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This study formed a biofunctional coating for a Ti15Zr alloy to improve the surface characteristics, the
electrochemical behavior, and the biological properties of this implant material. Ti15Zr discs (15 mm
in diameter � 1 mm thickness) were obtained in three versions: machined, SLA�-treated (control
groups), and modified by plasma electrolytic oxidation (PEO) (experimental group). Surface features such
as topography, composition, surface roughness, surface free energy, and hardness were assessed.
Electrochemical tests were conducted with body fluid solution (pH 7.4). The albumin protein adsorption
was measured by the bicinchoninic acid method, and the adhesion of Streptococcus sanguinis was deter-
mined. The surface treatments modified the material’s topography. SLA promoted surface roughness
higher than that of the other groups, whereas PEO surfaces presented the highest values of hardness
and surface free energy. PEO increased the polarization resistance and the corrosion potential, and
decreased capacitance and corrosion current density values. In addition, plasma treatment improved
the albumin adsorption without being favorable to biofilm adhesion. PEO appears to be the most promis-
ing alternative for Ti15Zr alloys, since it improved surface characteristics and electrochemical behavior,
as well as enhancing the adsorption of albumin on the material surface with fewer tendencies to bacterial
adhesion.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

Titanium (Ti) alloy containing zirconium (Zr) as Ti15Zr is a
promising material in implantology and is used to manufacture
narrow-diameter implants (< 3.5 mm), which are reliable options
in rehabilitation with reduced mesiodistal and/or interradicular
space or in edentulous ridges with severe reabsorption [1]. This
material is commercially available as implants (Roxolid�, Institut
Straumann AG, Basel, Switzerland) and has demonstrated accept-
able success rates and clinical performance comparable with that
of commercially pure titanium (cpTi) [2]. Its application has
emerged and become established in implant dentistry due to the
high levels of mechanical strength and excellent biocompatibility
properties [1], and it can be considered a solution to the potential
toxic effects [3] and peri-implant consequences of the Ti6Al4V
alloy [4].

Adverse peri-implant effects may be caused by material degra-
dation as a result of the release of metal ions and debris in the
body. Osteolysis, bone resorption, and infections, as well as
implant loosening and failure [3,5], are some negative outcomes
that can occur if implant surfaces are not modified to tolerate
physiological changes in the environment [6]. In addition to pro-
tecting the implant surface against corrosive and degradation pro-
cesses, surface treatments can also ensure better mechanical,
physical, and biological properties [7].

The surface derived by the process involving sandblasting fol-
lowed by acid-etching (SLA) has demonstrated excellent clinical
results when applied in implants [8], including those made by
the Ti15Zr alloy. SLA implants have shown great cell differentiation
and bone apposition, with strong bone-implant contact in the ini-
tial periods of osseointegration [9]. Another surface treatment that
has shown promising results is plasma electrolytic oxidation (PEO),
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a high-voltage anodic oxidation process in electrolytic solutions
[10] with good interfacial adhesion to cpTi and its alloys [11].
PEO forms rough, porous, and thick coatings [10,12], providing
greater surface area for implant attachment to the bone, as well
as excellent biocompatibility and osseointegration [13]. Addition-
ally, the use of different electrolytes permits the incorporation of
elements that can provide antibacterial effects [14,15], contribute
to a more bioactive surface [10,16] and enhance protein adsorption
[17], as well as being beneficial to the electrochemical behavior of
the material [12,17].

PEO has been widely used in cpTi [12,18] and its alloys [19–21].
Moreover, to the best knowledge of the authors, it was not found
studies that compared Ti15Zr alloys with PEO and SLA surfaces
with regard to corrosion, protein adsorption, and biofilm forma-
tion, properties that play crucial roles in implant treatment suc-
cess. Further, if Ti15Zr is to be considered a reliable material in
the manufacture of dental implants, it is important that the best
treatment in this bulk substrate be established. Thus, this study
formed a biofunctional coating for the Ti15Zr alloy, with the aim
of improving its surface characteristics, electrochemical behavior,
and biological properties. For comparison with well-established
surfaces, the machined and SLA surfaces were used as controls.
2. Materials and methods

2.1. Experimental design

Fig. 1 illustrates the experimental design of this study. Ti15Zr
alloy discs [machined (TiZr M) and SLA� surfaces (TiZr SLA)], 15
mm in diameter and 1 mm thick, were kindly provided by Institut
Straumann AG. For the experimental group, the machined surface
was modified by PEO (TiZr PEO). The surface, electrochemical,
and biological properties of Ti15Zr alloy were determined.
2.2. Plasma electrolytical oxidation treatment

PEO was applied according to our previous protocol [12,14,17].
Briefly, Ti15Zr machined discs were used as the anode, while a
steel tank with a cooling system was the cathode. The electrolytic
solution was prepared by the dissolution of 52.854 g of calcium
acetate [Ca (CH3CO2)2] (Sigma–Aldrich, St. Louis, MO, USA) and
4.3208 g of glycerophosphate disodium (C3H7Na2O6P) (Sigma–
Aldrich) in 1 L of distilled water. The deposition was carried out
in 500 mL of solution during 10 min, two discs at a time. The depo-
sition parameters – voltage (290 V), frequency (250 Hz), and duty
cycle (60%) – were controlled by a pulsed DC power supply (Plasma
Fig. 1. Schematic diagram of the experimental design. LSCM = laser scanning conf
spectroscopy; XRD = X-ray diffractometry; OCP = open circuit potential; and EIS = electr
Technology Ltd.). The treated discs were washed with deionized
water and air-dried.
2.3. Surface characterization

All samples were ultrasonically cleaned and degreased with
deionized water (10 min) and 70% propanol (10 min) (Sigma–
Aldrich) and dried with warm air before the characterization anal-
yses [22]. The surface topography was observed by two- and three-
dimensional images obtained by a non-contact 3D Laser Scanning
Confocal Microscope (LSCM, VK-X200 series, Keyence, Osaka,
Japan) (n = 1). The images were acquired with lenses of 50 � and
150 �magnification and processed by means of VK-Analyzer soft-
ware (Keyence v3.3.0.0). The surface area was estimated by the
extrapolation of its measurements in images of 100 � 100 mm that
were obtained at the 50 �magnification. The surface morphology
was also observed by means of scanning electron microscopy
(SEM; JEOL JSM-6010LA, Peabody, MA, USA) (n = 1).

The main constituent elements of the Ti15Zr alloy surfaces were
assessed by energy-dispersive spectroscopy (EDS) (n = 1), which
allowed for semiquantitative analysis on the order of 1 mm3. X-
ray diffractometry (XRD; X’Pert PRO MRD, PANalytical, Almelo,
The Netherlands) was performed to verify the chemical and
microstructural composition of the surfaces (n = 1). The parame-
ters used were: Cu–Ka (k = 1.540598 Å) radiation and operation
at 45 kV and 40 mA at a continuous speed of 0.02� per second,
and a scan range from 20� to 90� [12].

Roughness parameters (average roughness, Ra; maximum
height of the profile, Rt; average maximum height of the profile,
Rz; and root mean square roughness, Rq) were assessed by pro-
filometry (Dektak 150-d; Veeco, Plainview, NY, USA) with a cut-
off of 0.25 mm at 0.05 mm/s over 12 s (n = 5) [23]. A goniometer
(Ramé-Hart 100–00; Ramé-Hart Instrument Co., Succasunna, NJ,
USA) was used to analyze the water contact angle and surface free
energy by the sessile drop method (n = 5). For this test, the liquids
used were water (polar component) and diiodomethane (disper-
sive component) (15 lL of each drop) [12]. Especially for this
dependent variable, the test was performed on the TiZr M and TiZr
SLA discs as soon as they were removed from the sterile package
provided by the company. Therefore, the liquid’s interaction with
the surface could be evaluated as supplied. Vickers hardness was
evaluated by means of an indenter (Shimadzu, HMV-2 Micro Hard-
ness Tester, Shimadzu Corporation, Kyoto, Japan) (n = 5). The test
was performed by the application of 0.5 kgf for 15 s at four ran-
domly distributed points in each sample. The following formula
was used to calculate the values of Vickers hardness: Hv = 1.8544
ocal microscopy; SEM = scanning electron microscopy; EDS = energy-dispersive
ochemical impedance spectroscopy.
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P/d2, in which P = applied load and d = length of the diagonals of
indentations [23].
2.4. Electrochemical assessment

The electrochemical behavior of TiZr surfaces was assessed fol-
lowing our previous protocol [12,22,24]. A standardized method of
three-electrode cells, as required by ASTM International (formerly
the American Society for Testing and Materials – ASTM) (G61–86
and G31–72), associated with a potentiostat (Interface 1000,
Gamry Instruments, Warminster, PA, USA), was adopted.

The samples were placed in contact with 10 mL of simulated
body fluid (SBF) at 37 ± 1 �C (pH 7.4) prepared as previously deter-
mined [25]. First, a cathodic potential (�0.9 V vs. SCE) was applied
for 10 min to standardize the oxide layer. Afterward, the open cir-
cuit potential (OCP) was carried out for 3600 s to obtain the free
corrosion potential of the material. Then, electrochemical impe-
dance spectroscopy (EIS) was acquired at frequencies between
100 kHz and 5 mHz with amplitude of the sinusoidal voltage signal
of 10 mV and OCP as the initial potential [12]. EIS data were ana-
lyzed by Echem Analyst software (Gamry Instruments) and used
to construct Nyquist, Bode (|Z|), and phase angle plots considering
the real (Z0) and imaginary (Z00) components of impedance.
Fig. 2. Illustrative scheme of the
Finally, the samples were polarized from �0.8 to 1.8 V (scan
rate of 2 mV/s) to draw the potentiodynamic polarization curves,
which was possible by the Tafel extrapolation method (Echem
Analyst Software, Gamry Instruments) with the following parame-
ters: Ecorr (corrosion potential), Icorr (corrosion current density),
Tafel slopes (bc, ba), and passivation current density (Ipass). The
electrochemical tests were conducted at least five times (n = 5)
to ensure reliability and reproducibility. For data analyses, the
exposed area (in cm2) of each surface (TiZr M = 1.98, TiZr SLA =
5.35, TiZr PEO = 4.43) was considered.
2.5. Protein adsorption

The assessment of albumin adsorption on the Ti15Zr surfaces
followed a previous protocol [17,22]. Briefly, five samples of each
group were incubated in 100 mg/mL of albumin (Sigma–Aldrich)
under horizontal stirring (7.85 rad/s) at 37 �C. After up to 2 h of
incubation, samples were washed three times in phosphate-
buffered saline (PBS) (Gibco Life Technologies, Gaithersburg, MD,
USA) and transferred to cryogenic tubes containing 1 mL of PBS.
Then, discs were sonicated and vortexed for 60 s for removal of
non-adherent proteins. The solution was diluted 10-fold, and the
protein adsorption was evaluated by the bicinchoninic acid
biofilm experimental design.
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method (BCA Kit, Sigma–Aldrich) with bovine serum albumin used
as the standard.
2.6. Bacterial adhesion

For this investigation, the study was approved by the Local
Research and Ethics Committee (79011517.9.0000.5418/2017)
and followed the research recommendations of the National Health
Council - Ministry of Health of Brazil.

Strains of Streptococcus sanguinis IAL 1832 (100 lL) were grown
in 5 mL of brain heart infusion (BHI) broth (Difco Laboratories, Bec-
ton, Dickinson and Company, Le Pont-de-Claix, France) supple-
mented with 1% of glucose under 10% CO2 incubation at 37 �C
without agitation during an overnight period. Then, 1 mL from
each tube was transferred to a new tube containing 9 mL of BHI
broth supplemented with 1% of glucose for 6 h (exponential
growth phase) in the same conditions. The tubes were centrifuged
(6000g for 5 min at 4 �C) and the precipitate was resuspended in
fresh BHI broth. The optical density was adjusted at 600 nm (OD
= 1.00 ± 0.02) [24] by a spectrophotometer (DU800 Beckman Coul-
ter, Brea, CA, USA). A final suspension of 107 cells/mL was obtained
(Fig. 2a).
Fig. 3. Two- and three-dimensional LSCM image
For simulation of clinical oral conditions, stimulated human sal-
iva was obtained from two healthy volunteers who had been fast-
ing for both food and water (with their informed consent). The
collected saliva was centrifuged (10,000g for 10 min at 4 �C), and
the supernatant was filter-sterilized and used immediately. The
saliva presented pH around 7. Before the acquired pellicle forma-
tion, the samples were ultrasonically cleaned in distilled water
(10 min) and 70% propanol (10 min), and sterilized in an autoclave.
The samples were then placed individually in a well of a sterile 24-
well polystyrene cell culture plate containing 1 mL of saliva and
incubated under agitation for 2 h at 37 �C [24] (Fig. 2b).

The pellicle-coated discs were transferred to wells containing
100 lL of S. sanguinis cell suspension and 900 lL of BHI broth sup-
plemented with 1% glucose. The samples were incubated for 1.5 h
(10% CO2 at 37 �C) (Fig. 2b). Then, the discs were washed twice in
saline solution (0.9% NaCl) for the removal of non-adherent cells
(Fig. 2c). The discs were transferred to cryogenic tubes containing
3 mL of 0.9% NaCl. The tube was sonicated (7 W) for 30 s to disag-
gregate bacteria cells, and, from the homogenized suspension, an
aliquot of 0.1 mL was 5-fold serially diluted in 0.9% NaCl and plated
in mitis salivarius agar). The plates were incubated in an atmo-
sphere of 10% CO2 at 37 �C for 48 h (Fig. 2c). After the counts of
s (150 � magnification) of Ti15Zr surfaces.
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colony-forming units (CFU) were obtained, data were expressed as
log of CFU per cm2 (log CFU/cm2), according to the disc’s area as
previously obtained in LSCM analysis. All assays were performed
independently twice in triplicate (2 � 3�n = 6).

For visualization of the bacterial cells attached to the disc sur-
faces, two additional discs + biofilm of each surface were fixed in
Karnovsky solution (PBS; pH 7.2), dehydrated in a series of ethanol
washes (60%, 70%, 80%, and 90% solution for 5 min and 100% for 10
min), and dried aseptically. Afterward, they were gold-sputtered
for analysis in SEM (JEOL-JSM-5600LV) scanned at 15 kV at 5000
�magnification [26].
2.7. Statistical analyses

The Shapiro-Wilk method was performed to verify the normal-
ity of all response variables. One-way ANOVA was used to test the
statistically significant differences among the surfaces with regard
to roughness, surface energy, hardness, electrochemical parame-
ters (Rp, Q, Ecorr, Icorr, and Ipass), protein adsorption, and CFU counts.
Tukey’s HSD test was used as a post hoc technique for multiple
comparisons. A mean difference significant at the 0.05 level was
used for all tests (IBM SPSS Statistics for Windows, v. 21.0., IBM
Corp., Armonk, NY, USA).
3. Results

3.1. Surface properties

Two- and three-dimensional images obtained by LSCM can be
seen in Fig. 3. The machined surface was slightly smooth and
Fig. 4. SEM micrographs and chemical mapping by EDS with element concentr
homogeneous, with longitudinal grooves reflecting the machining
process. The SLA surface presented protrusions that increased the
Z-axis due to the presence of high peaks and deep valleys. The
PEO surface showed topography with volcano-like pores in differ-
ent diameters. It is interesting to observe the rounded contours
produced by the PEO in contrast to the sharp endings of the SLA.
These characteristics can be confirmed by SEM micrographs
(Fig. 4). The SLA surface exhibited sandblasting holes with super-
position of small pits produced by the acid-etching.

EDS mapping shown in Fig. 4 presents the chemical composi-
tions and element concentrations of each surface. The machined
and SLA surfaces presented specific elements of the alloy (Ti and
Zr). Although the proportions found are different from the nominal
composition (15 wt% of Zr), the values are acceptable, since the
nominal concentration does not take into account the presence of
interstitial elements such as C and O. Ca and P were incorporated
into the PEO surface at a ratio of 1.75. The higher concentration
of O in this surface suggests the formation of Ti and Zr oxides.

The XRD patterns (Fig. 5) show peaks of Ti for all surfaces. The
crystalline structures anatase and rutile were obtained for the PEO
surface, while Ti hydride (TiH) was observed for SLA surfaces.

The roughness parameters for each group are presented in
Fig. 6. The SLA surface presented the highest surface roughness
(1.26 mm ± 0.79), followed by PEO (0.41 mm ± 0.02) (p < 0.05). The
machined surface had the lowest Ra value (0.19 mm ± 0.06) (p < 0.
05). All roughness parameters evaluated followed the same trend,
confirming more irregular surfaces for the SLA group, especially if
Rt and Rz are considered.

PEO treatment statistically significantly increased the surface
energy and hardness of Ti15Zr alloy (p < 0.05) when compared
with those of controls (Fig. 7). For both properties, the SLA surface
ations (wt%) of Ti15Zr surfaces. The asterisk indicates pits on the surface.



Fig. 5. X-ray diffraction patterns of Ti15Zr surfaces. The dotted lines identify the
peaks of titanium.

Fig. 6. Roughness parameters (n = 5) of Ti15Zr surfaces. Different letters indicate
statistically significant differences among the groups (p < 0.05, Tukey’s HSD test).
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showed the lowest values. Regarding the water contact angles, the
PEO group presented the most hydrophilic surface (30�), while SLA
had contact angles characteristic of a hydrophobic surface (104�).
The water contact angle of machined surfaces was 89�.

3.2. Electrochemical properties

The surface electrochemical behavior was verified by OCP, EIS,
and potentiodynamic tests. The evolution in OCP during 1 h can
be observed in Fig. 8. It is clearly visible by the stability of the
curves that oxide films were formed on the surface protecting
the material. It seems that PEO and SLA surfaces achieved potential
stability more quickly than did the machined surfaces. After 1 h of
immersion in SBF, the PEO surface statistically significantly
increased the material potential to nobler values (139.91 mV ± 98
.63) (p < 0.05). There were no statistically significant differences
between the machined (3.75 mV ± 22.96) and SLA surfaces (�28.
11 mV ± 7.13) (p > 0.05).

EIS was performed for evaluation of the corrosion kinetics of
Ti15Zr surfaces. Data were modeled in equivalent electrical circuits
(Fig. 9). For the machined and SLA surfaces, a simple circuit con-
sisting of Rsol (resistance of the electrolyte), Rp (polarization resis-
tance), and Q (constant phase element, CPE) was used (Fig. 9a). For
the PEO surface, two electrochemical interfaces were taken into
Fig. 7. (a) Surface energy (n = 5) and (b) hardness (n = 5) of Ti15Zr surfaces. Different le
HSD test).
account. Thus, two pairs of elements were used in parallel: Qout

and Rpout in series with the Warburg diffusion element (Wdiff) to
represent the external porous layer, and Qin and Rpin to simulate
the inner compact layer (Fig. 9b). Herein the time constant of dif-
fusion parameter (W-T) of Warburg was used to represent the
transport of ionic species in the electrolyte through the porous
structure.

The Nyquist diagrams can be seen in Fig. 10. PEO surfaces
exhibited a much higher magnitude, being necessary to amplify
the graph for visualization of the control groups. This suggests
superior impedance with a higher resistance to ion exchange for
PEO. Among controls, SLA showed an open arch with large diame-
ters. In Fig. 11a, higher values of impedance were clearly visible at
all frequencies for the PEO surface, revealing enhanced electro-
chemical behavior. Regarding the phase angle plot (Fig. 11b), the
control group curves demonstrated only one time constant. Con-
versely, the PEO surface presented a second time constant, exhibit-
ing a higher phase angle at high frequencies and a tendency to
increase at low frequencies.

The electrical parameters obtained from EIS are described in
Table 1. Chi-square (v2) exhibited values on the order of 10�2 to
10�3, which guarantees that the circuit was adequately fit. The
PEO surface demonstrated superior polarization resistance (p < 0.
05), while no statistically significant difference was observed
tters indicate statistically significant differences among the groups (p < 0.05, Tukey



Fig. 8. Representative open circuit potential curves of Ti15Zr surfaces in SBF for 1 h.

Fig. 9. Equivalent electrical circuits used to fit EIS data. (a) TiZr M and TiZr SLA
groups and (b) TiZr PEO group.

Fig. 10. Representative Nyquist diagrams of Ti15Zr surfaces in SBF.
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between the control groups (p > 0.05). Higher capacitance values
were observed for machined surfaces (p < 0.05). PEO showed the
best electrochemical behavior with fewer ionic exchanges.

Fig. 12 shows the potentiodynamic polarization curves of the
TiZr alloy for all surface types. The curves shift to the left of the
graph for PEO and SLA surfaces. Improved electrochemical behav-
ior was found for PEO, since lower current density was observed
for all applied potentials. In the PEO group, the cathodic and anodic
regions are symmetrical, which characterizes a ceramic-like coat-
ing. All groups exhibited a stable passivation region where the cur-
rent was constant with the increase of the applied potential. There
was no tendency toward depassivation and repassivation
phenomena.

Concerning the electrochemical properties obtained from the
potentiodynamic curves, a significant improvement of all parame-
ters was observed for PEO surfaces (Table 2). Ecorr shifted signifi-
cantly to more electropositive values (p < 0.05), while smaller
values of Icorr, corrosion rate, and Ipass were found for this surface
(p < 0.05).
3.3. Biological properties

The protein absorption and the CFU counting of S. sanguinis are
represented in Fig. 13. The PEO surface presented almost two-fold
increase in albumin adsorption when compared with the controls
(p < 0.05). Both SLA and PEO surfaces presented a significant
decrease of CFU counting compared with the machined group (p
< 0.05).

The SEMmicrographs revealed bacterial adhesion in all surfaces
(Fig. 14). Representative images of S. sanguinis arranged as multi-
cellular aggregates or as short streptococcal chains can be
observed.
4. Discussion

New implant materials and surfaces have been designed in
recent years to achieve greater osseointegration and treatment
success. PEO is one of the most promising treatments, and this
study applied such biofunctional treatment for the Ti15Zr alloy,
which has been established as an alternative to cpTi and Ti6Al4V
alloy, mainly because of its enhanced mechanical performance
and suitable biocompatibility. In this study, we showed an
improvement in surface characteristics, electrochemical behavior,
and biological properties for PEO-treated Ti15Zr alloy.

The effect of PEO treatment on TiZr surface morphology is evi-
dent and, together with the element’s incorporation into the oxide
layer, is the main factor improving the material’s properties. Dur-
ing the PEO process, pores arise at the sites of microdischarge
channels [18,27] responsible for melting the material, creating
melted oxides, which are rapidly cooled in the presence of elec-
trolytes when the discharging spark is extinguished [28,29]. This
phenomenon led to the effective incorporation of Ca and P into
the porous surface with a Ca/P atomic ratio close to that of hydrox-
yapatite (approximately 1.67) [12]. Coatings that mimic bone
structure and present such elements have been demonstrated to
improve the bioactivity of PEO coating [16,29] and to influence
the differentiation of hBMSCs into osteoblasts [16].

Another feature that has a significant influence on the biological
properties of implants relates to surface roughness. The increased
roughness observed on the PEO surface when compared with the
machined surface is due to the sizes of pores and their volcanic-
like structure [29]. In addition, the pores have a stacking tendency
that induces a more fluctuating surface [28]. Conversely, the high-
est roughness of the SLA surface is due to a complex hierarchical
structure with deep valleys and prominent peaks produced by
the mechanical-chemical process [8,30]. Previous study [31]
observed a bimodal topography for the TiZr SLA surface, in which
macro- (size of about 20–40 mm) and microscale features (size in
the order of 2–5 mm) were responsible to increase considerably
the roughness when compared to that of machined surfaces. These
topographic changes were also responsible for enhancing the avail-
able surface area for both groups, which has already been related
to greater bone-implant contact and bonding strength, to increase



Fig. 11. Representative (a) impedance and (b) phase angle plots of Ti15Zr surfaces in SBF.

Table 1
Means and (standard deviations) of electrical parameters obtained from the equivalent circuit models of Ti15Zr surfaces.

Groups Rpout

(MX�cm2)
Rpin

(MX�cm2)
Rptot (MX�cm2) Qout (nX�1 sn.

cm�2)
ɳout Qin (nX�1 sn.

cm�2)
ɳin Qtot (nX�1 sn.

cm�2)
Wdiff (nS s�0.5.
cm2)

v2 x 10�3

TiZr M 4.40 (1.47) – 4.40 (1.47)a 11234.85
(90.58)

0.94
(0.01)

– – 11234.85
(90.58)a

– 1.62
(0.68)

TiZr
SLA

18.72 (7.75) – 18.72 (7.75)a 6704.67
(371.08)

0.96
(0.01)

– – 6704.67
(371.08)b

– 0.40
(0.06)

TiZr
PEO

4154.76
(3362.29)

7.54
(10.53)

4162.30
(3368.12)b

0.80 (0.83) 0.46
(0.17)

0.01 (0.01) 0.92
(0.05)

0.81 (0.84)c 131.77
(161.93)

12.00
(4.24)

Different letters indicate statistically significant differences among the groups (p < 0.05, Tukey’s HSD test).

Fig. 12. Representative potentiodynamic polarization curves of Ti15Zr surfaces in
SBF.

J.M. Cordeiro et al. / Applied Surface Science 452 (2018) 268–278 275
reverse torque removal and, consequently, implant stability
[32,33]. An anodized surface has demonstrated increased bone for-
mation in the early stages of healing, with removal torque 45.6%
higher than that of a machined implant [33]. Previous studies
[12,16,34] reported that cell adhesion and proliferation are driven
by topographic features. A direct relationship was observed
between available surface area and cell adhesion, while highly fluc-
tuating and porous surfaces are responsible for mediating cell pro-
liferation. Additionally, rougher surfaces allowed for cell spreading,
with numerous filopodia extensions.

Wettability, obtained by means of contact angles, also affects
the biological interactions of the dental implant. Only PEO surfaces
presented an evidently hydrophilic feature with higher surface
energy. A previous study [28] verified that the water contact angle
decreases directly with the increase of calcium glycerophosphate
concentration in the electrolytic solution used for PEO. The SLA
treatment generated a hydrophobic surface, as reported previously
[35]. This result may be due to the hierarchically structured topog-
raphy with different-length scales that can cause hydrophobic
water-repellent behavior [36]. Regarding the high values of water
contact angles found for machined surfaces, the presence of
adsorbed hydrocarbon contaminants can explain this behavior
[36]. With these results, the surface energy might be the main
property that favored the increased adsorption of albumin on
PEO surfaces. In addition, the coating chemical composition, con-
taining Ca, P, and hydroxyl (OH�) ions may also have influenced
protein adsorption. It is known that cations like Ca are attracted
by negatively charged surfaces, encouraging also the adsorption
of proteins [37]. Its occurs by the interaction between the albumin
with Ca ions through electrostatic forces, and by the formation of a
Ca bridge between the albumin and OH� groups on the surface of
Ti [38,39]. Moreover, the adsorption of proteins may have been
favored by the presence of pores and a rough surface that provides
a large number of anchorage sites. Increased protein adsorption to
the implant is important to mediate the interaction of osteoblastic
cells with the implant material, consequently accelerating osseoin-
tegration [35,40].

In addition to improved protein adsorption, PEO treatment pre-
sents even lower CFU counts. A previous study also found a
reduced count of anaerobic bacteria for PEO surfaces [14]. It is
known that PEO deposition parameters strongly influence antibac-
terial properties, relative to the formation of crystalline phases,
oxides, and hydroxyapatite. With the exception of Ti crystalline
phases, no traces of Ca-, P-, and Zr-containing phases were
detected via XRD, which could be due either to concentrations
being below the detection limit of this analysis or to the com-
pounds being in an amorphous form [41]. Varying the deposition
of parameters possibly favors the growth of bacteria or even sup-



Fig. 13. (a) Albumin adsorption and (b) CFU (Log10)/cm2 at 2 h for Streptococcus sanguinis biofilm exposed to Ti15Zr surfaces.

Fig. 14. SEM micrographs of biofilms formed on TiZr surfaces at 5000 � magnification (scale bar = 5 mm). The arrows indicate CFU arrangements.

Table 2
Mean and (standard deviation) values of electrochemical parameters obtained from the potentiodynamic polarization curves of Ti15Zr surfaces.

Groups Ecorr (mV) vs. SCE Icorr (nA cm�2) ba (mV dec�1) �bc (mV dec�1) Ipass (nA cm�2) Corrosion rate (mpy) � 10�4

TiZr M �22.78 (29.38)b 18.73 (6.82)a 0.33 (0.04) 0.29 (0.03) 5468.43 (173.06)a 85.55 (31.00)a

TiZr SLA �66.08 (11.60)b 4.30 (0.54)b 0.28 (0.04) 0.24 (0.01) 3236.91 (33.86)b 19.73 (2.52)a

TiZr PEO 248.18 (148.88)a 0.01 (0.01)c 0.64 (0.30) 1.26 (0.24) 0.10 (0.07)c 0.04 (0.02)b

Different letters indicate statistically significant differences among the groups (p < 0.05, Tukey’s HSD test).
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presses some of them, such as Staphylococcus epidermidis [42]. It
was expected that TiO2 and ZrO2, as well as their crystalline phases
found in PEO surfaces, could influence bacterial adhesion, since the
anatase phase of TiO2 was related to the promotion of biofilm
reduction of oral streptococci [43], and both crystalline phases of
TiO2 were responsible for preventing the adhesion of Escherichia
coli bacteria [15]. Furthermore, ZrO2-based surfaces, in comparison
with TiO2 surfaces, promoted slightly less bacterial adhesion on
both amorphous and crystalline structures [44]. In addition to
PEO, the SLA surface also presented a reduction in CFU counts,
which may be a result of its lower surface energy being less attrac-
tive to bacterial adhesion [45,46]. However, a previous study inves-
tigated biofilm formation in the period of 5–7 days and observed
higher numbers of bacteria adhering to SLA surfaces [47]. Such
contradictory findings can be explained by the fact that high
roughness seems to be a minor factor in the initial adhesion phase
of biofilm formation [48,49], but it can influence the mature bio-
film [47]. Thus, further studies are needed to ascertain the influ-
ence of these surfaces on bacterial adhesion. Besides, this study
analyzed just the initial bacterial adhesion of only one species of
bacteria; it would be interesting to evaluate the interaction of
mature multispecies biofilm with such surfaces.

Regarding surface hardness, an improvement in this property
can prevent the release of elements and harmful debris into sur-
rounding tissues [28]. SLA surface exhibited significantly lower
hardness than the other ones. An extensive study [31] on the
mechanical properties of TiZr SLA surface showed that this mate-
rial does not have sufficient ability to accommodate stresses by
plastic deformation promoted by SLA treatment, which can impair
the beneficial effect of this process on the mechanical performance
of the material. This may be the driven force toward the decreasing
in surface hardness for the SLA group in the present study. On the
other hand, PEO showed the highest hardness among surfaces,
which may be related to the formation of a thick and compact
oxide film on Ti15Zr alloy that has, in its composition, the rutile
crystalline phase that is related to increased hardness and coating
resistance [12,17]. This result is interesting, since the Ti15Zr mate-
rial is normally used to manufacture narrow-diameter implants
that present a decrease in mechanical resistance [50], which must
be compensated by the properties of materials used. The features
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found in the oxide layer for the PEO surface also ensured greater
electrochemical behavior, which may protect the implant from
degradation processes due to mechanical requirements as well as
exposure to corrosive environments [3]. This may influence the
response of peri-implant tissue to released ions and particles,
reducing adverse effects such as inflammatory reactions and bone
resorption.

The surface obtained by PEO showed more electropositive
potentials, which can reduce the tendency to corrosion due to
the formation of a stable and protective oxide layer [12]. Also,
much higher values of impedance and polarization resistance were
observed by EIS, reflecting significantly lower values of capaci-
tance. The inner dense layer created by PEO was firmly attached
to the substrate [28], which increased the corrosion resistance of
the material acting as an efficient barrier to ion diffusion through
the coating and avoiding electrochemical dissolution [19,28]. As
mentioned previously, a finite-length Wdiff was included in series
with the resistance of the porous layer for adequate fit with the
impedance and phase angle slope for PEO surfaces [12,18,19]. Nor-
mally, the use of the Warburg diffusion element is a way to repre-
sent the diffusion phenomena that occur in an early stage of
immersion [12] and the mass-transfer processes inside the outer
layer [18]. With respect to SLA surfaces, there is no consensus in
the literature regarding its effect on corrosion resistance. In this
study, a significantly lower value of capacitance, Icorr, and Ipass
was observed when compared with that of the machined group.
It is known that etched surfaces can form a TiH intermediate layer
that was detected by means of XRD in this study, which can act
protecting the surface against corrosion, favoring the electrochem-
ical results [51].

Concerning potentiodynamic polarization curves, PEO exhibits
greater passive behavior, since the current density increases very
slowly with the potential, maintaining a minimum difference in
the corrosion current density from the beginning of the anodic
region to its end. The coating produced may present through-
pores or micro-cracks that provide paths for permeation or pene-
tration of the solution [52], which maintains constant low levels
of ion exchange. Even so, both Icorr and corrosion rate parameters
obtained for PEO surfaces were more than two orders of magnitude
less than those of controls. This behavior reaffirms the electro-
chemical stability of the oxide film that presents the rutile phase
in its constitution. In addition, PEO surfaces showed that the corro-
sion potential shifted positively, which can also be correlated to
increased chemical stability of the coating [28].

PEO has been widely applied in several substrates, presenting
favorable results in terms of biological properties and electrochem-
ical behavior. In this study, it was no different, since PEO was suc-
cessfully applied to the Ti15Zr alloy and showed noticeably
enhanced outcomes for every property evaluated. Considering that
the Ti15Zr alloy has shown excellent results in vivo, the greater
corrosion resistance associated with the higher protein adsorption
and lower biofilm formation found for PEO surfaces will further
enhance the clinical success of this material. It is clear that more
research is needed to assess the biocompatibility of this surface
when applied to the alloy in question. Furthermore, studies with
animal models or even clinical trials are crucial to establish PEO
as the best alternative in this substrate.
5. Conclusions

In this study, we formed a biofunctional coating to the Ti15Zr
alloy and compared it with commercially available surfaces
(machined and SLA). PEO was successfully applied to the substrate,
being the most promising option for Ti15Zr alloys and applications
in dental implant manufacturing. The coating showed remarkable
surface characteristics, such as high hardness, excellent surface
energy, and excellent roughness. PEO also showed the greatest cor-
rosion resistance, with the noblest electrochemical behavior for all
parameters evaluated. Additionally, this surface was able to
increase the adsorption of albumin on the material surface with
a lower tendency to bacterial adhesion.
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