilicity properties as well as surface oxygen
vacancy; however, the authors did not perform biological
tests to assess cell interaction [13]. In a similar study, Roach
et al. [37] characterized samples with TiO, nanotubes by
XRD and showed higher bioactivity by simulated body
fluid immersion in samples where the crystalline phase was
anatase. Duske et al. [34] suggested a different plasma meth-
odology and used a cold plasma model; their samples had
high wettability change and their results showed better cell
spreading on the superhydrophilic surfaces developed with
plasma. The results of these studies corroborate our results
using our novel plasma methodology.

The wettability of biomedical implants is the most dis-
cussed property by researchers because of its hydrophilic
and hydrophobic advantages [11,12,38]. The application of
plasma over the anodized surface produced superhydrophilic
characteristics, which has been reported by many studies as
being advantageous for adhesion, proliferation and bone

differentiation  [14,39,40].

occurred in all post-anodizing treatments proposed, with

However, titanium oxidation

small differences in maintenance over three weeks. Therefore,
to increase hydrophilicity, it is necessary to use a solution that
partiality inhibits the oxidation process by O, as is our propo-
sal with DI water. Choi et al. [14] reported similar properties
with the use of solutions around the surface. Conversely,
Dini et al. [41] showed the use of photofunctionalization
with UV light on Ti surfaces stored in contact with ambient
air. Their results of wettability characterization results corrobo-
rate the present results, where hydrophilicity has been
gradually weakening over time when UV light is used [41].
Our in vitro results showed similarities in relation to the
significantly better osteoblast adhesion and viability on the
more hydrophilic anodized surface, resulting from greater
cell spread and adhesion on the surface, generating greater
contact between cell nanostructures and biomaterial along
with intercellular interaction [39,40,42]. After a short dur-
ation of contact between the osteoblasts and titanium,
microscopic images demonstrate intercellular interaction
via filopodia [43]. In our study, after 10 days, we showed
that the development of filopodia on a greater scale only
on the anodized surface immersed in DI water, suggesting
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Figure 6. Statistical significance between groups from cell viability (a) and alkaline phosphatase (b), after 3 and 10 days. *(p < 0.05) represents significance
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Figure 7. Cell adhesion and bone formation on low—30/50 pm scale bar (a) and high—10 pm scale bar (b) magnifications. SEM images (a and b) and confocal
microscopy images—>5 pm scale bar (c).

that maintenance of hydrophilicity is an important factor in developing a nanoporous surface topography [7,44-47], as can
cell adhesion. be seen in our study. Surfaces with this superficial design have
Another important beneficial characteristic of anodization shown excellent osteogenic responses [7,44], fibroblast

reported in the literature is related to the possibility of alignment/ orientation [45] and antibacterial responses [44,46].
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The physical structure of the surface also demonstrated better
mechanical performance due to the more robust formatting of
the TiO, nanotubes [47]. In addition, a surface composed of
nanotubes with high hydrophilicity allows the incorporation
of drugs or nanoparticles that can critically potentiate cell behav-
iour as reported by several studies [8,48,49]. However, the aim of
this study was to verify only the wettability properties without
the possible interference of molecules or drugs with different
hydrophilic or hydrophobic properties [48,50] that could alter
the results.

The limitations of the present study are that it does not
allow extrapolations to clinical applications, as it is necessary
to perform quantitative adhesion analysis, genetic expression
and in vivo tests in future studies. Nevertheless, based on
studies of high-hydrophilicity implants [51,52], the use of
the present methodology to alter the crystalline phase of
the surface of titanium implants, comprising an Ar/O,
plasma treatment of anodized titanium, which is then
stored in DI water, suggests a significant improvement in
bone cell behaviour, justifying its potential application in bio-
medical implants.

5. Conclusion

A reactive plasma system was developed and employed to
improve surface properties. Therefore, the combination of
the anodizing process followed by reactive plasma promotes
a surface with nanomorphology, hydrophilicity, roughness
alterations and apparent anatase crystallinity. The reactive
plasma methodology changes the crystalline phase of the
amorphous Ti surface to anatase in a short time with no
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