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Abstract

Titanium and some of its alloys exhibit excellent anti-corrosive and
biocompatibility properties due to rapid formation of a passive film on their
surfaces when exposed to the atmosphere. However, such materials present
poor osteoindutive properties. Surfaces modified via anodization are being
proposed in this study to promote a chemical interaction between implants and
bone cells. For this purpose, samples in Ti-6Al-4V alloy discs were anodized in
a phosphoric acid solution using pulsed current for being applied in orthopaedic
implants. The pulsed current is based on duty cycle (DC), which was supplied
by a square wave pulse rectifier at 100 Hz and maximum tension of 30 V. A
scanning electron microscope was used to obtain images of the anodized
surfaces, thus revealing the presence of uniformly distributed pores over the
entire surface, measuring approximately 2 um in diameter. Osteogenic cells
grown on the surface of the control and anodized samples were assayed for
cytotoxicity and mineralized matrix formation. The anodized surfaces presented
a higher rate of viable cells after 10 days, as well as a higher amount of nodules
(p = 0.05). In conclusion, these results suggest that the nanotopography
promoted by anodization using pulsed current induces beneficial modulatory
effects on osteoblastic cells.
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1. Introduction

Currently, there has been growing interest in achieving osseointegration in shorter
periods of time. In the past 40 years, titanium and its alloys, especially Ti-6Al-4V,
have been considered the best choice as biomaterial for dental and orthopaedic
implants and prosthesis, as they present good biological and mechanical
properties [1, 2]. Aluminum and vanadium are alfa and beta stabilizers of titanium
alloys, respectively, and they were selected so as to obtain a desirable
microstructure and good mechanical properties. Despite these elements being
associated with cytotoxicity [3, 4], researchers verified their ions, and found that
they have an important function to a bone-forming cell. It can be possible that
vanadium is a powerful element on maturing cells, although more studies are
necessary [5]. As a result, recent researches on biomedical implants and
biomaterials have focused their attention on developing materials which present
surface characteristics that stimulate favourable cellular responses, as well as
topographies that accelerate osseointegration [6, 7].

For improving the integration of an orthopedic implant with the bone tissue,
various surface treatments for chemical and topographic modification of
titanium have been considered. These include abrasion, polishing, etching,
anodizing, among others. Surface properties of titanium implants are key factors
as regards speed and stability of the implant integration with the bone. Surfaces
with roughness in a micrometer scale are commonly prepared by sandblasting
and acid etching. However, proteins and cells interact with the implant in a
nanometer scale [8].

Anodizing electrochemical processes are based on the oxidation of metallic
materials to form uniform and relatively thick films at room temperature [9].
Several metals and alloys undergo a spontaneous oxidation process when
exposed to the atmosphere, thus leading to the formation of a very thin oxide
layer on their surface [10]. Anodizing allows the obtainment of a relatively thin
oxide layer that is denser than that which is naturally formed in the atmosphere.
In the case of titanium and its alloys, this layer has been used to improve
osseointegration [11].Researchers are particularly interested in this technique as
it is a simple and easy method to manipulate experimental parameters in order
to obtain microporous or nanoporous TiO, films. Determinate characteristics of
the resulting oxide, such as the shape and size of pores, as well as their
crystallinity, can promote cell nucleation and mechanical interlocking through
bone growth in pores, thus leading to a more rapid osseointegration and implant
stability within the body [12-16]. Experimental parameters that affect these
surface characteristics are concentration, pH and temperature of the electrolyte,
electric potential difference imposed between the cathode and the anode, the
applied current density, and anodizing time [10, 17]. The thicker and more
uniform layer can increase the corrosion resistance and abrasion from the
implant and it is quite likely to improve osseointegration. [1, 13, 18-20]. Some
researchers firmly believe that the crystalline structure of anodized TiO, has the
potential to significantly affect its performance as a biomaterial [21]. In this
sense, there are three crystalline forms of TiO,: brookite, rutile and anatase; the
latter being formed in lower temperatures and used in several application fields,
including medical applications [22]. Anatase is known to have a higher electric
conductivity than amorphous TiO,, thus favouring charge transfer and the
anodizing process. Furthermore, this crystalline form is less soluble in
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physiological fluids than the amorphous form, consequently contributing to the
resulting film’s stability [23, 24]. In the present work, an anodic oxide film on
the Ti-6Al-4V alloy was formed by using the pulsed current anodizing process.
Then, osteoblast cells from calvarium bone neonate rats were inserted with
anodized Ti-6Al-4V samples, and the effects of chemical composition,
topography of the substrate on cytotoxicity, matrix mineralization, and
formation of cellular cytoskeleton were studied.

2. Material and Methods
2.1. Sample preparation

The samples were prepared by using Ti-6Al-4V dowels measuring 1.1 cm in
diameter. The dowels were cut into disc shapes measuring 0.3 cm by using an
ISOMET 1000 precision cutter. Prior to the anodization, the samples were
mechanically polished with SiC in the following granulations: 100, 200, 400 and
600 mesh. They were subsequently washed in ethanol for 10 min and a further 10
min in deionized water with an ultrasound device. Afterwards, they were polished
in order to obtain mechanically reproducible surfaces. Twelve of the samples
obtained in the previously described process were anodized in a 2.5 mol/L H;PO,
solution. Literature offers a multitude of possible combinations of anodizing
parameters to obtain films with different structural characteristics. Generally
speaking, anodic films on titanium grow with a crystalline structure at high
potentials and with an amorphous structure at low potentials [24, 25]. However, in
earlier studies, it has been demonstrated that it is possible to obtain crystalline
films with the least potential (such as 10 or 30 V), since the anodization time is
increased [25-27]. In this context, it was applied a pulse current of approximately
0.1 A cm™ (100 Hz frequency, 15 min cycle, 40% efficiency per cycle) and
maximum tension of 30 V. During the anodization process, the medium
temperature varied between 21 and 23 °C. Then, the samples were washed in
deionized water and left to dry in contact with air.

A digital oscilloscope (MO2061 model from Minipa), a square wave pulse
rectifier (GI21P-10/30 model from General Inverter) and a multimeter (ET-2615A
model from Minipa) were used to monitor the electrical parameters in the process.
In the pulse current anodizing, three parameters can be adjusted: the duration of
the current pulse (t,,), the time between current pulses (t,¢) and the magnitude of
the current pulse (ip). The relation between t,, and t determines the duty cycle
(dc) and frequency (f) of the process, defined as dc = t,/(ton + togr) and f = 1/(ty, +
tor). In this work, the set parameters were only duty cycle and frequency. The
control samples (group 1) and the anodized samples (group 2) were characterized
using a ZEISS DSM 940 scanning electronic microscope and a Raman Horiba
Scientific T64000 spectrometer at 514 nm.

2.2.Culture isolation and primary culture of osteogenic cells

All animal procedures were performed in accordance with the guidelines of the
Research Ethics Committee of the School of Dentistry (UNESP) in S&o José dos
Campos (027/2008-PA/CEP). Cells from newborn (2-4 days) Wistar rat’s calvaria
were harvested using the enzymatic digestion process that was previously
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described by Oliveira and Nanci [28]. All samples were sterilized by Gamma
radiation at 20 kGy (Embrarad, Empresa Brasileira de Radiacfes Ltda, Cotia, SP,
Brazil) before cell culture. The cells were plated on the surfaces of samples from
Groups 1 and 2 in 24-well polystyrene plates at cell density of 2 x 104 cells/well
using o-MEM (Gibco-Life Technologies, NY, USA), supplemented with 10%
fetal bovine serum (Gibco), 50 mg/mL gentamicin (Gibco), 5 pg/L ascorbic acid
(Sigma, St. Louis, MO, EUA) and 7 mmol/L B-glycerophosphate (Sigma). During
the experiment, the cells were incubated at 37°C = 1°C in a humidified
atmosphere of 5% CO, and the medium was changed every three days. The
progress of cultures was examined by phase contrast microscopy (Model Axiovert
40C, Carl Zeiss Microscopy GmbH, Jena, Germany). Five samples from each
group were used and all assays were conducted in triplicate.

2.3. MTT assay

The present method is based on a quantitative assessment of living cells after their
exposure to a toxic agent or by experimental incubation with MTT dye [(bromide
3-4, 5-dimethylthiazol-2-yl) -2,5-difeniltetrazoliol] (Sigma). MTT is a salt which
is reduced by mitochondrial proteinases that are active only in viable cells to
produce a soluble formazan product in the culture medium. Then, a
spectrophotometric analysis of the embedded dye is carried out, which is directly
proportional to the number of cells living in the culture medium. In the
cytotoxicity assay, a 0.2% phenol solution was used as positive control. To assess
the cells’ viability, they were grown in wells and evaluated in periods of 3 and 10
days. After being cultured in both periods, the MTT solution was added to the
cells which were then incubated at 37°C + 1°C for 4 h to form purple formazan
crystals. Next, the supernatant was removed and the samples were washed with
PBS, followed by the addition of 1 mL isopropanol acid (0.04 mol/L HCI in
isopropanol) to each well so as to dissolve the formazan crystals. A colorimetric
analysis was performed with an EL808IU spectrometer (Biotek Instruments,
Winooski, VT, USA) at 650-570 nm. Data was expressed as absorbance.

2.4. Cell morphology

For the morphology analysis, the cells were cultured for 7 days. At 7 days, the
cells were fixed for 10 min at 37°C + 1°C using 4% paraformaldehyde in 0.1
mol/L phosphate buffer (PB) at pH 7.2. After being washed in PB, they were
processed through direct fluorescence to verify the presence of cytoskeletons. The
cells were then permeabilized with 0.5% Triton X-100 in PB for 10 min, followed
by blocking unspecific background with 5% skimmed milk in PB for 30 min. A
mixture of Alexa Fluor 488 (green fluorescence) and phalloidin (1:200, Molecular
Probes Invitrogen) was incubated for 60 min in a humidified environment at room
temperature. Before mounting for microscopic observation, the cells nuclei were
stained with 300 nmol/L 4',6-diamidino-2-phenylindole dihydrochloride (DAPI,
Molecular Probes Invitrogen) for 5 min, and the samples were briefly washed
with distilled water subsequently. The samples were mounted using an antifade
kit (Vectashield, Vector Laboratories, Burlingame, CA, USA). They were then
examined under epifluorescence using a Leica DMLB light microscope (Leica,
Bensheim, Germany) fitted with a Leica DC 300F digital camera.
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2.5. Mineralized bone-like nodule formation

The formation of mineralized nodules was assessed after 14 days of culture.
Afterwards, the wells were washed three times with Hank's solution (Sigma) at
37°C + 1°C, and the cultures were fixed with 70% ethanol for 1 h at 4°C.
Following their fixation, they were washed twice with PBS and stained with 2%
Alizarin red S (Sigma) at pH 4.2 for 15 min at 37°C + 1°C. This solution stains
mineralized matrix nodules. The samples were washed three times with deionized
H,O and left to dry for 24 h at 37°C + 1°C. To quantify the formation of
mineralized nodules, 560 pL of 10% acetic acid was added to each well and, to
neutralize the acid, 40 pL of 10% ammonia hydroxide was subsequently added.
The reading was performed at 405 nm in a spectrometer. The values were
expressed as optical density.

2.6. Statistical analysis

The statistical analysis was performed using a nonparametric test, for independent
data (Kruskal-Wallis), followed by a multiple comparison test whenever
applicable (Dunn). The significance level was 5%. The results are representative
of experiments performed with three distinct primary cultures.

3. Results and Discussion

3.1. Sample characterization

Figure 1 shows oscilloscope data on the current pulse applied during the
anodization of the twelve samples of commercial Ti-6Al-4V alloy. These
samples were subsequently assessed for cellular viability. According to the data
collected, current pulses ranged from 400 to 700 mA, whilst the tension
remained constant at 30 V. This variation may be due to small differences
between the mechanically polished surfaces which exhibit different
susceptibility to oxidation and film growth.

Figure 2 shows the SEM images with the same magnification (1000 X). The
micrographs reveal that the anodizing by pulsed current induces strong
morphological variations during film formation. An apparently uniform
distribution of different pore sizes (< 5 um) was observed.

Figure 3 shows the Raman spectrum of the formed film, displaying three
bands positioned between 400 and 700 cm™, which may be attributed to the
crystalline structure of TiO, anatase [29]. However, the peak indicated at
approximately 158 cm™ is usually associated with amorphous TiO, oxide,
which is opposed to the peak that is typically seen in crystalline anatase,
which occurs at around 147 cm™, as reported by several authors [30-33].
However, Liu et al. [29] have attributed this intense peak at 158 cm™ to the
anatase. Raman spectra of thin films on various substrates anatase were
obtained by these authors, wherein the bands’ frequencies were identified as:
147 (+ 2.8) cm™, 392.8 (+ 4.3) cm™, 515.2 (+ 5.3) cm™, 513.14 (+ 7.4) cm™
628.8 (+10.2) cm™.
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Fig. 1. Oscilloscope data showing current pulses
applied during the anodization of the twelve Ti-6Al-4V samples.
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Fig. 2. Ti-6Al-4V micrographs obtained using SEM:
(a) before; (b) after pulsed current anodization.
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Fig. 3. Raman spectrum obtained for one of the twelve anodized samples.

3.2. In vitro tests
3.2.1. MTT assay

Cell viability has gradually increased in all groups over time; i.e. the cells
continue to grow over time, indicating that none of the samples were toxic.
ANOVA results showed no statistically significant difference in cell viability
after 3 and 10 days of culture (p>0.05), both in G1 and G2. However, the
descriptive statistical analysis demonstrated that the anodized samples presented
better results in both studied periods; i.e. the mean number of viable cells of
anodized samples was higher than the other groups of samples. At 3 days, the
values of G1 and G2 were 0.038 and 0.055 respectively, and 0.124 and 0.128 at
10 days. An increase in cell viability was seen as time progressed, with a
statistical difference observed between the periods (p<0.05). At 10 days, the
anodized samples presented the highest viable cell counts.

3.2.2. Cell morphology

Randomized cell spreading occurred on all surfaces. Irrespective of material
composition, dense samples presented a large number of cells in both groups.
Figure 4(a) shows that the anodized samples presented a greater number of cells
with a more elongated shape, whilst there was less cell density in the control
group. Figure 4(b) shows a porous surface with stellate polygonal morphology
and multidirectional spreading. Cell nuclei are shown in blue and cytoskeletons in
green by Direct Fluorescence, Alexa Fluor 488, phalloidin and DAPI.

3.2.3. Mineralized bone-like nodule formation

As regards the mineralization nodules at 14 days, it was observed that group 1
exhibited mean absorbance value of 0.088, while group 2 showed a value of
0.063, not being a statistically significant difference (p> 0.05).
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Nodule formation at 14 days was neither affected by the material, nor by
surface topography. Group 1 showed a mean absorbance value of 0.088, whereas
group 2 obtained a value of 0.063, which is not a statistically significant
difference (p>0.05).

Fig. 4. (a) Cell spreading in anodized samples: more cells
and more numerous elongated shapes; (b) Cell nuclei are shown in blue,
while cytoskeletons in green.

In the in vitro tests of the present study, it was observed that the cell viability
increased in the treated samples, but without showing a significant statistical
difference, suggesting better cellular response to anodized surfaces and indicating
that the parameters used for anodizing did not exhibit cytotoxicity. Therefore, it
was concluded that the chemical composition and topography of the anodized
surface promoted osteogenesis and cell viability, corroborating with findings from
previous studies [24-37].

This study described and assessed an anodic electrochemical process that
resulted in TiO, formation. Pores were found in the TiO, layers, which stimulated
the absorption of proteins and the recruitment of osteoblasts in comparison with the
control group. The increased number of viable cells observed in this study could be
attributed to the presence of pores, as this would provide a larger surface area
available for cell growth, which is associated with modifications in the surface
chemical composition, as the achievement of anatase phase.
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Several authors have previously shown that osteoblast cell adhesion and
orientation, as well as faster osseointegration occur in anodized surfaces [38-42].
This is possibly due to the crystalline aspect of the TiO, film, and it can be
associated with open and irregular shaped pores that emerge on the implant
surface during the anodization. These pores resemble the shape of volcanoes, with
1 to 2 um mean diameter [36, 39, 42]. This type of surface presents an integral
topography, absence of acute characteristics and good capacity for retaining
liquids and bone tissue, according to the consulted literature [43-46].

It was observed that the anodization of the samples strongly affected the
cellular cytoskeleton. Cell spreading was greater on the anodized samples than in
the control group. This behavior can be explained by the chemical attraction of
the anatase layer. Sjostrdm et al. [45] reported that anodized Ti surfaces have
enhanced cellular adhesion, dissemination, cytoskeleton formation and cellular
differentiation, which is probably due to a more hydrophilicity feature of the TiO,
crystalline phase, such as anatase features.

Cell differentiation can be assessed by cell spreading, filopodia extension,
cell density, and also mineralization nodule formation. The amount of
mineralization nodules formed in the anodized group was less prominent, and
similar to what was observed in the control group, suggesting that cell
differentiation happened in both groups. According to Pereira et al. [47], the delay
in cell differentiation on experimental surfaces could suggest that terminal
osteoblastic differentiation on modified surfaces would not necessarily depend on
cell multilayering that takes place after the confluence on flat, dense substrates,
and precedes and colocalizes with nodule formation in calvarial cell cultures.

4. Conclusions

The anodization process by pulsed current plays an important role in modifying
implant surfaces, as it enhances cellular response, indicates an increase of cells, and
brings benefits in medical and dental clinics. These findings reveal that the
development of modified structures with a new surface, such as the anodized Ti-6Al-
4V surface demonstrated in this study, should enable better osseointegration and cell-
implant. Furthermore, it indicates that the anodization parameters (pulse current of 0.1
A cm’, 100 Hz frequency, 15 min cycle, maximum tension of 30 V, and 2.5 mol L™
phosphoric acid) improve bone formation and can be used in the development of
implants to be utilized in surgical procedures. Therefore, more studies, especially in
vivo, should be conducted to confirm the results obtained from this research.
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