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BIOCOMPATIBILITY STUDIES
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Abstract Titanium (Ti) is a material frequently used in
orthopedic applications, due to its good mechanical prop-
erties and high corrosion resistance. However, formation of
a non-adherent fibrous tissue between material and bone
drastically could affect the osseointegration process and,
therefore, the mechanical stability of the implant. Modifi-
cations of topography and configuration of the tissue/
material interface is one of the mechanisms to improve that
process by manipulating parameters such as morphology
and roughness. There are different techniques that can be
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used to modify the titanium surface; plasma electrolytic
oxidation (PEQO) is one of those alternatives, which consists
of obtaining porous anodic coatings by controlling
parameters such as voltage, current, anodizing solution and
time of the reaction. From all of the above factors, and
based on previous studies that demonstrated that bone cells
sense substrates features to grow new tissue, in this work
commercially pure Ti (c.p Ti) and Ti6Al4V alloy samples
were modified at their surface by PEO in different anod-
izing solutions composed of H,SO, and H3PO, mixtures.
Treated surfaces were characterized and used as platforms
to grow osteoblasts; subsequently, cell behavior parameters
like adhesion, proliferation and differentiation were also
studied. Although the results showed no significant dif-
ferences in proliferation, differentiation and cell biological
activity, overall results showed an important influence of
topography of the modified surfaces compared with pol-
ished untreated surfaces. Finally, this study offers an
alternative protocol to modify surfaces of Ti and their
alloys in a controlled and reproducible way in which bio-
compatibility of the material is not compromised and
osseointegration would be improved.

1 Introduction

Osseous tissue is exposed to damages due to degenerative
or traumatic diseases that can cause severe disability and,
therefore, high economic and social costs [1-3]. However,
the life quality of patients could be improved by using
biomaterials that may interact with biological systems
having minimal flaws and long service; therefore, they may
be used for manufacturing human body implants [4].
Alloplastic implants using synthetic biomaterials have
become a good choice because of their high immunological
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compatibility, easy way to obtain, and high availability in
the materials commercial market [5]. Nevertheless, mate-
rials used in vivo must have similar characteristics and
properties with respect to bone hosting tissue, and should
also promote osseointegration; this means, to reach a
direct, structural and functional connection between bone
and implant surface [6].

Titanium (Ti) alloys are the materials currently used to
replace and improve the functionality of human bones due
to their high biocompatibility, low elastic modulus, rea-
sonable high mechanical strength, and good corrosion
resistance in biological environments [7, 8]. The physico-
chemical properties of Ti surfaces are given by an oxide
layer composed mainly of TiO,, which is naturally formed
on the metal when this is in contact with air at room
temperature [9]. This TiO, layer is responsible for the good
behavior of Ti alloys when used as biomaterials and placed
in contact with physiological environments [10]. However,
despite their notable advantages, the bioinert nature of
these materials could be involved in the production of non-
adherent fibrous tissue at the bone-material biointerface,
affecting in some cases the implant stability and increasing
the risk of the implant loosening over time [11]. Several
studies have shown that surface properties such as porosity,
roughness, hydrophobic/hydrophilic characteristics, tex-
ture, morphology, composition and free surface energy are
important factors to stimulate cells adhesion, morphologi-
cal changes, and enhancing cells proliferation and differ-
entiation around the implant as well [12-14].

Various surface modification techniques such as sol-gel
[15, 16], chemical vapor deposition (CVD) [17], hydro-
thermal [18], and anodic oxidation [19-21] have been used
to obtain layers of TiO, and to improve the surface prop-
erties of Ti alloys. Among the anodic oxidation methods to
produce anodic TiO, layers, electrolytic plasma oxidation
(PEO) also called micro arc oxidation, is an economic,
effective and useful technique widely used and studied in
the last decade. This method allows anodic growth of
layers that exhibit greater thickness, variation in crystal-
linity, morphology, and composition, which are charac-
teristics that depend on both electrical parameters of
anodizing and electrolyte composition. In addition, the
adhesion to the substrate, even using surfaces with complex
geometries, is improved [7, 22-24]. Porous anodic layers
may be obtained by PEO using H,SO,4, H;PO,4 and H,O, as
electrolytes, which help apatite to deposit on their surfaces
when they are immersed in simulated body fluid solution
(SBF) [25, 26]. This behavior is caused by the incorpora-
tion of phosphorus into the oxide layers from electrolyte
[27-29]. After this process, in vivo and in vitro assays have
allowed some researchers to report improvements in
implants of Ti, biocompatibility associated to surfaces that
were previously treated by different techniques; in these
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studies, micro-roughness and incorporation of species
within the anodic layers were responsible of higher bio-
compatibility [10, 12, 30, 31].

In this study, samples of c.p Ti and Ti6Al4V alloy were
treated by PEO using sulphuric acid solutions containing
different concentrations of phosphoric acid. The anodic
layers obtained were evaluated to determine if the modi-
fication could affect the behavior of the bone cells by
biological studies. Osteoblastic cell lines Saos-2 and UMR-
106 were grown in the obtained surfaces. These cells were
chosen because they have similar features to osteoblastic
cells regarding to differentiation process. In addition, the
relationships between cell interaction and surface mor-
phologies, composition, and roughness of the oxide of
titanium coating were also studied. Cell morphology,
adhesion, proliferation and mineralization of cells that
were in contact with the modified surfaces, were used as
criteria to identify the processing conditions that could
improve the biological performance of the osteoblastic
cells in the processes associated with osseointegration.

2 Materials and methods
2.1 Material processing
2.1.1 Plasma electrolytic oxidation (PEO) coatings

Cylindrical samples (1.2 mm of thickness) of commer-
cially pure titanium (c.p Ti grade 2, purity 99.6 %, ASTM
F-67-13 [32]) and Ti6Al4V alloy (ELI, ASTM F-136-12
[33]), were cut from a rod of 20 mm of diameter. All
specimens were mechanically polished with silicon carbide
paper (120, 240, 320, 400 and 600 grades), and then de-
greased with acetone in an ultrasonic bath for 15 min.
Subsequently, the samples were soaked in a solution mix-
ture of HF (3 %) and HNO;3 (30 %) for 15 s according to
ASTM B-600-11 standard [34], in order to remove the
natural formed oxide layer, and finally they were washed
with distilled water and dried with cold air.

All specimens were processed in phosphoric/sulphuric
acid mixtures as anodizing solutions, at room temperature
and without stirring. Mixtures of 0.1 M H3;PO4/1.5 M
H,SO,4, 0.3 M H3PO4/1.5 M H,SO,4, 0.6 M H3PO,/1.5 M
H,SO,4 and 0.9 M H3PO,4/1.5 M H,SO,4 were used for c.p
Ti samples; whereas for Ti6Al4V alloy the solutions used
were 0.3 M H3PO4/1.5M H,SO4, 0.6 M H;PO4/1.5M
H,SO4, 0.9 M H3PO4/1.5M H,SO4 and 0.6 M H3;PO,/
0.9 M H,SO,4. To obtain the anodic coatings on both
materials, PEO process was conducted in two sequential
steps: First a current density of 35 mA/cm?® was applied,
and when the potential reached 180 V the process was
continued in potentiostatic mode at this voltage value for
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all specimens; however, for the sample obtained in 0.1 M
H5;PO,/1.5 M H,SO,, the mode change was performed at
160 V. Three of these electrolytes and anodizing condi-
tions were similar to those reported by Lee et al. [26]. The
process was developed in a two-electrode electrochemical
cell, a titanium cylinder with an area of 7 cm?® was set as
anode and a platinum mesh was used as cathode. A DC
power supply (Kepco BHK 500-0.4 MG) was used to
obtain the anodic coatings. The voltage data were recorded
electronically by Labview 8.1 software (National Instru-
ments) interfaced with a personal computer. After anod-
ization, the specimens were removed immediately from the
electrolyte; subsequently, they were rinsed with deionized
water in ultrasound bath for 15 min to clean the surface,
and finally dried in cold air.

2.1.2 Characterization of PEO coatings

The surface morphologies of the anodic coatings were
observed by scanning electron microscopy (SEM) using a
JEOL JSM 6940 LV equipped with an energy dispersive
X-ray (EDS) analyzer. The phases present in the samples
were determined by X-ray diffraction (XRD), using a
Philips XPERT-MPD (PW3050) XRD instrument with Cu
Ka radiation (o0 = 0.15405 nm) at 45 kV and 40 mA. The
incident angle was fixed at 3°, the scanning speed was
0.00625° s™!, with a step size of 0.05° and a scan range
from 15° to 85° (in 20). The Raman spectra were acquired
on a micro-Raman Horiba-Jobin-Yvon spectrometer sys-
tem. Specimens were illuminated through a 50x objective
using the 632.81 nm excitation from a He—Ne laser source
with a pinhole of 800 pm and a slit of 200 um. Focused ion
beam (FIB) analysis was carried out to characterize the
cross sectional microstructure, as well as the chemical
composition of the anodic layers, through a Carl-Zeiss
Neon40 equipment by using decreasing ion currents until
50 pA at 30 kV. Observations were done in a field emission
scanning electron microscope (FE-SEM). Confocal laser
was used to analyze the surface roughness of the anodic
layers using a LEXT-OLS Serie Standard type equipment
(resonant galvano-mirror scanner mode and high speed,
high precision auto focus unit).

2.2 Biological assays
2.2.1 Osteoblast cell lines

Human osteoblastic cell line Saos-2 (HTB-85, ATCC), rat
osteoblastic cell line UMR-106 (CRL-1661, ATTC) and
mouse myoblast cell line C2C12 (CRL-1772, ATCC) were
used in the different assays as described below. Saos-2
cells were grown in a McCoy medium (Sigma) while
UMR-106 and C2C12 cells were grown in DMEM medium

(Gibco). All mediums were supplemented with 10 % fetal
bovine serum (FBS, Gibco), 1 % penicillin/streptomycin
and cells were incubated at 37 °C in humidified atmo-
sphere containing 5 % CO,.

2.2.2 Cytotoxicity assay

The potential toxicity of the c.p Ti and Ti6Al4V alloy with
and without surface modification were evaluated by using
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-
bromide (MTT) assay, in which insoluble formazan is pro-
duced as indicator of cell viability. The following specimens
were tested: c.p Ti samples treated with 0.1 M H;PO4/1.5 M
H,S0O,, 0.3 M H;PO4/1.5 M H,SO,4, 0.6 M H;PO,/1.5 M
H,S0O,and 0.9 M H;PO4/1.5 M H,SO, and Ti6Al4V treated
with 0.3 M H;PO4/1.5M H,SO4, 0.6 M H;PO4/1.5M
H,SO4, 0.9 M H3;PO4/1.5 M H,SO, and 0.6 M H3;PO4/
0.9 M H,SO,. For both materials polished samples without
any modification were also evaluated. In this assay, Saos-2
cells were seeded on the top of each specimen at a concen-
tration of 10,000 cells/cm? and incubated at 37 °C, with 5 %
CO,, during 72 h. Next, 10 pl of MTT solution was added
and the cells were incubated at 37 °C for 4 h. After that,
crystals of formazan were dissolved by addition of sodium
dodecyl (SDS) and optical density (O.D) was measured at
570 nm by using of a spectrophotometer (Benchmark, Bio-
rad); cells incubated in absence of samples were considered
as control. Results were performed in triplicate and nor-
malized according to the value obtained for the control which
was considered as 0 % of cytotoxicity.

2.2.3 Proliferation assay

Cell proliferation was determined by Alamar Blue assay
(Invitrogen). For this purpose, UMR-106 osteoblast line
cell were seeded at a concentration of 10,000 cells/cm? on
the top of samples anodized with 0.1 M H3;PO,/1.5 M
H,SO, solution for c.p Ti samples and 0.3 M H;PO,/1.5 M
H,SO,4 and 0.6 M H;P04/0.9 M H,SO, for the samples of
the Ti6Al4V alloy. Cells were incubated at 37 °C, with
5 % CO, for 4 days and quantification of the cell grow was
performed each 24 h. For that, the quantity of viable cells
was measured by addition of Alamar Blue solution at a
1:10 ratio. Culture plates were incubated at 37 °C by
90 min and then fluorescence was read in a spectropho-
tometer (Biotek FL-600) with an excitation wavelength of
530 nm and an emission wavelength of 590 nm. Fluores-
cence values were corrected in relation to the average
blank. Samples without any treatment (polished) were also
evaluated. Results were normalized according to the value
obtained for control cells. Assays were performed in
triplicate.
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2.2.4 Cellular morphology

Saos-2 cells at a density of 10,000 cells/cm? were grown on
c.p Ti anodized samples with 0.1 M H3PO4/1.5 M H,SOy,,
0.3 M H;3PO4/1.5 M H,SO,4, 0.6 M H3PO4/1.5 M H,SO,4
and 0.9 M H;PO4/1.5M H,SO, and Ti6Al4V alloys
samples anodized with 0.3 M H5PO4/1.5 M H,SO4, 0.6 M
H;PO,/1.5 M H,S0O,4, 0.9 M H3PO,/1.5 M H,SO,4, 0.6 M
H;P04/0.9 M H,SO,. After 72 h of incubation, cells were
fixed with 2 % glutaraldehyde overnight at 4 °C and then
specimens were washed three times with phosphate buf-
fered saline (PBS), after that cells were dehydrated in
increasing ethanol concentrations (30, 50, 70, 80, 90 and
100 %) followed by critical-point-dried (Samdri-795).
Finally, samples were sputter-coated with gold (Dentom-
Vacuum Desk V), and observed under SEM. Images were
obtained at an acceleration voltage of 15 kV at 50x, 250,
500x, 1000x, 2000x and 5000x of magnification. Addi-
tionally, cells grown on the sample anodized with 0.1 M
H;PO4/1.5 M H,SO, were visualized by FIB. For this
purpose, a cross section was created on a dual beam system
Strata DB235 (FEI Company). Cells and surface were
observed using a FE-SEM at a working distance of
5.3 mm, 1000x magnification, 15 kV acceleration voltage
and 30 kV to 5 pA of energy current.

2.2.5 Cellular adhesion

UMR-106 osteoblasts at a concentration of 10,000 cell/cm?
were grown on c.p Ti anodized with 0.1 M H3;PO,/1.5 M
H,SO,4 and Ti6Al4V alloys treated with 0.3 M H3;PO,/
1.5 M H,SO,4 and 0.6 M H3P04/0.9 M H,SO,. After 4 h of
incubation at 37 °C with 5 % of CO,, Alamar Blue assay
(Invitrogen) was performed. In this case, the supernatant
from each well was transferred to other plate to recover
non-adherent cells. Fresh medium was added to each well
followed of addition of Alamar Blue solution in a 1:10
ratio. Plates were incubated at 37 °C, 5 % CO, for 90 min.
After that, the fluorescence was read in a spectrofluorom-
eter (Biotek FL-600) by using an excitation wavelength of
530 nm and emission wavelength of 590 nm. The values
obtained were compared with cells grown on plastic where
adhesion was considered optimal. Assays were performed
in triplicate.

2.2.6 Configuration of the cytoskeleton

Saos-2 cells were seeded in culture conditions and during
72 h at a concentration of 10,000 cells/cm? on cp Ti
anodized treated with 0.1 M H5PO4/1.5 M H,S0,, 0.3 M
H;PO4/1.5M H,SO4, 0.6 M H3;PO,/1.5M H,SO, or
0.9 M H5PO4/1.5 M H,S0O,4 and on Ti6Al4V alloys anod-
ized treated with 0.3 M H;PO4/1.5 M H,SO4, 0.6 M
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H;PO4/1.5 M H,S0O,4, 0.9 M H3PO4/1.5 M H,SO,4, 0.6 M
H;P0,/0.9 M H,SO,4. After that, cells were fixed with
3.8 % of paraformaldehyde during 20 min at 37 °C and
treated with 5 mM ammonium chloride. Next, cells were
treated with 0.25 % of Triton X-100. Nonspecific binding
sites were blocked with 5 % FBS in PBS during 30 min at
37 °C. Finally, cytoskeleton and nucleus were labeled
by using of Phalloidin-TRITC (P1951, Sigma) and
4’ 6-diamodino-2-phenylindole  dihydrochloride—DAPI
(D9542, Sigma). Cells were observed under fluorescence
microscope (Nikon LABOPHOT-2) at 10X and 40X
magnification.

2.2.7 Mineralization

UMR-106 osteoblasts (10,000 cell/cm?) were seeded over
c.p Ti and Ti6Al4V alloy samples in presence of miner-
alized medium composed by DMEM (Invitrogen), 10 %
BFS (Invitrogen), 1 mM de B sodium Glycerophosphate
(Sigma), 50 pg/ml of ascorbic acid (Sigma) and 1078 M of
Dexamethasone (Sigma). After 4 and 7 days cells were
fixed with ethanol and stained with alizarin red to detect
mineralization zones. C2C12 cells were used as negative
control. Staining with alizarin red allowed the visualization
of calcium deposits from the osteoblasts on the samples of
titanium by using of alight microscopy Olympus BX-100.

2.3 Statistical analysis

ANOVA and Bonferroni’s post analysis were used to
determine statistical significant differences according to
anodizing conditions and control specimens at 0.05 level of
significance by using GraphPad PrismVersion 6 software.

3 Results
3.1 Characterization of titanium oxide films

The increase in voltage and gas evolution in the first sec-
onds of the process is observed, as well as color changes of
the substrate surface as the system voltage increased. These
variations are due to the formation of an oxide layer with
thicknesses ranging from ten to a few hundred nanometers.
The variation in color depends on the thickness, due to
interference phenomena that occurs among the oxide,
substrate and visible light [35, 36]. Numerous sparks of
small size were detected after voltage had reached
approximately 120 V, associated with localized break-
downs of the anodic layer. The sparks gradually covered
the whole coating surface, causing color change from a
faint pink to grey at the final stages; in addition, the density
of sparks decreased whereas their size increased. These
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observations are in agreement with results reported in the
literature for PEO process [23, 37].

The surface morphology of anodic coatings obtained on
c.p Ti and Ti6Al4V alloy specimens are shown in Fig. 1.
Uniformly distributed circular and connected pores were
formed on the surface of c.p Ti specimens anodized with
0.1 M H;PO4/1.5M H,SO4 and 03 M H;PO4/1.5M
H,SO, (Fig. 1 a, b). When H3PO, concentration was
increased in the electrolytes, a mixture of circular and
elongated pores was observed on c.p Ti (Fig. 1c, d) and the
pore sizes gradually increased. In this context, Oh et al.
[25] and Lee et al. [26] reported the dependence of the
layer’s surface morphology on the electrolyte composition.

Fig. 1 SEM micrographs of
anodic coatings formed on c.p
Tiina 0.1 M H;PO,/1.5 M
H,SO4, b 0.3 M H3PO4/1.5 M
H2$O4, c0.6 M H3PO4/]5 M
H,SO,4, d 0.9 M H3PO4/1.5 M
H,S0, and on Ti6Al4V in

e 0.3 M H;PO,/1.5 M H,SO,,
f 0.6 M H3PO4/1.5 M H,SOy,
g 0.9 M H;3PO,/1.5 M H,SOq,
h 0.6 M H;P0,/0.9 M H,SO,,
at 35 mA cm ™2

By using an image analyzer, they found that the pore
diameter of cell structures increases both with anodic time
and concentration of phosphoric acid in the electrolyte. For
the case of Ti6Al4V specimens, elongated pores and
grooved morphology were obtained for all conditions
analyzed in the present study (Fig. 1d-h).

Roughness analysis indicates an influence of the elec-
trolyte concentration used on R, values for all anodic
coatings. As shown in Table 1, the surface of all coatings
became rougher in comparison to the original roughness
before the PEO process for both materials. In general, only
small variations in roughness were obtained with the
increase of H;PO, content in the electrolytes. The coating
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Table 1 Roughness (Ra) of the Electrolyte

Roughness c.pTi Ra (um) Roughness Ti6Al4V Ra (um)

anodized surfaces and both
substrates Substrate before PEO process
0.1 M H5PO4/1.5 M H,SO,4
0.3 M H;3P04/1.5 M H,SO4
0.6 M H;3P04/1.5 M H,SO,4
0.9 M H;P04/1.5 M H,SO,4

0.6 H3P0,/0.9 M H,SO.
ND no data R >

0.198 £ 0.002 0.126 £ 0.001

0.270 £ 0.01 ND

0.427 £+ 0.001 0,410 £ 0.004

0.383 £ 0.001 0,455 4 0.003

0,392 + 0.0003 0,395 &+ 0.003

ND 0,477 £ 0.0001

obtained in 0.1 M H;PO4/1.5 H,SO,4 on c.p Ti showed the
lowest roughness among the anodic coatings
(R, = 0.27 £ 0.01 pm), while the coating obtained on
Ti6Al4V alloy in 0.6 M H3P0,/0.9 H,SO, was the highest
value of R, (0.4772 £ 0.0001 pm).

Cross-section views of anodic coatings obtained on c.p
Ti and Ti6Al4V alloy are shown in Fig. 2; images showed
in Fig. 2a—e were obtained by FIB, whereas the remaining
images (Fig. 2f-h) were mechanically prepared. These
images clearly show the porous structure inside the coat-
ings, which are mostly interconnected, typical of PEO
coatings [37, 38]; in addition, for all coatings, porosity
decreases as concentration of phosphoric acid (H3PO,) in
the electrolyte increases. Roughness increase of the sub-
strate/coating interface due to H;PO, concentration varia-
tion was also observed. In Fig. 2c, d—g, h), it is observed
that pores formation is related with an increased roughness
at the substrate/coating interface, as black arrows indicate.

EDS analysis indicated that the amount of phosphorus
incorporated into the coatings also increases with the
concentration of H;PO, in the electrolyte. On the other
side, the thickness of coatings shows a slight trend to
decrease with the increase of phosphoric acid concentration
in the electrolyte. Results of elemental composition by
EDS and average thickness values for each specimen on
both substrates are shown in Table 2.

Diffraction patterns of anodic coatings formed on c.p Ti
and Ti6Al4V are shown in Fig. 3a, b, respectively; these
results indicate that anodic coatings consist exclusively of
anatase [39]. In addition, it is observed that peaks intensity
for anatase gradually decrease with the increase of phos-
phoric acid concentration; this could be associated to
reduction of the average thickness of PEO coating as the
phosphoric acid concentration increased. It has been also
reported that the ionic species incorporated into the coat-
ings from the solution are involved in the reactions leading
to the formation of the anatase phase and these species are
also correlated with the crystallization of the coatings [25,
26].

Micro-Raman spectra of PEO coatings obtained on c.p
Ti and Ti6Al4V alloy samples treated in different elec-
trolytes are shown in Fig. 4a, b. All spectra show the
characteristic bands of titanium dioxide (TiO,), specifically
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anatase phase 144, 397, 516 and 641 cm™! [40-42]; there
is no evidence of other phases, which confirms the XRD
results. Similar to those results, the higher the phosphoric
acid concentration, the lower the signals intensity, which
again indicates thinner coatings forms at electrolytes con-
taining more phosphoric acid.

3.2 Biological characterization

3.2.1 Effect of anodizing process on toxicity and cellular
viability

Indicators of possible toxicity were obtained from mea-
surements of mitochondrial activity of osteoblasts seeded
on the different anodized samples. Cells seeded on plastic
cell-culture were considered as control. Results were nor-
malized according to the value obtained for the control.
There was no significant difference between the control
and anodized samples (Fig. 5).

3.2.2 Effect of anodizing process on cell adhesion,
morphology and cytoskeletal organization

Cell-material interaction was evaluated after observation of
pictures obtained with SEM, in which spatial distribution
of osteoblast on the samples was studied. After 72 h of
culture, a monolayer was formed covering most of the
surface of the samples. Cells with a cuboidal shape and
elongated extensions of cytoplasm (filopodia) were
observed. This morphology is characteristic of osteoblasts
and it allows an intimal interaction between substrate
materials and cells by incrementing the contact area. Cell
confluence was observed in c.p Ti and Ti6Al4V alloys
polished to mirror finishing samples; however, cells with
filopodia were scarce. A trend of cells growing in the same
orientation of the polishing tracks was observed in both
coated and untreated specimens (Fig. 6).

Cell—cell and cell-material interactions were evidenced
by cytoplasmic prolongations that varied according to
roughness of material. Cells showed a preference for
binding to the edges of pores. More filopodia were
observed in samples with smaller porous size, which for c.p
Ti correspond to samples treated with 0.1 M H;PO,/1.5 M
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Fig. 2 FIB/SEM micrographs of cross-sections of anodic coatings
formed on c.p Ti in a 0.1 M H3PO,/1.5 M H,SOy4, b 0.3 M H;PO4/
1.5 M H,SO4, ¢ 0.6 M H3PO,/1.5 M H,SO,4, d 0.9 M H;PO,/1.5 M

Table 2 Elemental composition and average thickness of anodic coatings obtained on c.p Ti and Ti6Al4V alloy

H,SO, and on Ti6bAl4V in e 0.3 M HsPO,/1.5 M H,SO,, f 0.6 M
H;PO./1.5 M H,S04, g 0.9 M H;PO4/1.5 M H,SO4, h 0.6 M H;PO./
0.9 M H,SO,, at 35 mA cm ™2

Electrolyte Atomic % Ti Atomic % O Atomic % P Atomic % Al Average thickness (pm)
cpTi 0.1 M H;PO4/1.5 M H,SO4 27.72 67.98 3.94 - 2.06 £ 0.11

0.3 M H;PO4/1.5 M H,SO4 29.58 63.99 6.43 - 1.52 £ 0.12

0.6 M H;PO4/1.5 M H,SO4 24.35 66.67 7.56 - 1.41 £+ 0.53

0.9 M H;PO./1.5 M H,SO4 20.68 71.16 8.98 - 1.44 + 0.57
Ti6Al4V 0.3 M H3PO,/1.5 M H,SO,4 17.19 69.03 6.91 1.77 1.82 £0.18

0.6 M H;PO,/1.5 M H,SO, 17.50 72.39 8.24 1.88 1.80 £ 0.34

0.9 M H;PO4/1.5 M H,SO4 18.70 65.98 9.19 1.46 1.63 £ 0.77

0.6 M H;P0,/0.9 M H,SO4 19.86 70.09 797 1.67 1.58 £ 0.33

@ Springer



72 Page 8 of 18

J Mater Sci: Mater Med (2015) 26:72

Fig. 3 XRD analysis of the
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H,SO,4 whereas for Ti6Al4V alloy to samples treated with
0.3 M H;PO,/1.5 M H,SO,. Based on these results, the
sample of c.p Ti treated with 0.1 M H3PO4/1.5 M H,SO,4
was chosen to explore in more detail the interaction of the
cells with the TiO, layer by using FIB transversal views.
Pictures showed the way cells attach to the surface and how
the basal body of the cell was in intimate contact with the
material. A close interaction was also showed between
filopodia not only in the surface but also deep in the pores
of the anodized film (Fig. 7).

Osteoblasts labeled with actin allowed us to know in
detail the interaction of the cells cytoskeleton and the
treated surfaces (Fig. 8). This immunodetection assay
allowed the identification of specific attachment points.

@ Springer
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Actin microfilaments in all directions conformed by
extending lamellipodia and filopodia were observed in cells
spreading over untreated c.p Ti and Ti6Al4V surfaces. On
the other hand, cells over modified surfaces showed more
filopodia and intimate attachment defined topographically
by anchorage points organized according to the porous
surfaces. Some spherical cells with a poor attach condition
were also observed (Fig. 8). After observing these results,
samples of c.p Ti treated with 0.1 M H3;PO4/1.5 M H,SOy,,
and the Ti6Al4V treated with 0.3 M H;PO,/1.5 M H,SO,4
and 0.6 M H;P0O,/0.9 M H,SO, were studied in more
detail as these samples have the smaller pore sizes and they
showed interesting results in terms of attachment and
cytoskeleton organization.
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Fig. 5 Cellular viability of osteoblasts cells exposed to c.p Ti (a) and
Ti6Al4V (b) specimens. Bars show the percentage of viability of cells
after exposure to Ti specimens treated with different electrolytes in
comparison with samples without treatment (polished and mirror) and
cells seeded on plastic cell-culture (control). Experiments were done
in triplicates, and the standard deviations are indicated

3.2.3 Cell proliferation

Alamar Blue assay was used to perform fluorescence
emission measurement every 24 h for a total of 96 h.
Results showed a curve of cell proliferation for osteoblasts
that grew on the modified surfaces (Fig. 9). In all samples,
cells showed a progressive growth with time; all samples
retained the same growth pattern of control surfaces. The
statistical analysis between all different groups of samples
and their respective controls indicated no significant
differences.

3.2.4 Cell mineralization

The ability of osteoblasts to mineralize the matrix produced
during the differentiation process was determined by
staining with Alizarine Red. This test was performed 4 and
7 days after cells were seeded on the samples. Osteoblasts
that grew in the well of culture plate were assumed as
positive control, and myoblasts growing in the same sur-
face were the negative control. The addition of B sodium
Glycerophosphate, acid ascorbic and dexamethasone
allowed the differentiation process and subsequently min-
eralization. As expected, after 4 and 7 days it was possible

to observe presence of nodules of mineralization in the
positive control; however, in the negative control calcium
deposits were not observed (Fig. 10).

After washing and fixing the cellular monolayer of
osteoblasts that grew on c.p Ti and Ti6Al4V samples, they
were examined microscopically to determine qualitative
staining for calcium phosphate after 4 and 7 days of cul-
ture. In all of the samples, deposits of calcium phosphate
were observed in a red dark color (Figs 11, 12).

4 Discussion

The surface features of a material that will be used as an
implant, plays a critical role in the biological response from
the host tissue. In this biointerface, proteins and cells
interact to conduct tissue reparation [43]. Cellular behavior
is greatly influenced by surface properties such as hydro-
phobicity, roughness, texture, and morphology. Specifi-
cally in the case of bone tissue, several studies using
in vitro and in vivo assays, showed that rough surfaces
produce better bone fixation than smooth surfaces, indi-
cating that surface roughness has a direct effect on osteo-
blast attachment, proliferation and differentiation [44, 45].

There are different techniques that can be used to design
surfaces in which parameters such as roughness and mor-
phology are modified in order to improve tissue-material
interaction. In this study, a protocol based on PEO method
was standardized and consequently coating characteristics
of surfaces such as oxide thickness, chemical composition,
pore size, and roughness were produced in a reproducible
way. Solutions composed of a mix of phosphoric and sul-
phuric acid were used and have been involved in the for-
mation of porous structures in c.p Ti and Ti6Al4V alloy.
Several studies have reported different combination of
anodizing process parameters to obtain different topogra-
phies. Kim et al. [46] found that the composition of elec-
trolyte determines not only the formation of microporous
morphologies but also the incorporation of ions from
electrolyte, which stimulate cell attachment and prolifera-
tion levels of cells. Macak et al. [47] obtained nanotubes
multilayer in H;PO4/HF electrolytes and they concluded
that the tube diameter can be varied changing the fluoride
concentration and water content in the electrolyte. Simi-
larly, in the present work it was found a specific combi-
nation of electrical conditions and electrolyte composition
that can produce pores with controllable size and mor-
phologies, which could help process of tissue reparation or
regeneration.

It is widely reported that sparks phenomena are related
to the nature and concentration of ions in the electrolyte,
and that they cause the formation of larger pores [13].
During the anodizing process, the increase of cell voltage
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15KV X2,000

15KV X200 10pm . Jucea
Fig. 6 SEM images of osteoblasts growing in different surfaces in
which all of them were observed formation of monolayer a c.p Ti
mirror grade, b c.p Ti polished 600, ¢ Ti6Al4V mirror grade,
d Ti6Al4V polished 600, e c.p Ti treated with 0.1 M H;PO,/1.5 M
H,SOy, f c.p Ti treated with 0.3 M H3PO4/1.5 M H,SOy, g c.p Ti

Fig. 7 Photographs showing the effect of cells growing in a modified
surface of c.p Ti with 0.1 M H3PO4/1.5 M H,SOy: a selected zone
with cells to make a cross section analysis; b Interaction between cell

indicates thickening of the anodic layer, causing a high
current density passing through the anodic layer [37].
Under these conditions, the current is located in the
weakest areas of the anodic film to pass through it, pro-
ducing breaks of larger sizes and more isolated on the
layer, as it was reported by Petkovi¢ et al. [48]. In addition,
recent results described variations in the morphology of
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——
15KV X2000 AOum

treated with 0.6 M H3;PO,4/1.5 M H,SOy, h c.p Ti treated with 0.9 M
H3;PO4/1.5 M H,SOy, i Ti6AI4V treated with 0.3 M H;PO4/1.5 M
H,SO,, j Ti6Al4V treated with 0.6 M H3;PO4,/1.5 M H,SO,,
k Ti6Al4V treated with 0.9 M H3PO4/1.5 M H,SO4, 1 Ti6Al4V
treated with 0.6 M H;P04/0.9 M H,SO,. Magnification x2000

and surface pores was observed in the cross section; filopodio cross
the porous layer promoting the adhesion to the surface

coatings formed galvanostatically on titanium by plasma
electrolytic oxidation in phosphoric/sulphuric acid mix-
tures [49]. Initially, grooves and elongated pores are
formed, as the PEO process continues and the sparks
intensify, a morphological transition occurs, leading to the
formation of circular pores. Formation of grooves took
place from the onset of breakdown and continued at
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Fig. 8 Cytoskeleton of osteoblasts grew on modified surfaces were
labeled with Phalloidin TRITC and DAPI for nucleus. Fluorescence
microscopy images of cells showed an intimate contact between cells
and the surfaces of the materials. a c.p Ti mirror grade, b c.p Ti
polished 600, ¢ Ti6Al4V mirror grade, d Ti6Al4V polished 600, e c.p
Ti treated with 0.1 M H3PO4/1.5 M H,SOy, f c.p Ti treated with

voltages up to ~150 V in 0.1 M H3PO4/1.5 M H,SO, and
~175V in 09 M H;PO4/1.5M H,SO,4 with more
prominent grooves formed in the latter electrolyte. The
circular pores morphology appears to arise from fusion of
the earlier formed grooves when a higher voltage is
reached. Finally, it was found that the morphological
transition is strongly related to the increased strength,
density and shape of the sparks generated during the pro-
cess [49]. These reports allows us to support the formation
of elongated pores and grooves observed in this work
around 160 and 180 V for all electrolytes, as showed in
Fig. 6. The formation of grooved morphologies has been
reported in other metals, including aluminum and magne-
sium [50, 51], although with no explanation for its occur-
rence other than a relation to the distribution of discharges
over the coatings.

Roughness analysis reported in the Table 1 indicates the
influence of the electrolyte concentration employed upon
R, values for all anodic coatings. These results are in
agreement with others authors which have concluded that
surface roughness, oxide crystallinity, and surface

0.3 M H3PO4/1.5 M H,SOy, g c.p Ti treated with 0.6 M H;PO4/1.5 M
H,SOy, h c.p Ti treated with 0.9 M H3PO4/1.5 M H,SOy, i Ti6Al4V
treated with 0.3 M H5PO,4/1.5 M H,SO,) Ti6Al4V treated with 0.6 M
H5;PO4/1.5 M H,SO,, k Ti6Al4V treated with 0.9 M H3;PO4/1.5 M
H,SO,, 1 Ti6Al4V treated with 0.6 M H3P04/0.9 M H,SO,. Magni-
fications x40

composition of anodic oxides were dependent on voltage,
current density, and concentration of the electrolyte. Zhu
et al. [13] investigated the effects of the electrolyte con-
centration and voltage on the characteristics of anodic
oxides obtained on Ti and they found that the roughness
varied as voltage, current density and concentration were
increased. In addition, Li et al. [52] formed anodic oxide
layers on Ti surfaces, by controlling the applied voltage
and they concluded that as the applied voltage increased,
the values of R, slightly increased. As it was mentioned
before, during the PEO process, the coating formed
becomes thicker as a consequence of sparks and subsequent
breakdown events that occur preferentially on unaffected
regions of the coating, where the oxide is thinner. As a
result of these series of events and reactions, the pore size
and the roughness of the oxide layer could increase rapidly
[48, 53], giving an explanation to morphological results
showed in this work (Fig. 6).

Itis known that the morphology of PEO coatings is directly
related to breakdown features. During microdischarges, cur-
rent is localized at weak points of the layer seeking a way
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Fig. 9 Growth curves of osteoblasts obtained each 24 h during
4 days. Proliferation of osteoblasts in porous surfaces on c.p Ti and
TiAl4V shows a similar tendency in comparison with the control and
with samples non-treated. No significant differences were founded

through the coating, forming channels distributed all over the
surface and consequently, roughness and pore size increase in
these regions [23].

The EDS analysis indicated that the coatings obtained
on c.p Ti are made of oxygen, phosphorus and titanium,
while the coatings formed on Ti6Al4V alloy beside of
these elements contain aluminium. Table 2 reports the
component elements of the anodic coatings. The amount of
phosphorous incorporated into the coatings during anod-
izing process depends strongly on the electrolyte compo-
sition, the higher the concentration of H3PO,, the higher
the amount of P into the coatings, as expected [54].
However, sulphur was no detected by EDS; this could be

due to relatively negligible amounts of sulphur species into
the coatings. Lee et al. [26] formed anodic coatings on
titanium in phosphoric/sulphuric acid mixtures, and found
by X-ray photoelectron spectroscopy that phosphate spe-
cies (H,PO,, PO,~, HPO, , PO;™) were present in the
coating.

XRD analysis (Fig. 3) showed peaks associated with
substrate and anatase phase. It was seen that the intensities
of anatase signals (at 20 = 26) decrease when concentra-
tion of H3PO, increased in the electrolyte employed during
anodizing process. On the other side, we found that the
average thickness values for each specimen (Table 2) were
smaller as the concentration of H3PO, increased in the
electrolyte. The variations in thickness would explain the
changes observed in anatase signals when the electrolyte
concentration was modified. Although, this could be also
altered because of the ionic species incorporated into the
coatings from the electrolyte, which cause changes in the
formation of the anatase and crystallization of the coatings
[25, 26]. As was showed before in EDS analysis, the
amount of P incorporated into the coatings increased as the
concentration of H3PO, increased in the electrolyte. These
results are in agreement with others works; Naofumi et al.
[55] found that the amount of S, B and P incorporated into
coatings obtained on Ti depends on the concentration of the
electrolyte used, and they also conclude that these species
inhibited the crystallization of the coatings. On the other
side, Cui et al. [56] reported the formation of amorphous
anodic coatings on Ti in 2 M H3PO, electrolyte at 100, 150
and 180 V and Diamanti et al. [57] affirmed that the
crystallinity of coatings obtained in H3PO, solution is
lower due to the inhibitor effect of the phosphorous
incorporated.

Micro-Raman spectra (Fig. 4) show the characteristic
bands of anatase at 144, 397, 516 and 641 cm_l, which are
consistent with those reported in the literature for anodic
coatings obtained on Ti alloys [40—42]. There is no evi-
dence of other phases. The spectra also show that bands
broaden as the concentration of H3;PO, in electrolytes

Fig. 10 Stain with Alizarin red for positive and negative controls in
the mineralization assay. Red stain indicates mineralization zones.
a Osteoblasts in presence of mineralization media after 4 days,
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b osteoblasts in presence of mineralization medium after 7 days.
¢ Myoblasts growing in DMEM after 7 days (Color figure online)
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Fig. 11 Differentiation and mineralization activity of osteoblasts on
surfaces without modified surface. Cells grew in presence of differen-
tiation medium. Red zones were showed calcium deposition a c.p Ti
mirror polished after 4 days, b c.p Ti polished 600 after 4 days,

Fig. 12 Differentiation and mineralization activity of osteoblasts on
modified surfaces of titanium detected through alizarin red stain in
which zones of calcium deposition were identified as red zones in the
surfaces. Cells grew in presence of differentiation medium. Mea-
surements were taken after 7 and 14 days. a c.p Ti treated with 0.1 M
H;PO4/1.5 M H,SO, after 4 days, b c.p Ti treated with 0.3 M H;PO4/

increases. These findings can be attributed to changes in
the structure, in particular loss of crystallinity, similar to
results obtained by XRD. Pankuch and co-workers [58],
reported that the broadness of bands in the Raman spectra
indicates a high disorder or amorphous nature of the
coating.

¢ Ti6Al4V mirror polished after 4 days, d Ti6Al4V polished 600 after
4 days, e c.p Ti mirror polished after 7 days, f c.p Ti polished 600 after
7 days, g Ti6Al4V mirror polished after 7 days, h Ti6Al4V polished
600 after 4 days. Magnification of x 10 (Color figure online)

100 pm

1.5 M H,SO, after 4 days, ¢ Ti6Al4V treated with 0.6 M H3PO,/
0.9 M H,SO, after 4 days, d c.p Ti treated with 0.1 M H3PO,/1.5 M
H,S0, after 7 days, e c.p Ti treated with 0.3 M H;P0,4/1.5 M H,SO,
after 4 days, f Ti6Al4V treated with 0.6 M H3P0,/0.9 M H,SO, after
7 days. Magnification of x10 (Color figure online)

In terms of biological response, cells grew appropriately
in both materials, c.p Ti and Ti6Al4V with and without
anodic modified surfaces, only a small variation was
observed in the Ti6Al4V alloy sample polished to mirror
finishing (Fig. 9); however, after statistical analysis, not
significant difference was founded. This could be explained
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because surfaces are not able to induce an increase of the
population of the cell per se, but on the other hand this sort
of surface modifications could promote the attachment and
establishment of the osteoblast in the surface in an efficient
way. These results showed also that modification of sur-
faces do not affect the biocompatibility of the material
despite it was exposed to different aggressive and toxic
solutions.

The results presented in the Fig. 6 showed a good
response from the cells in the early process of adhesion
onto the samples; that was confirmed by SEM analysis.
These images provide information on the spatial distribu-
tion, cell morphology, cell-cell interaction and cell-mate-
rial interaction. Cells that were grown on modified c.p Ti
and Ti6Al4V showed a typical hexagonal shape, which is
characteristic of osteoblasts in the same form that others
studies have described [59]. After 48 h, osteoblasts adhered
to all substrates by means of thin cytoplasmic digitations or
filopodia but cells showed flattened and expanded cyto-
plasmic extensions over the entire material surface.
Afterwards, cells formed multilayers in certain zones and
appeared organized in nodules of various sizes and shapes.
No particular orientation of cells was observed for modi-
fied samples; however, a special tendency was observed for
polished samples in which cells grew in the same direction
as the polishing lines. These results suggest that only the
modification of the topography and morphology of the
TiO, layer was not enough to induce a variation in cell
proliferation. However, there are several studies in which it
has been demonstrated that roughness, porosity and mor-
phological characteristics have a direct influence on cell-to-
cell interactions. Accordingly, a higher surface area/vol-
ume ratio, a larger area is available for cell attachment, this
can also affect mass transport processes which play an
important role for cell survival [43]. The results reported
here support this statement due to differences in the con-
figuration and cell organization of the cells that grew in
modified surfaces in comparison with those growing on
smooth surfaces. The first set of images showed more
presence of filopodia that promotes a proper attachment of
the cells onto TiO, surfaces. An increase in the number of
cytoplasmic prolongations was also observed in the sam-
ples with smaller pore sizes indicating that roughness (R,
parameter) can affect cell attachment. Cell shape and
phenotypic responses seem most pronounced when the
scale of the surface feature is a fraction of the cell size
(e.g., from tens to hundreds of nanometers) [60-63].
Similar results were observed in previous studies where not
only the morphology but also the surface stiffness of the
materials were considered as important factors in cellular
behavior [64, 65]. Increased cell adhesion and spreading
leads to cell proliferation and a moderate cell adhesion; the
presence of rounded cell morphology could be associated
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with differentiated cellular function or non-affinity
between cell and surfaces [66]. Lo et al. observed a roun-
ded morphology in fibroblasts cultured on soft two-
dimensional poly-acrylamide substrates (substrate stiffness
14 kPa) which was different when they compared the same
cells growing on different substrates (substrate stiffness
30 kPa), which adopt a flat morphology [65]. In our case,
some isolated cells with spherical morphology, different
from the conventional cells were also present in all speci-
mens. Although these cells did not exhibit good adherence
to the surfaces these is not considered as a relevant because
this cell population was also observed in the control
specimens. Overall, there was a good interaction between
cells and different morphologies on Ti specimens.

A tridimensional analysis of cells behavior on the
modified surfaces was possible by using of FIB technique
which allows to observe cell-material interactions in the
anodized c.p Ti with an electrolyte of H;PO, 0.1 M/1.5 M
H,SO, in more detail. FIB images showed a network of
partially interconnected pores in the TiO, layer that facil-
itates the cell-cell and cell-surface connections (Fig. 7).
This result helps to understand that, unlike the low inter-
action that occurs with the smooth surfaces, anodic porous
samples exhibit a more intimate interaction with cells
because filopodias can be extended not only at superficial
level but also inside of the layer. Additionally, porous
anodic layers like those reported here produce more com-
pliant Ti surfaces (lower surface stiffness) compared with a
conventional bulk polished our machined rough surface.
FIB images demonstrated that in the present work both
micro and nano-porosity were produced, which indicates
that there are two-scales of reduced surface stiffness. These
lower stiffness surfaces can be assumed as a surface elas-
ticity factor that is allowing easier interactions cells/
material surfaces as some of the authors previously men-
tioned have found in their works.

Biointerface topography and, in particular topographic
features can affect cell behavior and integrin-mediated cell
adhesion, which is now evident from studies with fabri-
cated topographical features [67-70]. The extent to which
nano-topography influences cell behavior in vitro remains
unclear, and investigations into this phenomenon are
ongoing. The processes that mediate the cells reaction to
nanoscale surface structures may be a direct result of the
influence of surface topography or indirect in the case of a
surface structure affected by composition, orientation, or
conformation of the adsorbed extra cellular molecules
(ECM components) [71-73]. Nano and microtopography is
considered an important mediator of cellular adhesion and
differential function, involving cellular behavior changes
through the modulation of focal adhesion reinforcement
and protein interaction kinetics. The process of adhesion
and interaction between cells and surfaces is dependent on
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some integrin-mediated cytoskeletal and some signal
transduction molecules that can be visualized for different
techniques through fluorescent stains. This is how by
means of the stain of the actin of cells in the different
samples it was possible to identify an organized structure
of actin and the presence of specific attachment points
(Fig. 8), which showed the connection between the cell and
the material. This process is important because focal
adhesion kinase (FAK), vinculin and actin are closely
involved in the cytoplasmic domain of focal adhesion and
in the process of transmission of signals. Stress fibers in
cytoskeleton were also identified as well as products of the
union of microfilaments which indicate a proper adherence
of cells onto the substrate similar to what was reported by
Okumura et al. [59]. In the same study they also investi-
gated the initial attachment and subsequent behavior of
human osteoblastic cells (Saos-2) to pure titanium (Ti),
hydroxyapatite (HA), and glass; all these materials showed
similar features to those obtained in this study where vin-
culin-positive focal adhesions continuously increased and
were greater in comparison to those observed for HA in
which a decrease of focal adhesion and stress fibers was
observed [59].

The cytoskeleton configuration is a key factor as it can
affect the deformability of the cells, whose stiffness could
be influenced by the mechanical and chemical environ-
ments, including cell-cell and cell-ECM interactions [74,
75]. Cells are approximately between 10 and 50 pm in size,
and they are comprised of many constituents. In the present
work, actin staining showed a filament distribution of actin
with microfilament inside the cytoplasm and especially at
the border of the cells, irrespective of the surfaces, which is
also consistent with the results of Wirth et al. [44]. Some
spots at the cell borders indicated points of intimate contact
between cells and material; this feature was also evident
around the nucleus with a more diffuse intensity. Those
spots are actually an indicative of bounds sites between
actin filaments and membrane receptors. None qualitative
difference between staining of surfaces was observed.
Immunofluorescence images of adhesion proteins could not
demonstrate differences between the modified surfaces, as
it was also stated by Wirth et al. in their work about how
the roughness and the chemistry of surfaces can affect the
biological response of osteoblasts [44].

All these small-scale features of cells described above
and their high sensitivity to mechanical stimulation help
explaining cell sensitivity to nanostructured features of
biointerfaces. A good example of the important role of
mechanical loading in cell response is the well-known bone
mechanobiology. In this process, osteoblasts and osteo-
clasts modulate their functions in terms of both the level
and the direction of applied stress to bone [74, 75]. In the
same sense, it can be stated in general that mechanical

loading of cells induces deformation and remodeling,
which influence many aspects of human health and disease.
The modified layer obtained can improve the communi-
cation between cells due to the tridimensional features of
these pores allowing the interchange of nutrients and sig-
nals between cells and environment. In addition, staining
with alizarin red confirmed cell proliferation and differ-
entiation typical from osteoblastic phenotype in all the
samples of titanium; extracellular mineralized nodules
were observed as it was reported in other studies [76].

In the dental field, implants with rough surfaces are
more favorable in comparison with smooth ones because it
can stimulate the process of integration with bone, how-
ever, the risk of having an oral diseases like periodontitis
by bacterial growth could be high because of this surface.
A possible solution to this problem could be the immobi-
lization of antibiotics on the surfaces of the material.

5 Conclusions

The success of implants in orthopedic and dental applica-
tions will depend of the properties of implant materials and
how those could affect cells attachment and differentiation,
matrix production, and mineralization as well. Cells are
able to sense substrate texture by changing their mor-
phology, cytoskeleton configuration, and intra- and extra-
cellular signaling. In the present study a controlled
electrochemical process was developed to produce porous
anodic coatings by modification of c.p Ti and Ti6Al4V
alloy by use of PEO technique. Parameters such as time,
voltage, current, nature and concentration of electrolytic
solutions were established. In this way modified surfaces
can be obtained in a predictable and reproducible manner.
PEO technique combines chemical and morphological
modification of titanium surfaces in a simple, controllable,
and cost-effective method compared to other techniques
such as plasma-spray.

The morphological and structural features of anodic
coatings obtained were dependent on the composition of
the electrolyte and electrical parameters used in the pro-
cess. The coatings obtained on c.p Ti and Ti6Al4V in
electrolytes with lower H3PO, concentration showed
morphology of circular pores, while the coatings obtained
in electrolyte with higher concentration of acid presented
elongated pores and grooves morphologies. XRD and
Raman analysis indicated that anodic coatings are formed
exclusively by anatase. In addition, the incorporation of
species into the coatings, particularly phosphorous,
depends on the concentration of H;PO, in the electrolyte
and affects the crystallinity of the coatings obtained on
both alloys. This was manifested in changes of the inten-
sities and broadness of bands in DRX and Raman.
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All surfaces of c.p Ti and Ti6Al4V modified by using of
PEO were biocompatible, indicating that anodizing did not
affect the viability and survival of the cells. Biological
assays indicates that cells grew on the modified samples of
c.p Ti and Ti6Al4V, showed an intimate cell—cell and cell-
material interaction; this aspect was better when these
results were compared with unmodified c.p Ti and
Ti6Al4V surfaces. Additionally, interfacial features
between tissue and material such as topography and
roughness play a crucial role in the osseointegration pro-
cesses in terms of the attachment and quantity of tissue
growing around the implant.

Finally, it can be stated that surface modifications of Ti
implants in which a controlled topographical change is also
involved, allow improvements of cells adhesion, increasing
the contact area between cells and materials. However, it is
not enough to accelerate the proliferation or migration of
osteoblasts on those surfaces. The authors will continue
working in a new approach to improve biological behavior
by immobilization of proteins which can act as chemo-
attractants to facilitate and stimulate the growth of bone
cells around the implant.
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