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a  b  s  t  r  a  c  t

The  surface  characteristics  and  electrochemical  properties  of  bioactive  coatings  produced  by  plasma
electrolytic  oxidation  (PEO)  with calcium,  phosphorous,  silicon  and  silver  on  commercially  pure titanium
were  evaluated.  PEO  treatment  produced  a porous  oxide  layer,  which  improved  the  surface  topography,
and enriched  the  surface  chemistry  with  bioactive  elements,  responsible  for mimicking  bone  surface.  The
surfaces  with higher  calcium  concentration  presented  antibacterial  and  biocompatibility  properties  with
better responses  for corrosion  and  barrier  properties,  due  to the  presence  of rutile  crystalline  structure.
PEO  may  be  a promising  surface  treatment  option  to improve  the  electrochemical  behavior  of dental
implants  mitigating  treatment  failures.

© 2015  Elsevier  Ltd. All  rights  reserved.

1. Introduction

Titanium (Ti) and its alloys are the most common used implant
materials for medical and dental applications due to their bio-
compatibility and corrosion resistance [1,2]. A thin oxide layer
is normally formed on the substrate when exposed to air, but
no strong bond is formed between them. The oxide film can be
destroyed and materials can degrade when exposed to oral environ-
ment due to its constant chemical and mechanical changing, which
induces the corrosion process [3,4]. This electrochemical instabil-
ity can affect the biocompatibility of dental implants and lead to
failure of osseointegration [5].

Different surface treatments have been developed to overcome
this drawback. Plasma electrolytic oxidation (PEO) is one effective
technique. It consists of an electrochemical process of oxidation
to create ceramic-like bioactive coatings on Ti and its alloys when
voltages higher than those used in conventional anodization pro-
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cess are employed [6–8]. As this coating is formed by a conversion
of metal substrate into its oxide, the bonding to the substrate may
be stronger than those observed with coatings produced by other
techniques [9]. Further, this technique promotes the formation
of micropores on the surface. This allows the different chemical
elements such as calcium (Ca), phosphorous (P), silicon (Si) and sil-
ver (Ag) to be incorporated onto the surface. These novel surfaces
can improve the biological response by promoting increased bone-
implant contact, improving the osseointegration and the bioactivity
of the surface [10–12], and providing antibacterial function [13].
The pore size and the coating type formed on the material may
vary with the electrolyte solution, the time of surface treatment
employed and with the system voltage and frequency [7]. Further,
it is important to prepare bioactive surfaces that mimic  the native
bone tissue by modifying the Ca/P ratio as close as possible to the
hydroxyapatite (1.67), a natural mineral phase in bone [14,15].

Another advantage of PEO procedure is that anatase and rutile
crystalline structures can be formed on the porous oxide layers.
These crystal phases of oxide layer have a significant role on surface
characteristics. Anatase has great contribution for bone compatibil-
ity and rutile has an important role on corrosion resistance [16,17].
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Nomenclature

1-PEO Groups treated with higher Ca/P ratio
1-CaP5 5 min  of PEO treatment with higher Ca/P ratio
1-CaP10 10 min  of PEO treatment with higher Ca/P ratio
1-CaPAg5 5 min  of PEO treatment with higher Ca/P ratio and

Ag incorporation
1-CaPAg10 10 min  of PEO treatment with higher Ca/P ratio

and Ag incorporation
2-PEO Groups treated with lower Ca/P ratio
2-CaP5 5 min  of PEO treatment with lower Ca/P ratio
2-CaP10 10 min  of PEO treatment with lower Ca/P ratio
2-CaPSi5 5 min  of PEO treatment with lower Ca/P ratio and

Si incorporation
2-CaPSi10 10 min  of PEO treatment with lower Ca/P ratio and

Si incorporation
BHI Brain hearth infusion
CPE Constant phase element
Ecorr Corrosion potential
EIS Electrochemical impedance spectroscopy
hMSCs Human mesenchymal stem cells
Icorr Corrosion current density
Ipass Passivation current density
OCP Open circuit potential
PEO Plasma electrolytic oxidation
Qin Constant phase element of the inner compact layer
Qout Constant phase element of the outer porous layer
Rp Polarization resistance
Rpin Polarization resistance of the inner compact layer
Rpout Polarization resistance of the outer porous layer
Rsol Polarization resistance of the electrolyte
SCE Saturated calomel electrode
Wdiff Warburg diffusion element

It is imperative to investigate ideal film process parameters to
develop better surface characteristics, such as enhanced mechan-
ical properties, surface roughness, corrosion and wear resistance
and biocompatibility [16].

Some in vitro [13] and in vivo [18] studies have been per-
formed to evaluate PEO coatings. The results showed improved
bone healing during osseointegration process and the bioactivity
of Ti [8,13,18]. However, the literature on the corrosion behavior
of the oxide layers formed on commercially pure titanium (cp-Ti)
using electrolytes mixed with Ca, P, Si and Ag are scarce [8,19,20].
A comprehensive investigation is needed for a complete under-
standing of the coating formation, characterization and corrosion
resistance behavior.

Therefore, the aims of the present study were (i) to create and
characterize bioactive Ti-coatings doped with Ca, P, Si and Ag pro-
duced by plasma electrolytic oxidation (PEO) to improve biological,
chemical and mechanical properties for implants surfaces, (ii) to
investigate the corrosion behavior of cp-Ti treated with PEO with
different Ca/P proportions and incorporation of Si and Ag and (iii)
to evaluate antibacterial and biocompatibility properties.

2. Materials and methods

Cp-Ti discs (American Society for Testing of Materials—Grade
II) (MacMaster Carr) with 15 mm in diameter and 2 mm thickness
were ground with #320, #400, and #600 SiC abrasive paper (Car-
bimet 2, Buehler). The composition in wt% of cp-Ti was Ti (99.7), C
(0.006), Fe (0.12), O2 (0.16), N2 (0.004), and H2 (0.0019) [4,21].

The experimental design of this study (Fig. 1) consists of 2
main groups for PEO treatment, 1-PEO and 2-PEO, according to the

electrolytes main composition (Ca and P) and control groups. For
each electrolyte, the PEO treatment duration was set up either in
5 or 10 min. Two  control groups were considered in the present
study: a Ti surface (untreated) polished as described above and a
sandblasted, large-grit, acid-etched surface (Al oxide). The second
control group was used to compare the proposed surface treatment
to a well established surface treatment.

For the Al oxide group, the discs were sandblasted with alu-
minum oxide particles of 150 �m at a distance of 50 mm  and an
angle of 90◦. The air pressure used was 0.45 MPa for 30 s [22]. Sub-
sequently, the discs were washed in an ultrasonic bath containing
distilled water for 15 min  and allowed to dry at room temperature.
Subsequently, the surface of the discs were etched by a mixture of
0.1 mol/L of HCl and 8.8 mol/L of H2O2 at a temperature of 80◦ for
20 min  and then rinsed in distilled water and oven dried at 50 ◦C
for 12 h and finally heated in air at 400 ◦C for 1 h and cooled in an
electric oven [23]. The discs were washed in distilled water and
vacuum dried.

2.1. Preparation of plasma electrolytic oxidation ceramic coatings

Prior to plasma electrolytic oxidation (PEO) treatment, the
specimens were washed and degreased with acetone, alcohol
and distilled water for 10 min  each in an ultrasonic bath and
then air dried. PEO treatment was  carried out for 5 and 10 min
using a pulsed DC power supply (Plasma Technology Ltd.). The
treatment was performed in a stainless steel beaker with re-
circulating cooling system that maintained the temperature of
the electrolyte at approximately 20 ◦C. This electrolytic solution
container was  used as cathode while titanium discs were placed
in the electrolytic cell as the anode. The specimen holder was
designed to allow complete exposure of the sample to the elec-
trolyte. The voltage, frequency and duty cycle were set at 290 V,
250 Hz, 60% respectively. The electrochemical treatments were
performed using four different electrolytes and two different
treatment duration (5 and 10 min) resulting in 8 experimental
groups. All PEO treated surfaces were generated in the elec-
trolyte based on calcium acetate (Ca(CH3CO2)2) (Sigma–Aldrich)
and glycerophosphate disodium (C3H7Na2O6P) with different Ca/P
concentrations (higher-0.3 M/0.02 M and lower-0.1 M/0.03 M).  The
first main solution with higher Ca/P ratio (1-PEO) generated
four groups with or without Ag incorporation by dissolving Ag
nanoparticles (Sigma–Aldrich) in the electrolyte (1-CaP5, 1-CaP10,
1-CaPAg5, 1-CaPAg10). The second main solution with lower Ca/P
ratio (2-PEO) also generated four groups with the incorporation or
not of Si, by adding sodium silicate (Na2SiO3) (Vetec Quimica Fina
Ltda.) in the electrolyte (2-CaP5, 2-CaP10, 2-CaPSi5 and 2-CaPSi10)
(Fig. 1). More details can be found in Table 1. After PEO, the samples
were rinsed with deionized water and air dried.

2.2. Surface characterization

The surface roughness (n = 10) parameter Ra of cp-Ti was
measured using a profilometer (Dektak D150; Veeco). Three mea-
surements of 500 �m length were performed at different areas
during 12 s on each disc for each PEO condition and the mean value
was calculated. The wettability (n = 10) was evaluated from water
contact angle measurements using deionized water as test liquid
and an automatic goniometer (Ramé-Hart Instrument Co., 0.100-
00). The phase composition of the coatings was determined by a
X-ray diffractometer (XRD; X′Pert Powder) using Cu-K� radiation
(� = 1,540598 Å) at 45 kV and 40 mA.  The coatings morphologies
were observed with scanning electron microscopy (SEM; JEOL JSM-
6010LA) and the chemical composition was evaluated with an
energy dispersive X-ray spectroscopy (EDS) device attached to the
SEM. Three different regions were selected to perform the EDS
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Fig. 1. Schematic diagram of the experimental design of the present study.

Table 1
Parameters of the electrolytes used for PEO treatment.

Experimental groups Ca(CH3CO2)2 C3H7Na2O6P Na2SiO3 Ag Treatment duration (min)

1-PEO 1-CaP5 0.3 M 0.02 M 5
1-CaP10 0.3 M 0.02 M 10
1-CaPAg5 0.3 M 0.02 M 0.62 g/L 5
1-CaPAg10 0.3 M 0.02 M 0.62 g/L 10

2-PEO 2-CaP5 0.1 M 0.03 M 5
2-CaP10 0.1 M 0.03 M 10
2-CaPSi5 0.1 M 0.03 M 0.04 M 5
2-CaPSi10 0.1 M 0.03 M 0.04 M 10

analysis, the surface (top) and two points in the cross-section
(middle and bottom) in order to have a better understanding of
elements distribution in the treatment layer. Three-dimensional
images (50 × 50 �m2) were taken to observe the topographies and
profile of all surfaces using atomic force microscope (AFM, 5500
AFM/SPM, Agilent Technologies). A non-contact mode was  used
and two distinct areas of the samples were chosen for profile anal-
ysis to get the depth of the porous. Gwyddion software was  used
for image processing.

2.3. Electrochemical test

A potentiostat (G300, Gamry Inc.) was used to perform the
corrosion measurements with a standardized method of three-
electrode cell as per American Society for Testing of Materials
guidelines (G61-86 and G31-72). A saturated calomel electrode
(SCE) was used as the reference electrode, a graphite rod as a
counter electrode, the exposed surface of the cp-Ti disc as a
working electrode and artificial saliva (10 mL)  as an electrolyte
solution. The chemical composition for the artificial saliva was
KCl (0.4 g/L), NaCl (0.4 g/L), CaCl2·2H2O (0.906 g/L), NaH2PO4·2H2O
(0.690 g/L), Na2S·9H2O (0.005 g/L), and urea (1.0 g/L), based on pre-
vious studies [21,24]. The exposed area was determined by AFM
analysis for all groups (untreated = 0.39 cm2, Al oxide = 0.48 cm2, 1-
PEO = 0.45 cm2, 2-PEO = 0.42 cm2). The electrolyte temperature was

maintained at 37 ± 1 ◦C and pH 6.5 to mimic  the oral environment.
A specific protocol was followed in the electrochemical testing [4].
Initially, the discs were subjected to a cathodic potential (−0.9 V
vs. SCE) for 10 min  to standardize the starting conditions in terms
of oxide layer thickness for all samples, through electrochemical
cleaning process. The open circuit potential (OCP) was monitored
for a period of 3600 s to evaluate the free corrosion potential of the
material in the electrolyte solution. When sample OCPs reached
stable values over time, EIS was acquired at frequencies between
105 and 10−2 Hz with amplitude of the sinusoidal voltage signal
of 10 mV  and OCP as initial potential to observe the permeabil-
ity of electrolyte through the coating and to evaluate the passive
layer. The values were used to determine the real (Z′) and imagi-
nary (Z′′) components of Impedance, which were used to construct
Nyquist, Bode (|Z|) and phase angle plots. The EIS data were ana-
lyzed using Echem Analyst Software from Gamry and were fit to
appropriate equivalent electrical circuit in order to quantify the
corrosion process of the oxide layer (Rp—polarization resistance
and CPE—constant phase element).

Finally, the samples were polarized from −0.8 V to 1.8 V (2 mV/s
scan rate). Such high potential was  achieved, due to the possibility
of failure prediction and the dynamic behavior evaluation, partic-
ularly in a case of current study when surface modifications are
involved. Furthermore, as the polarization curves were obtained as
last step in the electrochemical protocol, the previous tests would
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Fig. 2. SEM micrographs and EDS spectra with Ca/P ratios found in the surface of all studies groups. a) Untreated; b) Al oxide; c) 1-CaP5; d) 1-CaP10; e) 1-CaPAg5; f)
1-CaPAg10; g) 2-CaP5; h) 2-CaP10; i) 2-CaPSi5 and j) 2-CaPSi10.

not be influenced. The scan rate of 2 mV/s was selected based on
initial experiments, in which it was found as an optimal sweep
rate. Corrosion parameters Ecorr (corrosion potential), Icorr (corro-
sion current density), Ipass (passivation current density) and Tafel
slopes (bc, ba) were obtained from the polarization curves by Tafel
extrapolation method using electrochemical software (Echem Ana-
lyst Software, Gamry). Ipass was obtained by measuring the current
density value of the passivation region of the polarization plot. All
tests were repeated at least three times to ensure reliability and
reproducibility.

2.4. Biological characterization

2.4.1. Biocompatibility assay
All samples were sterilized in ethylene oxide gas prior to the

tests. After sterilization, the discs were cultured with human
mesenchymal stem cells (hMSCs) provided by Tulane University.
HMSCs were incubated in Dulbecco’s Modified Eagle Medium

(Hyclone, GE Healthcare Life Sciences) supplemented with 10%
fetal bovine serum (Gibco, Life Technologies), 1% antibiotics
(penicillin–streptomycin) (Gibco, Life Technologies) at 37 ◦C in a
humidified atmosphere of 5% CO2/air. Every three days the culture
medium was  replaced. After reaching 70–80% of confluence, the
cells were detached using trypsin-EDTA (Gibco, Life Technologies),
centrifuged and re-suspended in culture medium for seeding over
the sterilized samples at a density of 1.3 × 105 cells/mL. Cells at the
forth passage were used for experiments.

Field emission scanning electron microscope (FESEM, JEOL, JSM-
6320F) and fluorescence microscope (Leica DMI6000 B, Leica) were
used to evaluate the surfaces biocompatibility by focusing on the
cells response and morphology after 6 days of culture. Following the
FESEM observation protocol, all surfaces were washed twice with
PBS, fixated with 2% glutaraldehyde in sodium cacodylate buffer
(pH 7.4) and gradually dehydrated with gradient ethanol solution,
critical-point dried and sputter-coated with gold in sequence. For
fluorescence analysis, the cells were washed in PBS, fixed with 3.7%
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Fig. 3. Representative SEM micrographs of the oxide layer cross-section of all PEO treated groups: a) 1-CaP5; b) 1-CaP10; c) 1-CaPAg5; d) 1-CaPAg10; e) 2-CaP5; f) 2-CaP10;
g)  2-CaPSi5 and h) 2-CaPSi10. Average thickness values (�m) of the films are presented accordingly.

formaldehyde for 20 min  and permeabilized in 0.05% triton X100
in PBS for 15 min. The cell cytoskeleton and nucleus were stained
with ActinRedTM 555 ReadyProbes® Reagent (Molecular Probes,
Life Technologies) and NucBlue® Fixed Cell ReadyProbes® Reagent
(Molecular Probes, Life Technologies) respectively. As final step, the
samples were washed in PBS twice again before imaging.

2.4.2. Antibacterial activity
2.4.2.1. Bacterial strain and growth condition. In this study, Strep-
tococcus sanguinis reference strain (IAL 1832) was  used and

maintained as frozen stocks with 20% glycerol at −80 ◦C. A mix-
ture of 100 �L of stock culture and 5 mL  of brain hearth infusion
(BHI) broth (Difco Laboratories, Becton, Dickinson and Company)
supplemented with 1% of glucose and incubated overnight in 10%
CO2 (v/v) at 37 ◦C without agitation was  obtained. Afterwards, 1 mL
of the growth medium was  transferred to 9 mL  of BHI broth sup-
plemented with 1% of glucose for 6 h (exponential growth phase)
in 10% CO2 (v/v) at 37 ◦C. Then, S. sanguinis cells were harvested
by centrifugation (6000 × g for 5 min  at 4 ◦C), washed twice with
0.9% NaCl and suspended with BHI broth. A final concentration



138 I.d.S.V. Marques et al. / Corrosion Science 100 (2015) 133–146

Fig. 4. AFM 2D and 3D images of topographies and profiles (with mean and standard deviation of porous depth values) of all studied surfaces: a) Untreated; b) Al oxide; c)
1-CaP5; d) 1-CaP10; e) 1-CaPAg5; f) 1-CaPAg10; g) 2-CaP5; h) 2-CaP10; i) 2-CaPSi5; and j) 2-CaPSi10.
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Fig. 5. Average roughness (Ra) and standard deviation of control groups and PEO
treated surfaces. #Indicates significant difference for 1-PEO and 2-PEO when com-
pared to untreated and Al oxide groups (p < .05). *Indicates a statistically significant
difference of p < .001 when compared to all groups.

of 107 cells/mL was adjusted by a spectrophotometer (Spectronic
20; Bausch & Lomb) at 600 nm (OD = 1 ± 0.02). A pilot study was
conducted to prove such concentration of cells.

2.4.2.2. Biofilm formation. All samples were coated with human
saliva pellicle prior to biofilm development to simulate the oral
cavity. Stimulated human saliva was provided by two  healthy
volunteers. The Ethics Committee in Research of the Piracicaba
Dental School—Univ of Campinas (UNICAMP) approved this study
and certified that the recommendations of the National Health

Fig. 6. XRD pattern obtained from all studied groups, controls and PEO treated.

Council—Ministry of Health of Brazil for research in human subjects
were followed.

The pool of saliva was centrifuged under 10,000 × g during
10 min  at 4 ◦C. The supernatant was  filter-sterilized and immedi-
ately used. Under aseptic conditions, the discs were horizontally
placed individually into a 24-well culture plate containing 1 mL  of
saliva and incubated under agitation for 2 h at 37 ◦C to allow the for-
mation of salivary pellicle. Afterwards, the discs were transferred to
another 24-well culture plate containing 100 �L of S. sanguinis cell
suspension (107 cells/mL) and 900 �L of BHI broth supplemented
with 1% glucose and incubated at 37 ◦C, in 10% CO2 (v/v), for 1.5 h
(adhesion phase).

Table 2
Elemental composition (in at.%) of the top (surface), middle and bottom (cross-section) region of the oxide layers evaluated from EDS analysis for all groups.

Groups Oxide layer depth Element (at.%)

Ti O Ca P Al Ag Si

Untreated Top 100 – – – – –
Al  oxide Top 34.48 48.33 – – 17.19 – –
1-CaP5 Top 28.16 56.85 9.86 5.13 – – –

Middle 22.35 72.87 2.89 1.88 – – –
Bottom 23.47 73.03 1.05 2.45 – – –

1-CaP10 Top 27.9 56.48 10.21 5.41 – – –
Middle 21.11 73.8 3.8 1.29 – – –
Bottom 21.41 74.3 1.21 3.08 – – –

1-CaPAg5 Topa 31.08 53.63 9.84 4.83 – 0.62 –
Middle 21.27 74.24 3.09 1.41 – – –
Bottom 20.66 76.66 0.57 2.11 – – –

1-CaPAg10 Topa 23.69 52.5 14.1 8.64 – 1.07 –
Middle 18.62 74.94 5.01 1.42 – – –
Bottom 19.69 77.03 0.76 2.52 – – –

2-CaP5 Top 26.42 58.65 6.41 8.52 – – –
Middle 15.74 78.41 1.76 4.1 – – –
Bottom 15.89 74.89 3.45 5.77 – – –

2-CaP10 Top 27.01 58.96 5.66 8.37 – – –
Middle 16.44 74.22 3.67 5.68 – – –
Bottom 17.2 77.24 2.3 3.26 – – –

2-CaPSi5 Top 26.76 58.21 4.92 5.74 – – 4.37
Middle 17.25 74.52 2.38 3.16 – – 2.69
Bottom 19.77 72.94 1.94 4.25 – – 1.11

2-CaPSi10 Top 26.55 58.54 5.45 5.65 – – 3.81
Middle 15.54 74.91 1.85 3.07 – – 4.63
Bottom 18.87 74.62 1.27 3.13 – – 2.12

a EDS analysis performed at randomly white spots on the Ag containing surfaces.
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Fig. 7. WCA  of all groups, controls and PEO treated. #Indicates significant difference
for  1-PEO and 2-PEO when compared to untreated and al oxide groups (p < .05). *Indi-
cates a statistically significant difference of p < .001 when compared to all groups.

Finally, the discs were washed with 2 mL  of 0.9% NaCl to remove
non-adherent cells, transferred to 24-well culture plate contain-
ing fresh BHI broth supplemented with 1% glucose and incubated
under microaerophilic (10% CO2) conditions at 37 ◦C during 24 h.
All assays were performed independently 2 times in triplicate
(2 × 3 = 6 – n value).

2.4.2.3. Number of viable cells. The suspension of the bacterial cells
(planktonic cells) were serially diluted in 0.9% NaCl, and 20 �L sam-
ples were plated in quadruplicate onto Trypticase Soy Broth (Difco
Laboratories) with agar. The plates were incubated at 37 ◦C in 10%

Fig. 8. Open circuit potentials (OCP) for all the studied groups immersed in artificial
saliva at 37 ◦C for 1 h.

CO2 and after 24 h, the number of colony forming units per milliliter
was enumerated.

2.5. Statistical analysis

All analyses were conducted using statistical software (SPSS v.
20.0; SPSS Inc.). One way ANOVA test was used to determine the dif-
ferences among groups and Tukey HSD test was used as a post hoc
technique for multiple-comparison. For all analyses, the differences
were considered to be significant if p ≤ 0.05.

Fig. 9. Three equivalent electrical circuits were used to fit EIS data. (a) Untreated group, (b) Al oxide and 1-PEO and (c) 2-PEO groups.
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3. Results

3.1. Surface characterization

SEM micrographs showed the morphologies of the as-received
and modified samples (Fig. 2). The presence of porous on the
anodized surfaces in contrast with the smooth surface of the
untreated control group can be noted. There was a slight differ-
ence on the porous size and interpore distances on surfaces with
different Ca/P ratios. The 1-PEO treated groups presented an anodic
film with larger porous size, similar to craters (volcano appearance)
and wide interpore distances. Fig. 3 shows the cross-sectional SEM
images of all PEO coatings. The oxide layers thicknesses estimated
based on the cross-section micrographs range from 5 to 6.26 �m for
higher Ca concentration groups (1-PEO) and from 1.94 to 3.08 �m
for lower Ca concentration groups (2-PEO). The thickness of the
oxide layers was found to be related to the composition of the
electrolytic bath, as Ca concentration, and not being related to the
treatment duration.

The atomic concentration of each element of the coatings deter-
mined by EDS is summarized in Table 2. The following elements
were identified in the anodic films: Ti, O, Ca, P, Si, Ag and C, accord-
ing to each electrolyte composition. According to these results,
oxygen was a dominant component of the coatings, in which a
higher content was observed in the cross-section region (more than

Fig. 10. Nyquist diagram of EIS response of PEO coatings and control groups. Sym-
bols represent experimental data and solid lines fitted data.

70%) when compared to the top surface (≈50%). The opposite was
noted for Ti distribution, with more concentration in the top area.
Regarding Ca and P concentration, it is noticeable that the deeper
in the film, the less calcium and more phosphorus can be found. So

Fig. 11. Bode impedance plots of PEO coatings and control groups: impedance modulus (a,b); phase angle (c,d). Symbols represent experimental data and solid lines fitted
data.
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that, in the bottom the P content is higher than Ca content. A higher
Ca/P ratio in the surface was found for higher Ca concentration in
the electrolyte (1-PEO), leading to values close to the hydroxyap-
atite (1.67). Ag nanoparticles were distributed on the surface and
were not found in inner layers. White spots were randomly probed
to perform a careful EDS analysis on the surfaces (Fig. 2g and h) that
revealed the presence of Ag. The two groups containing Si in the
electrolyte (2-CaPSi5 and 2-CaPSi10) presented a feature peak of Si
in the three regions (Fig. 2i and j), indicating that Si was  successfully
introduced into the coating.

AFM images are presented in Fig. 4. Different profiles were noted
when different concentrations were considered; the higher the Ca
concentration, the deeper the porous valleys were observed. The
average Ra roughness of all the groups is presented in Fig. 5. All
treated surfaces presented rougher surfaces than the untreated
group (p < 0.05), and Al oxide samples presented the roughest sur-
face (p < 0.001). Furthermore, there is a slight difference between
the roughness of 1-PEO and 2-PEO groups, but not statistically sig-
nificant for all of them.

The phase composition of the oxides formed on cp-Ti surface
was analyzed through X-ray diffraction. The analysis revealed that
all PEO treated groups presented a crystalline structure on the oxide
layer. Anatase phase was obtained in all PEO treated groups (Fig. 6),
while rutile phase was observed only in the 1-PEO groups.

The hydrophilicity of the surfaces was assessed by the water
contact angle measurements (Fig. 7). Based on the results, treated
groups yielded lower water contact angles values compared to
untreated one (p < 0.001), wherein Al oxide samples presented the
lowest values (p < 0.001) and there is not any noticeable difference
between the samples with both Ca/P ratios.

3.2. Electrochemical data

3.2.1. Open circuit potential
Fig. 8 shows the evolution in open circuit potentials (OCP) of

all groups in artificial saliva at 37 ◦C as a function of time. All PEO
groups presented higher OCP values (−160 mV up to 207 mV vs.
SCE) than that of untreated group (−263 mV vs.  SCE). The 1-PEO
groups showed better results, reaching values up to 470 mV  (SCE)
higher than that measured with untreated samples, which suggests
improvement of the corrosion tendency (tending to noble elec-
trochemical potential) due to formation of a protective and stable
oxide film on the surface.

3.2.2. Impedance data
Fig. 9 shows equivalent circuits used for simulation of the elec-

trical parameters of the surface. The values of chi-square (�2)
obtained were of the order of 10−3–10−4, which indicates good
agreement between the experimental and the simulated data. Rp,
CPE (represented as Q),  Wdiff (Warburg diffusion element) as cor-
responding electrical parameters obtained from the EIS data are
shown in Table 3. Polarization resistance values were higher for
all PEO treated groups (p < 0.05), with a significant difference of
p < 0.001 for 1-CaP10. Therefore, following similar trend, capaci-
tance values were lower for all PEO treated groups (p < 0.001).

Nyquist diagram in Fig. 10 shows two different tendencies, one
for all 1-PEO groups and other for all 2-PEO groups. The 2-PEO
treated groups present diffusion regions at the end of the curve,
but not in 1-PEO groups. A part of the graph was magnified in order
to visualize the control groups due to the difference of magnitude.

Phase angle plot (Fig. 11c and d) reveals two different trends for
PEO groups as well. Only one time constant can be noted for 1-PEO
groups though the curves of 2-PEO groups suggest the existence
of a small second time constant. For PEO treated groups, at high
frequencies the angle is higher than that of controls. In Fig. 11a
and b, the higher values of impedance modulus |Z| were observed Ta
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Fig. 12. Potentiodynamic curves for all the studied groups. Note the shift of the
curves to the left-up area of the graph.

at low frequencies, indicating the improvement of electrochemical
stability for the PEO treated samples.

3.2.3. Potentiodynamic
The polarization curves can be seen in Fig. 12 and the elec-

trochemical parameters including Ecorr, Icorr, Ipass, cathodic Tafel
slopes (bc) and anodic Tafel slopes (ba) obtained from Tafel curves
are shown in Table 4. It can be noted that the Icorr values of all
PEO treated groups were similar among them (p < 0.05) and the
values were also lower than control groups (p < 0.001) but the 1-
PEO groups showed higher Ecorr values (p < 0.001). It also can be
observed during the passivation curves that 1-PEO groups pro-
vide more electrochemical stability on dynamic nature of corrosion
process, when compared with the 2-PEO which presented current
fluctuations, as passivation, depassivation and repassivation zones.

3.3. Biocompatibility assay

Based on the results of corrosion, four groups were selected
for biological assays, two controls and two experimental groups
(untreated, Al oxide, 1-CaP10, 1-CaPAg10) that showed improved

Fig. 14. Viable cells. Mean and standard deviation of colony forming units per
mL  (log 10) at 24 h for Streptococcus sanguinis biofilm exposed to different sur-
faces (untreated, Al oxide, 1-CaP10 and 1-CaPAg10) in the culture medium (brain
heart infusion—BHI). Different letters indicate significant difference among groups
(˛  = .05).

corrosion resistance. HMSCs response and morphology cultured on
the selected surfaces for 6 days are presented in Fig. 13. Under flu-
orescence analysis, it is clear that after 6 days the cells showed an
active proliferation activity, covering the entire surface, indicating
that the surfaces of the PEO coatings are as biocompatible as con-
trols. Based on FESEM observation, the hMSCs cultured on the rough
samples, as Al oxide and PEO-treated samples showed an elongated
morphology, good adhesion and spread out over the surface with
defined lamellipodia and stretched filopodia extensions.

3.4. Antibacterial activity

The log10 of colony forming units level of S. sanguinis was
affected by the different tested surfaces (p < 0.001, ANOVA). Ag
nanoparticles in the surface statistically decreased the number of
viable cells when compared to the other groups (p < 0.001). Ag
incorporation was able to reduce about 70%, 62% and 53% of viable
cells when compared to Al oxide, untreated and 1-CaP10, respec-
tively (Fig. 14).

Fig. 13. Fluorescence and FESEM images of hMSCs cultured on the surfaces for 6 days. The arrows show the filopodia extensions on treated samples.
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Table 4
Mean and (standard deviation) values of electrochemical parameters obtained from the potentiodynamic polarization curves.

Groups Ecorr (mV) vs.  SCE Icorr (nA cm−2) ba (mV  dec−1) −bc (mV  dec−1) Ipass (nA cm−2)

Untreated −404 (109) 13.023 (7.401) – 190 (63) 17200 (1000)
Al  oxide −277 (28) 97.833 (6.171) – 243 (10) 22200 (1080)
1-CaP5  102 (45)a 0.497 (0.194)a 1265 (150) 992 (38)a 16.1 (5.3)a

1-CaP10 97 (9)a 0.410 (0.142)a 1461 (13) 860 (9)a 11 (3.5)a

1-CaPAg5 103 (10)a 0.569 (0.209)a 1487 (157) 938 (107)a 14.3 (2.3)a

1-CaPAg10 119 (19)a 0.580 (0.219)a 1553 (20) 938 (67)a 13.8 (5.8)a

2-CaP5 −594 (18) 0.043 (0.007)a – 194 (53) 4.2 (3.2)a

2-CaP10 −591 (13) 0.036 (0.011)a – 210 (60) 87.7 (124)a

2-CaPSi5 −328 (262) 0.059 (0.009)a – 502 (186) 0.519 (0.585)*

2-CaPSi10 −546 (16) 0.056 (0.006)a – 239 (7) 0.155 (0.028)*

a Denotes statistically significant difference of experimental groups when compared to untreated and al oxide (controls) (p < .001).

4. Discussion

Corrosion behavior of modified Ti surfaces through PEO process
is addressed in this investigation. The high corrosion resistance
property of Ti has been attributed to spontaneous formation of a
titanium dioxide passive film of nanoscale thickness, highly sta-
ble, and very low electrical conductivity. This mineral oxide layer
may  provide titanium’s effective biological performance due to its
similarity with the ceramic properties of hydroxyapatite in bone
[25]. However, modifying surface properties as topography and also
chemistry still need efforts to enhance the bone response. So that,
the surface features optimization such as the formation of a bioac-
tive surface with good mechanical properties, corrosion resistance
and also an appropriate biological response is certainly a relevant
way to improve the performance of dental implants.

Based on the SEM and AFM analyses, larger pores size and
thicker oxide layers were found when higher calcium acetate con-
centration was added in the electrolyte. These findings are in
agreement with other studies [14,17,26]. The morphology of the
thicker oxide layers formed with higher Ca concentration demon-
strated different aspect regarding porous structures from those
of lower Ca/P ratio. A larger pore size (volcano craters) observed
in 1-PEO groups may  be due to interconnections that are formed
between one pore and another [27,28].

AFM images also suggest that the thickness of 1-PEO groups
is higher than the other groups as a result of the measurements
of the porous depth based on the profile of the surfaces. In addi-
tion, rutile crystalline structure peaks appear only for higher Ca
concentration (1-PEO) which confers greater corrosion resistance
[16,17]. The roughness was slightly higher for 1-PEO groups, sug-
gesting that higher Ca concentrations produce rougher surface. It
has been suggested that surface roughness is correlated with better
osteoblastic cellular response in comparison with smooth titanium
[12]. Further, all treated PEO groups were able to increase the sur-
face wettability, what is generally favorable in biocompatibility,
promoting a better interaction between the implant surface and
the biological environment [2].

According to recent studies, cell–material interaction can be
influenced by many factors as surface topography, porosity, chem-
ical and elemental composition, dissolution behavior and surface
macro and microstructure [29]. Based on surface characterization,
it can be noticed that the roughness and the wettability of the
treated surfaces were higher than untreated (smooth) titanium,
representing a positive factor for cell proliferation, differentia-
tion, and bone matrix deposition [12,30]. PEO coatings showed
good cytocompatibility, demonstrating no cytotoxic effect when Ag
nanoparticles were incorporated into the surface [13]. HMSCs pre-
sented an elongated morphology and were able to adhere, spread
out with numerous filopodia extensions and proliferate on their
surface. It indicates that the ability of cell migration on rougher
surfaces may  be higher than that on the smooth surfaces [31]. In

the present study, PEO treated samples are not only topograph-
ically improved but also chemically enriched with CaP (close to
hydroxyapatite ratio—1.67), which is beneficial to the stronger
adhesion and growth of hMSCs [32,33]. Many studies suggest that
surface chemistry and topography may provide faster and stronger
osseointegration of dental implants, allowing best anchorage and
a reduced bone healing time to functional loading [31,32,34,35].

Other point that still needs efforts is the antibacterial proper-
ties of dental surfaces. Despite of the high success rate of dental
implants, infection remains one of the most serious and devastat-
ing complication associated with biomaterial devices, which may
lead to implant failure [36]. In this study, PEO surface treatment
was able to incorporate Ag nanoparticles in the modified surface.
Those surfaces showed better antibacterial activity if compared to
other surfaces. It may  be possible that the Ag nanoparticles in the
porous titanium oxide layer might react with water and to release
Ag ions [13,37]. According to Damm et al. [38], Ag ions binding to
proteins can interfere in the membrane permeability and respira-
tion, modifying the metabolism of bacterial cells. These effects may
lead to bacterial cells death [38].

After implantation into the body, the electrochemical corrosion
of biomaterials may  occur in the oral environment and greatly influ-
ences the biocompatibility of the implants [33]. In this study, a
series of electrochemical experiments were conducted to evalu-
ate the corrosion resistance of the PEO treated coatings in artificial
saliva at pH 6.5. The differences on PEO electrolyte composition are
likely to influence the corrosion resistance of all groups. Comparing
the 1-PEO and 2-PEO groups, two  different trends for the corro-
sion behavior can be noted. Regarding OCP results, better corrosion
resistance was  found for 1-PEO, in which all 4 groups presented
similar values, varying from 0.13 V to 0.21 V (SCE).

From polarization curves, the groups with higher Ca concen-
tration (1-PEO) presented a behavior of a ceramic-like surface,
showing both zones (anodic and cathodic) very smooth and sym-
metric one to another, in which cathodic (bc) and anodic Tafel
slopes (ba) were obtained. The Tafel curves of controls and 2-
PEO showed no Tafel linear region in the anodic slope; thus, the
parameters were obtained through Tafel extrapolation by using
the cathodic slope [39–42]. Commonly, Ecorr reflects the difficulty
of materials corrosion [41]. The higher Ca concentration groups
also presented the highest Ecorr values and the lowest Icorr values,
which may  be due to the thicker layer and more amount of rutile
phase [6,16,17]. It is clear that the corrosion resistance of the PEO
treated surfaces is significantly improved compared to the controls,
which can be observed by a shift of polarization curves to the left-
up area of the graph exhibiting lower current density and higher
potential. It suggests a more passive character of the treated sam-
ples in comparison to the control groups. The values of corrosion
potential are about 0.1 V (SCE) for the 1-PEO coatings, which are
higher than −0.4 V and −0.2 V (SCE) for untreated and Al oxide,
respectively, indicating that 1-PEO groups show better corrosion



I.d.S.V. Marques et al. / Corrosion Science 100 (2015) 133–146 145

resistance than controls [43]. Moreover, the current density values
for all PEO treated groups demonstrate a reduction from approx-
imately 10−7–10−10 A/cm2, which represent a very low exchange
current density when compared to controls. The superior corrosion
resistance of PEO treated groups might be related to the improved
surface with ceramic-like coatings produced on titanium. Further-
more, there was a noticeable difference in the passivation behavior,
in the case of 2-PEO groups compared to 1-PEO groups, suggesting
electrochemical instability by current fluctuations, which leads to
higher corrosion rates.

Concerning the EIS fitting, for the untreated group, modified
Randles circuit was used including a CPE and Rp. These elements
respectively infer the capacitive and resistive behavior of the nat-
urally formed oxide layer on the cp-Ti surface when immersed in
artificial saliva. The capacitances were substituted by CPE due to
electrode porosity and the surface heterogeneities, such as rough-
ness [43]. It allows the equivalent circuit to be closer to what is
obtained in the electrochemical experiments [8]. Capacitive behav-
ior can be associated with the presence of an electrochemical
double layer on the material/electrolyte interface, and the dielectric
nature of TiO2 [8].

Fig. 9 shows the equivalent circuit model applied to analyze the
EIS data for 1-PEO groups. This circuit was proposed to represent
the two electrochemical interfaces presented in these coatings. A
pair of elements of Qout and Rpout (outer porous layer) was used in
parallel to replace the dielectric properties of the coating. The other
pair of Qin and Rpin (inner compact layer) in parallel was adapted
to describe the charge transfer process in the oxide layer-substrate
interface. Rpout is the resistance of the electrolyte saturating the
outer layer [44], whereas Rsol is the resistance of the electrolyte
between the working electrode and the reference electrode, and
Rpin is the resistance of the barrier part (resistance to charge trans-
fer process).

For the 2-PEO groups, a finite length Wdiff was included in the
circuit in series with the resistance of the porous part [8,20]. The
existence of Warburg resistance in equivalent electrical circuit indi-
cates that the electrochemical behavior of the coated specimen in
an early stage of immersion was controlled by diffusion phenom-
ena. It can be explained by the net transfer from a region of high
concentration to a region of low concentration, which refers to the
penetration of the electrolyte into the formed layers. The thinner
inner compact layer of 2-PEO coating with narrow interpore dis-
tance supplied more paths for the penetration of the electrolyte,
which is adverse to the protective effect of the coating. On the other
hand, the thicker and dense inner compact layer with wide inter-
pore distance in 1-PEO coating hindered the penetration rate of the
electrolyte, what may  enhance the corrosion properties of the coat-
ing [20]. It suggests that the resistance to corrosion offered by outer
layer and inner layer is determined by pore levels which correspond
to their surface morphologies [45].

Therefore, it was noted that all 1-PEO treatment groups had the
similar EIS profiles. The same was observed for the 2-PEO groups,
which presented similar corrosion trend. 1-PEO groups presented
only one time constant and the curves of 2-PEO groups suggest
the existence of a small second time constant. The phase angle
peak appearing at high frequency represents the dielectric prop-
erty of the porous layer of the coating, while the one at medium
frequency corresponds to the barrier layer [41,46]. The difference
can be attributed to the dense passive film with rutile as crystalline
structure in 1-PEO groups, which suggests more homogeneous and
compact Ti oxide layers, conferring more protection to the metal
surface. Assuming this, it can be inferred that the main aspects in
terms of topography and corrosion behavior are dictated by the
concentration of calcium and phosphorus, showing no major dif-
ferences when silica and silver are incorporated into the treated
surfaces. However, these findings are related to surface analysis

and corrosion, and different results can be found when biological
tests are applied [13,33,34]. Future studies are necessary to have a
complete understanding about the optimal parameters to improve
materials properties and osseointegration.

Based on this result, PEO is an effective technique to modify
titanium surface by creating a bioactive coating that biocompat-
ible, has antibacterial properties and can improve the corrosion
resistance of dental implants. Although the current in vitro study
provides an overview of the electrochemical behavior of the new
coatings, it has some limitations. It is difficult to simulate in vivo
conditions since it was  conducted in laboratory conditions, using
artificial saliva. Therefore, further investigations in tribocorrosion
field, regarding the synergistic effect under friction and wear in
a corrosive environment are warranted. Further in vivo studies are
needed to investigate the bone-cells cellular response to the studied
surfaces.

5. Conclusions

Based on the results of this study, the following findings can be
drawn:

Ca/P ratios played an important role on surface characteristics
(as topography, chemical composition, thickness of the film and
structure) and also corrosion properties.

The concentration of 0.3 M calcium acetate (1-PEO) presented
better corrosion behavior.

The incorporation of Si and Ag on the surface had no major
influence on the corrosion behavior.

PEO treated surfaces allowed optimal spreading and prolifera-
tion of hMSCs. Addition of Ag nanoparticles resulted in antibacterial
properties without causing any damages to hMSCs.

The crystalline structures affected the corrosion resistance since
rutile containing layers presented better protective barrier proper-
ties.
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