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The objective of this study was to evaluate the influence of sterilization on a hybrid coating obtained from a sol composed of
alkoxysilane tetraethoxysilane (TEOS) and organoalkoxysilane methyltriethoxysilane (MTES) containing 10% (mass) of hy-
droxyapatite particles. The coating was obtained by dip coating, by applying two layers (protective/bioactive), which were cured at
different temperatures (450°C and 60°C). The effects of sterilization on the superficial, electrochemical, bioactive, and mechanical
properties of the coating were evaluated by performing different sterilization processes, namely, steam autoclave, hydrogen
peroxide plasma, and ethylene oxide. Subsequently, the coating was characterized by using scanning electron microscopy (SEM/
FEG), and FTIR measurements were performed to characterize the chemical structure. The bioactivity and degradability of the
coating were analyzed by mass variation after immersion in SBF and X-ray diffraction (XRD) analysis. The electrochemical
behavior was assessed by open circuit potential (OCP) and potentiodynamic polarization curves and the mechanical behavior by
wear resistance. Results showed that all sterilization processes caused significant morphological changes in the hybrid coating. The
autoclaved sample presented the highest structural chemical changes, and, consequently, the highest degradability, even though it
had a superior bioactive behavior in relation to the other samples. In addition, the sterilization processes influenced the
electrochemical behavior of the hybrid coating and altered the mechanical resistance to abrasion, thus presenting lower wear

performance in relation to the nonsterilized sample.

1. Introduction

Titanium and its alloys are widely used as bone substitutes in
the orthopedics and odontology areas due to their me-
chanical properties and cytocompatible behavior. However,
they are materials with reduced capacity to stimulate the
formation of new tissues. Numerous superficial treatments
are proposed in order to improve their bioactivity [1-3],
mainly by using materials considered osteoconductors.
Considering osteconductors, the application of bioactive
coatings based on calcium phosphate, specifically hy-
droxyapatite [1], stands out. These materials are known to
have the ability to react with physiological fluids, favoring
the formation of an apatite layer that assists in the physical-
chemical interaction between bone and implant [2]. Nev-
ertheless, the use of only ceramic coatings is becoming
restricted due to the poor adhesion of these to the metallic

substrates, and the problems generated because of their
mechanical properties [4, 5].

Thus, the application of bioactive coatings prepared by
the sol-gel method on metallic substrates has been proved
successful in the development of scientific research with
application in biomaterials. This is due to the possibility of
functionalization of these surfaces by the incorporation of
particulate materials with osteoconductive properties [6-8].
Some researchers have used hybrid coatings based on
organic-inorganic silicon precursors (silanes) [6, 7, 9]. These
coatings consist of the combination of inorganic Si(OR),
and organic silanes R'(CH,),Si(OR)3, where R is a hydro-
lyzable alkoxy group and R’ is an organofunctional group.
They are formed by the occurrence of hydrolysis reactions
and the condensation of the precursors, with the formation
of a bonding network (Si—O-Si), uniform and chemically
bound to the substrate [5, 8, 10].
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Finally, being the last step that precedes the implantation
of a biomaterial in the human body, the sterilization is also
considered the last of the biomaterial superficial modifica-
tions. Its properties are affected as well, and, therefore, the
process used must be carefully selected. Sterilization aims at
eliminating all forms of microorganisms, including bacteria,
spores, and fungi [11], thus, preventing the transmission of
diseases and minimizing the incidence of infections [11, 12].
Some researchers have demonstrated the influence of
sterilization processes on the properties of different bio-
materials [12-14]. In this context, Walke et al. [15] showed
the compromise of the corrosion resistance of a coating
formed by TEOS and TMOS silanes on stainless steel (316L).
Baldin et al. [16] observed that different sterilization pro-
cesses caused alterations in the electrochemical properties
and biocompatibility behavior with MG-63 cells for the
silane coating composed of TEOS and MTES applied on the
Ti6Al4V alloy. However, there is a lack of studies on the
influence of sterilization on the osseointegration process for
hybrid bioactive silane coatings.

The objective of this study is to evaluate the influence
of different sterilization processes (steam autoclave, hy-
drogen peroxide plasma, and ethylene oxide) on the
bioactivity, as well as on the morphological, electro-
chemical, and mechanical properties of a hybrid coating
obtained from a sol consisting of alkoxysilane precursors,
tetraethoxysilane (TEOS), and organoalkoxysilane methyl-
triethoxysilane (MTES) containing bioactive hydroxyapatite
ceramic particles. This bioactive coating was applied on a
hybrid coating of similar composition, but with protective
properties to the Ti6Al4V alloy.

2. Materials and Methods

Figure 1 shows the flowchart of this study development. Step
A contemplates the operations of obtaining the hybrid
coating; step B presents the sterilization processes applied;
and step C, the techniques used to characterize the coatings
before and after the sterilization processes.

2.1. Obtaining the Hybrid Coating with Hydroxyapatite
Particles. The hybrid coating was obtained by the synthesis
of silane precursors, alkoxysilane tetraethoxysilane (TEOS),
and organoalkoxysilane methyltriethoxysilane (MTES)
(Sigma-Aldrich, 98%), 40: 60 molar in ethyl alcohol, nitric
acid (Neon, 66.2%), and acetic acid (Neon, 98%). They were
in the following ratios: silane: water (1:2); water: ethyl al-
cohol (1:1); and water :acetic acid (7:1) [7, 17-20] in the
nitric acid medium (pH = 2). After 24 hours of hydrolysis of
the TEOS/MTES precursors, the hydroxyapatite particles
Sigma-Aldrich 90% were added in the proportion of 10%
(mass) [19, 21]. The homogenization of the suspension was
performed in a high shear mixer model 550 (Sonics), with a
40% amplitude during 6minutes. This suspension was
subsequently agitated for 24 hours until the deposition of the
hybrid coating on a metallic substrate of Ti6Al4V, already
coated with a protective coating, was obtained, according to
the methodology by Baldin et al. [16].
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The deposition of the coating was performed by the dip-
coating technique (Marconi, Brazil), with the application of
a single layer of sol, with velocities of entrance and with-
drawal of the suspension of 18 cm'min~' and immersion
time of 5 minutes [7]. Subsequently, it was cured in a furnace
(Sanchis, Brazil) at 60°C for 1hour, with a heating rate of
10°C-min~".

2.2. Sterilization Processes. The sterilization of the hybrid
coating was performed using three different processes:
ethylene oxide, steam autoclave, and hydrogen peroxide
plasma.

The sterilization in saturated steam and ethylene oxide
autoclaves were performed at Esterilizare (a company in
Caxias do Sul, Brazil) under the following conditions: au-
toclave (Baumer, series 050500001, HI-VAC Plus Autoclave
Horizontal model) with a capacity of 0.56m’, at 134°C,
pressure of 0.70 atm for 7 minutes of exposure; and ethylene
oxide at a pressure of 0.65atm, at temperature of 55°C, and
for 180 minutes with gas (Chemogas) composed of 90%
ethylene oxide and 10% carbon dioxide.

Plasma sterilization of hydrogen peroxide was per-
formed at the Pompéia Hospital Sterile Processing De-
partment (Caxias do Sul, Brazil) by using the Sterrad NX
(Johnson and Johnson) sterilizer for 28 minutes. The tem-
perature during the sterilization cycle ranged between 45
and 55°C. The parameters used for sterilization were those
usually used in establishments (certified by ANVISA),
without any modification to the process.

2.3. Characterization of Coatings before and after Sterilization

2.3.1. Physical-Chemical and Surface Properties. The hy-
drolyzed solutions, the hydroxyapatite particles, and the
coating, before and after the sterilization processes, were
characterized by Fourier transform infrared (FTIR) spec-
troscopy in attenuated total reflection (ATR), in the region
between 4000 and 400 cm™', with 4cm™" resolution in the
Nicolet IS10 spectrometer (Thermo Fisher Scientific, Wis-
consin, USA).

The morphologies of the hydroxyapatite particles and the
coating, before and after the sterilization processes and after
the bioactivity experiments, were observed in top view using
the Field Emission Gun Scanning Electron Microscopy
(SEM/FEG) (Tescan Mira3, Czech Republic). Elemental
mapping was carried out by X-Max (Oxford Instruments,
United Kingdom) with dispersive energy spectroscopy
(EDS) coupled to the high-resolution scanning microscope.

The adhesion of the hybrid coating on the protective
coating was analyzed by the adaptation of the crosshatch and
tape pull test, according to the ASTM D-3359-09 standard.
For this, vertical and horizontal cuts were manually made on
the deposited coating, and, subsequently, an adhesive tape
was applied and pressed on it. Afterwards, the tape was
removed with a slope near 180°, and the coating peel off was
analyzed using SEM/FEG. The degree of adhesion was at-
tributed to the amount of material removed from the coating
beyond the marked areas. The micrometer roughness was
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Figure 1: Flowchart of the development stages of this study.

analyzed in a surface roughness tester model Surftest SJ-301
(Mitutoyo, Japan) with cutoff of 0.08 mm.

The contact angle measurements, used to determine the
surface wettability, were performed by the sessile drop
method using an equipment developed by the Corrosion
Research Laboratory (LAPEC) of the Federal University of
Rio Grande do Sul (Porto Alegre, Brazil), in which a drop of
the liquid was deposited on the surface using a micropipette.
The drop was observed through a low magnification lens and
the contact angle measured with a goniometer. The contact
angle measurements were performed with a simulated body
fluid solution (SBF). The SBF solution was prepared
according to the methodology proposed by Kokubo and
Takadama [22].

2.3.2. Bioactivity. The bioactive behavior of the coating was
analyzed by immersing the samples in SBF at a temperature
of approximately 37 + 3°C for different evaluation times (24,
168, 336, and 672 hours) [9, 22]. After the termination of the
selected times, the samples were removed from the solutions,
washed with deionized water and dried in an oven at
37 +3°C for 48 hours. After, samples were weighed and the
percentage of the mass variation was calculated. X-ray
diffraction (XRD) analysis was also performed using Philips
X’Pert MPD equipped with curved graphite mono-
chromator and fixed copper anode, operating at 40kV and
40 mAl, with angles ranging from 5 to 75°, and a step of
5%1s .

2.3.3. Electrochemical Properties. The electrochemical prop-
erties were determined by monitoring the open circuit
potential (OCP) and the potentiodynamic polarization
curves. Measurements were performed in a nonagitated
medium, naturally aerated, at a temperature of approxi-
mately 37+3°C, and an electrolyte of SBF, after 1 and

672 hours of immersion. A conventional three-electrode cell
was used in the analyzes, being the saturated calomel (ECS)
the reference electrode and the platinum the counter elec-
trode interconnected to a potentiostat/galvanostat (Ivium-
Stat of Ivium Technologies, Netherlands). The scanning
interval was —200 mV below the open circuit potential, and
800 mV above it, with a scanning speed of 1 mV-s~!' [23, 24].

2.3.4. Mechanical Properties. The wear resistance tri-
bological tests were performed using a UMT-3 tribometer
(CETR, USA) with a computer-controlled ball-on-plate
configuration. This test was performed in triplicate and
5mm yttria-stabilized-zirconia (YSZ) balls were used as the
counterbody, in linear and reciprocating movements. A load
of 0.3 N was used for 60 minutes at a frequency of 1 Hz and
2mm of track length.

Table 1 shows the names and descriptions used for the
samples during this study.

3. Results and Discussion

3.1. Silane Hybrid Coating. Figure 2 shows the FTIR spectra
of the TEOS/MTES solution after 24 hours of hydrolysis, of
the solution after 48 hours with 24 hours of dispersion of the
hydroxyapatite particles, and of the coating after curing at
60°C.

According to the mechanism for obtaining hybrid
coatings by using the sol-gel method [25], the wide band
ranging from 3200 to 3700 cm ™' in the spectrum obtained
for the TEOS/MTES solution after 24 hours of hydrolysis can
be attributed to the O-H bond due to the presence of the
solvents, in which water and alcohol used in their synthesis.
This bond can also be attributed to the formation Si-OH
groups, evidenced by the appearance of the band between
800 and 890 cm™". The presence of the acetic acid catalyst
was also verified due to the appearance of the band at
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TaBLE 1: Naming and description of the samples of this study.

Ti6AIAV/TM/TM Ti6Al4V sandeq with Protective coating application composed of TEOS and MTES cufed at 450°C, aond a

second hybrid coating composed of TEOS and MTES containing 10% hydroxyapatite cured at 60°C
Ti6AIAV/TM/TMy10 0 Ti6Al4Y sand.ed with p.ro.tective coating applic.ation composeod of TEQS and MTES cured at_450°C, and a

hybrid coating containing 10% hydroxyapatite cured at 60°C, sterilized by the ethylene oxide process

Ti6Al4V sanded with protective coating application composed of TEOS and MTES cured at 450°C,
Ti6Al4V/TM/TMpya/ac and hybrid coating composed of TEOS and MTES containing 10% hydroxyapatite

cured at 60°C, sterilized by the autoclave process
Ti6Al4V sanded with protective coating application composed of TEOS and MTES

Ti6Al4V/TM/TMya/pr cured at 450°C, and a hybrid coating composed of TEOS and MTES containing 10%

hydroxyapatite cured at 60°C, sterilized by the hydrogen peroxide plasma process
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F1GURE 2: FTIR of the TEOS/MTES solution hydrolyzed for 24h
with the addition of the hydroxyapatite particles after 24 h and after
condensation and cure stage.

approximately 1716 cm ™', which refers to the stretching of
the C=0 bond. The absorbance at about 2900 cm™" can be
associated with the C—H bonds and symmetric and asym-
metric (CH, and CH3) stretches in the aliphatic alkoxysilane
(TEOS) and organoalkoxysilane (MTES) chains. Moreover,
the band located at 958 cm™' may be associated with the
asymmetric stretching of PO, present in the chemical
structure of hydroxyapatite [25-27].

The infrared spectrum obtained after 48 hours of solu-
tion hydrolysis, during which there were 24 hours of dis-
persion of the hydroxyapatite particles, revealed the
formation of the Si—-O—-P chemical bonds by the appearance
of the band located near 876 cm™, which results from re-
action of the hydroxyl groups present in the structure of
hydroxyapatite with those present in the silanol group
[28-30]. The formation of this bond can also be confirmed
by the lower intensity of the bands related to the Si—-OH
bond, when these are compared to the spectrum obtained
after 24 hours of hydrolysis. According to Mora et al. [31],
the occurrence of covalent bonds with particles dispersed in
the sol-gel network may favor the formation of crosslinks,
causing a greater densification of the final coating.

Finally, after 60 minutes of curing at 60°C, the reaction of
condensation between the silanol groups with the formation
of the siloxane (Si—-O-Si) bonds was observed, being evi-
denced by the appearance of a band at approximately
1020 cm ™", In addition, the bands were associated with the
C-H (CH, and CH;), and Si—C (Si—CHj;) bonds were

present in the lateral grouping of the organoalkoxysilane
MTES, and the O-H bond band was also observed. The
retention of the water and/or the permanence of the silanol
groups (between 3200 and 3700 cm™!) were observed even
after the curing step.

According to Herndandez-Escalano et al. [32], the curing
temperature used to obtain the silane coatings may influence
their properties. Usually, higher temperatures are used to
obtain coatings for improving the corrosion resistance of
metal substrates, and lower temperatures are used in the
biomedical area to provide these coatings with osteo-
conductive properties. The curing temperature of 60°C was
chosen because, according to Latifi et al. [33], the presence of
hydroxyls in these coatings tends to favor bioactivity since
they provide the highest nucleation and growth of apatite.
Thus, from the observation of such groups in the FTIR
spectra of the cured hybrid coating, this would be the coating
proposed for application in the area of biomaterials.

In addition, the silane hybrid coating can also be con-
firmed by the images obtained in EDS due to the detection of
the main chemical constituents of the siloxane (Si—O—Si):
silicon and oxygen bonds, together with the elements of the
structure of hydroxyapatite, calcium, and phosphorus. Based
on the micrographs obtained from the SEM/FEG experi-
ments, the adhesion of the silane hybrid coating containing
hydroxyapatite particles can be evidenced since their re-
moval occurred only in small regions which were not in
those previously marked. Such adhesion can be observed by
their satisfactory interaction in Figure 3(B). The layer
thickness obtained was of approximately 1.1 ym, corrobo-
rating the results published by Ballarre et al. [19], who used
the same silicon precursors but applied on an AISI 316L
substrate.

3.2. Effect of Sterilization Processes on Silane Hybrid Coating

3.2.1. Surface Properties. Figure 4 shows the micrographs of
the hybrid silane coating before and after the different
sterilization processes.

In the micrographs, the deposition of a homogeneous
coating, which was defect-free and with hydroxyapatite
particles uniformly distributed throughout the surface but
covered by the coating, was observed. In the literature, the
use of the sol-gel method is indicated for incorporation of
particles in order to obtain homogeneous coatings for
functionalization of different surfaces [34]. On the contrary,
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FIGure 3: SEM/FEG micrographs (A) of the hydroxyapatite particles and the hybrid coating cured at 60°C in different analyzed areas,
(B) after the adhesion assay with elemental mapping according to the coating composition, (C) of the detachment region with slope of 35°,

and (D) of the transverse view of deposited coating.

according to Mora et al. [31], the presence of agglomerated
particles tends to negatively influence the mechanical
properties of these coatings. After sterilization, all the
processes to have modified the morphology of the hybrid
coating, as well as increased the layer thickness, thus pro-
ducing a completely porous material in the bulk, although
less porous on the surface. These changes could also be
evidenced by the increase in the parameters of micrometric
roughness of the sterilized samples in relation to the non-
sterilized samples (Table 2). The Ti6Al4V/TM/TMya,ac
sample showed the highest surface exposure of the hy-
droxyapatite particles and, as a consequence, presented a
higher surface roughness when compared to the other
samples (Ra=0.44 ym). For the Ti6Al4V/TM/TMuapu
sample, less significant morphological changes, and, con-
sequently, values of the surface roughness parameters closer
to the ones of the nonsterilized sample (Ra=0.24 ym) were
observed. However, the adhesion behavior between the
coatings (protective and bioactive), as well as the integrity of
the deposited layer, was not evidenced (Figure 4).

Figure 5 shows the FTIR spectra and the mean contact
angle values for the coating before and after the sterilization
processes were carried out.

The sterilization processes modified the chemical
structure of the coatings. Changes in the FTIR spectra
(Figure 5), when compared to the nonsterilized sample, were
seen. These were, mainly, seen in the reduction of the in-
tensity of the bands at 3000, 3600 cm ™Y, and 2900 cm ™},
which are attributed to the stretching of O-H and C-H
bonds, to water retention, and/or the presence of the silanol
group, and to the CH; bond of the MTES side group,

respectively. These changes may be related to the increase of
heating, which causes an increase in the temperature during
sterilization and may have led to a greater crosslinking of
these coatings. In addition, the Ti6Al4V/TM/TMpua,ac
sample presented these modifications in greater intensity,
which may be justified by the sensitization of the CH; groups
to the pressure employed during this process [35].

The increase in the wettability of the sterilized coatings
in relation to the nonsterilized coatings, as shown in Ta-
ble 2, can be related to the chemical changes observed in the
FTIR analysis (Figure 5). The reduction of the density of
CH; groups compared to the hydroxyl groups has an
important influence by increasing the hydrophilic behavior
[17] of the sterilized hybrid coatings. Similar results were
published by Wittenburg et al. [36] and Han et al. [37]
when glass and zirconia surfaces were sterilized using
similar processes.

The highest contact angle values were found for the
autoclaved samples, followed by the samples sterilized with
ethylene oxide, and hydrogen peroxide plasma. Therefore, it
is possible to correlate the wettability and surface roughness
results obtained after sterilization to Wenzel’s theory by
Pegueroles et al. [38] where it was affirmed that the increase
in the roughness of a surface tends to cause a decrease in the
values of contact angles due to the increased surface area.

3.2.2. Bioactivity. 'The correlation of the results obtained in
XRD (Figure 6), mass variation (Figure 7), and SEM/FEG
micrographs after 24 and 672 hours of immersion of the
hybrid coatings in SBF (Figure 8) allowed the verification of
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FIGURE 4: SEM/FEG micrographs of the nonsterilized and the sterilized (by three different processes) hybrid coatings before and after the

adhesion test on the protective coating.

the influence of the sterilization processes on the compo-
sition and on the structure of the coatings, thus relating them
with the bioactivity behavior.

Based on the analysis of the diffractograms, the peaks
corresponding to the a and f3 phases, which belong to the
metallic substrate of Ti6Al4V, were close to 40, 53, and 63°
and to 36, 57, and 71°, respectively [39]. Similarly, the crystal
structure of the hydroxyapatite particles incorporated in the
coating was confirmed by detecting the peak near 26° (HA)
[5]. In addition, after 672 hours, the relative intensity of the

peaks close to 32 and 34°, which are related to the presence of
amorphous hydroxyapatite (aHA) [18] and to the reduction
of intensity of SiO, amorphous structure (TEOS/MTES)
[40, 41] were compared to the Ti6Al4V peaks (« and f3
phases).

Regardless of the sterilization process used, the bio-
activity behavior of the proposed coating was verified
(Figures 6 and 7). This bioactive behavior was most likely
due to the permeability of the electrolyte in the coatings,
causing the instability of the siloxane bond network formed
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TABLE 2: Mean values of roughness in the micrometric scale de-
termined by contact profilometry for the nonsterilized and the
sterilized (by three different processes) coatings.

Sample Ra (um) Contact angle (°)
Ti6 Al4V/TM/TMjo 0.22 +0.03 81+0.2
Ti6AI4V/TM/TMp 0k 0.39+0.02 72+0.7
Ti6Al4V/TM/TMpa/ac 0.44 +0.04 64+0.5
Ti6 Al4V/TM/TMpa/p1 0.24+0.02 74+0.5
Ti6Al4V/TNI/TM
Ti6AL4V/TM/ TMyy o
K T16A14V/TM|[/TM]1:[ AJAC
L |
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= | |
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Wavenumber (cm™)

Figure 5: FTIR of the nonsterilized and the sterilized (by three
different processes) hybrid coatings.

(reduction of the SiO, amorphous structure) and thereafter
dissolving the hydroxyapatite particles dispersed in the
coatings. These particles, when in contact with the SBF
solution, triggered the formation of amorphous apatite on
them (greater intensity of the peaks related to aHA,
according to Ballarre et al. [18]). In addition, the increase in
the mass percentages as a function of the analysis, as shown
in Figure 7, corroborates the bioactive behavior of the
coatings previously discussed.

The bioactive mechanism of a surface, according to the
literature, occurs when the Ca*> and PO, ions present in
SBF react with the hydroxyl groups, inducing the nucleation
of apatite (Reaction 2) [42]. Once nucleated, it tends to grow
spontaneously and form the amorphous calcium phosphate,
which is later deposited on the biomaterial [43-45]:

(Si0,), + 2H,0 — (Si0,),, + Si(OH),
5Ca** + 3P0, + OH™ — Ca4(PO,),(OH)

Zheng et al. [46] observed that the sol-gel silane coatings,
which are effective for corrosion protection, applied on the
nitinol alloy (NiTi) exhibited adequate bioactivity as a con-
sequence of the presence of hydroxyl groups in it. Hydroxyls,
in addition to the ones present in the chemical structure of the
coating after curing and sterilization, can be formed from the
hydrolytic hydrolysis of the Si—-O—Si bonds (Reaction 1) [33],
favoring the nucleation of apatite of calcium and or even of a
mineralized matrix. In Ballarre et al. [18], the combination of
the use of ceramic particles together with the dissolution of
silane coatings is considered an important factor for the
osseointegration process around metal implants.

The gain of mass presented by the nonsterilized sample
after 24 and 168 hours of immersion suggests an advanced
bioactive stage of this coating when compared to the other
samples. Such behavior resembles that found by Tan et al.
[47] since the authors suggested that a greater amount of OH
available in the coating tends to promote faster precipitation
of apatite. Additionally, the lower bioactive behavior for the
sterilized samples in the first moment may be related to both
lower hydroxyl numbers (Figure 5) and greater crosslinking
observed, thus provoking a higher stability of the siloxane
network formed.

Furthermore, according to Heise et al. [48], rough surfaces
tend to promote increased nucleation and formation of apatite
(aHA) when immersed in SBF, for instance, the Ti6Al4V/TM/
TMpya/ac (51%) and Ti6Al4V/TM/TMpapu (38%) samples,
when compared to the Ti6AI4V/TM/TMpyp0r (35%) and
Ti6Al4V/TM/TMp, (25%) samples after 672 hours of im-
mersion. In addition, the higher wettability presented by
Ti6Al4V/TM/TMpa,ac may also have influenced the hydrolytic
degradation of this coating, thus contributing to its superior
bioactive behavior in comparison with other samples [33, 49].

Moreover, for promoting in vivo bioactivity, the forma-
tion of apatite on the biomaterial can accelerate the biological
processes that guide the formation of new bone, such as cell
differentiation in osteoblasts, alkaline phosphatase activity,
and extracellular matrix mineralization [22, 50].

After analyzing the SEM/FEG images (Figure 7) of the
sample after 672hours of immersion, regardless of the
sterilization process, the surface defects were minimized if
compared to the sample after 24 hours of immersion, hence
confirming the bioactivity of the proposed coatings.

3.2.3. Electrochemical Properties. Figure 9 shows the mea-
surements of the open circuit potential (OCP) monitoring
and potentiodynamic polarization curves after 1hour and
672 hours of immersion in SBF sterilized coating.

Up to approximately 360 hours of immersion, the po-
tentials of the nonsterilized coating (bioactive + protective
layer) were observed in more positive directions in relation to
the sterilized samples (Figure 9(a)). In the same way, in the
polarization curves obtained after 1hour of immersion was
observed the development of higher current densities of
sterilized samples compared to the nonsterile sample (Figure
9(b)). These behaviors may be related to morphology since
greater internal porosity (shown in Figure 4) coupled with
higher wettability (Table 2) presented by these coatings after
sterilization may have allowed a greater permeability of the
electrolyte in it. This may be related to what has already been
evidenced by Hosseinalipour et al. [51] when evaluating the
electrochemical behavior of a stainless steel substrate (AISI
316L) coated with TEOS and TMOS hybrid films in different
proportions. Besides, the superior bioactivity presented by the
nonsterilized sample, at the same time of immersion in SBF
(Figure 7), may have also contributed to this behavior since
the apatite layer formed may have acted as a new physical
barrier to the action of the electrolyte during the first mo-
ments of immersion. Consequently, at one hour of immer-
sion, this sample developed lower current density values.
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oxide. This may be associated with higher electrolyte per-
meability in these sterilized samples, which allowed the
electrolyte to reach the substrate, and the formation of

However, after 672 hours of immersion in the anodic
polarization assay, the sterilized samples developed lower
current density, except for those sterilized with ethylene
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FiGure 8: SEM/FEG micrographs of the nonsterilized and the sterilized (by three different processes) coatings immersed for 24 and
672 hours in SBF at 37 +3°C.

corrosion products consequently reduced the current den-  rate of deposition of amorphous hydroxyapatite, causing
sities developed by these systems. the creation of preferential defects that facilitate the per-

Authors have reported the reduction of corrosion re-  meability of the electrolyte [8, 48]. The degradation of all the
sistance over time for silane coatings due to higher rate  hybrid coatings observed in the present work, regardless of
of dissolution of bioactive particles, when compared to the  the sterilization process, can also be evidenced by comparing
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the polarization curves obtained at 1 hour and 672 hours, in
which the current density values increased from 107° to 10~*
(Figure 9(b)) and from 107 to 107! (Figure 9(c)).

After 672hours of immersion, the sterilized coatings
presented the development of less active potentials and
lower current densities in the anodic sweepings when
compared to the nonsterilized samples (Figure 9(c)). It
evidences even more the effect of the sterilization processes
on the electrochemical behavior of the samples. The deg-
radation behavior previously observed (Figure 9(b)) most
likely contributed to the increase in the permeability of the
electrolyte through the coatings, leading to the formation of
corrosion products on the metallic substrate, Ti6Al4V alloy
[16, 52], which, consequently, caused the blockage of the
surface defects and the reduction of the current density
developed in the anodic sweep. In addition, the reduction
of current density on the surface caused by the deposition
of the apatite layer formed on the coatings, corroborating
the findings on bioactivity behavior (Figures 6 and 7), can
be related mainly to the Ti6Al4V/TM/TMpya,ac sample.

3.2.4. Wear Resistance. Figure 10 shows the evolution of the
friction coeflicients obtained from the ball-on-plate wear
resistance test for the nonsterilized coating, and for the
coatings sterilized by the different processes as a function of
time.

Based on the analysis of Figure 10(a), all hybrid coatings
presented similar friction coefficient values, these being
similar to those obtained for the nonsterilized sample as well,
with values close to ¢ =0.7. The rupture of the coatings was
evidenced by the decrease in the coeflicient of friction from
u=0.7 to u=0.55-0.65. However, the sterilized bioactive
coatings broke off in the first few seconds (50 s) of the assay,
all practically at the same time, while the nonsterilized coat
broke within approximately 100 seconds of assay.

Subsequently, the rupture of the protective layer can be
observed with the decrease in the friction coeflicient from
u=0.55-0.65 to p=0.4. The intense oscillation of the ob-
served value may have been due to the presence of the
particles from the breaking of the films, which may have
acted as a third wear body. Due to this last change in the
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friction coeflicient, and its constant behavior until the end of
the analysis time, the rupture of the two coatings deposited is
expected. Based on this rupture, the friction coefficient could
be verified as similar to that mentioned in the literature for
the Ti6Al4V substrate (u=0.4) [53, 54].

Figure 10(b) shows the images obtained in the SEM/FEG
of the tracks on the coatings on which the wear tests were
carried out and the YSZ balls used as a counterbody. By
analyzing the micrographs of the tracks after the wear tests,
the rupture of the bioactive coatings and of the underlying
coatings was confirmed.

Even with the application of the bioactive coating, the
wear behavior of the previously deposited protective coating
was influenced by the different sterilizations. As seen in
Figure 10(a), the ethylene oxide sterilized sample showed the
highest rupture strength of the protective coating, followed by
the hydrogen peroxide plasma and the autoclave processes. In
addition, the protective coatings of the samples sterilized by
ethylene oxide and by plasma of hydrogen peroxide presented
higher resistance to wear than the nonsterilized coating,
showing the positive influence of the sterilization methods on
the mechanical properties of these coatings.

In general, the autoclaved sample (Ti6Al4V/TM/
TMpya/ac) was the one with the lowest wear resistance,
evidenced by a greater track width, and a greater amount of
coating material transferred to the YSZ balls, as seen in
Figure 10(b). However, the ethylene oxide sterilized sample
(Ti6Al4V/TM/TMpa,0r) was the one with the highest wear
resistance (narrower track width and less material trans-
ferred to the ball), even if compared to the nonsterilized
sample (Figure 10(b)).

The higher wear resistance of the protective layer, when
compared to the bioactive layer, may be associated with the
higher cure temperature used for the protective layer

(450°C), which should favor a greater crosslinking of this
coating, consequently increasing its mechanical resistance.
In addition, it should be considered that the addition of HA
to the bioactive layer may also have contributed to impairing
its mechanical resistance.

4. Conclusion

The sterilization methods evaluated promoted morpholog-
ical changes in the hybrid coating, causing changes in the
chemical structure of the coatings and in their bioactivity
behavior. The autoclaved sample presented the highest
structural chemical changes and, consequently, the highest
degradability, even though it presented superior bioactive
behavior in relation to the other samples.

The sterilization processes influenced the electro-
chemical behavior of the hybrid coating. The samples
submitted to the autoclave and peroxide hydrogen plasma
sterilization processes presented lower current density
values than the samples sterilized with ethylene oxide.

Considering wear resistance for abrasion, the bioactive
coatings that underwent the sterilization processes did not
exhibit any significant difference in behavior among them;
however, they presented lower wear performance in relation
to the nonsterilized sample. In the case of the protective
layer, only sterilization by autoclave presented a deleterious
effect, rupturing before the nonsterilized sample. All other
sterilization processes had a positive effect on abrasion wear
resistance, and the ethylene oxide-sterilized sample showed
the highest wear resistance.

Finally, based on the results obtained, it is possible to
emphasize the relevance of the choice of the sterilization
process since this will influence the final properties of the
developing biomaterial.
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