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Abstract

Metallic implants and devices are widely used in the orthopedic and orthodontic clinical areas.
However, several problems regarding their adhesion with the living tissues and inflammatory
responses due to the release of metallic ions to the medium have been reported. The modification
of the metallic surfaces and the use of biocompatible protective coatings are two approaches to
solve such issues. In this study, in order to improve the adhesion properties and to increase the
corrosion resistance of metallic Ti substrates we have obtained a hybrid structure based on TiO,
nanotubular arrays and PDMS-TEOS films. TiO, nanotubes have been prepared with two
different diameters by means of electrochemical anodization. PDMS-TEOS films have been
prepared by the sol-gel method. The morphological and the elemental analysis of the structures
have been investigated by scanning electron microscopy and energy dispersive spectroscopy
(EDS). Electrochemical impedance spectroscopy (EIS) and polarization curves have been
performed during immersion of the samples in Kokubo’s simulated body fluid (SBF) at 37 °C to
study the effect of structure layers and tube diameter on the protective properties. The obtained
results show that the modification of the surface structure of TiO, and the application of PDMS-

TEOS film is a promising strategy for the development of implant materials.

Keywords: sol-gel coatings, TiO, nanotubes, electrochemistry, biomedical applications

(Some figures may appear in colour only in the online journal)

1. Introduction

Metallic orthopedic devices and implants are currently one of
the main therapeutic solutions for bone and dental injuries.
The critical factors determining the application of a material
for biomedical implants are its biocompatibility followed by
corrosion resistance. Besides, prosthesis failures can occur

3 Current address: Department of Biomaterials, Radboud University Medical
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due to the weak bonding between the bone and the metal
surface, and differences in their mechanical properties.
Titanium is one of the most employed materials in the
production of implants and orthopedic devices. However,
problems concerning localized corrosion and release of
metallic ions have been reported [1-3]. Passivation of the
titanium surface has been carried out by means of anodic or
thermal oxidation [4, 5]. Thickness of oxide formed on the
titanium is not affected by the grain size of the titanium
substrate [6]. However the same results showed that the
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corrosion resistance of titanium substrate with the nanometric
grain size is lower in comparison with the microgranular
substrate [6]. On the other hand, bioactivity is enhanced by a
nanostructured titania surface in comparison with the micro-
textured titanium surface, as observed by Zhao et al [7].

The morphology of oxidized titanium is possible to
modify during the anodic oxidation process in fluoride con-
taining electrolytes [8]. TiO, nanostructures with the porous
and tubular shapes are formed by adjustment of anodization
parameters [9-12]. Such structures have been applied suc-
cessfully in fabrication of excitonic solar cells, photocatalyst
materials, chemical gas sensors and Li-ion micro batteries due
to their high specific surface area and unique physical-che-
mical properties [12—18]. Oxidation of titanium and the for-
mation of tubular TiO, layers increase the corrosion
resistance and promote better adhesion of the prosthesis to the
surrounding tissues and a greater interlocking of the cells [4,
19, 20]. Therefore the improvement of corrosion properties
and the enhancement of bioactivity of TiO, nanotubes are
very actual topics.

The application of different coatings enhances not only
the corrosion resistance of the metallic substrates but also is
known to promote a better adhesion between the metallic
prosthesis and the tissue and therefore the biocompatibility
[1, 21-24].

Ormosils (organic modified silicates) are silicon organic-
inorganic hybrids that are commonly prepared by sol-gel
methods. Recent investigations have shown that they have
great potential as thin-film layer coatings for application in
metallic prosthesis and other clinical devices. Such coatings
showed high biocompatibility, good mechanical properties
and a great linkage strength between the metallic surface and
the SiO, units of the sol-gel [2, 25-27]. The sol-gel method
has some advantages when compared with other techniques: it
is a low-cost procedure, uses mild temperatures, allows the
coating of complex geometries, the majority of the reagents
are non-toxic and by tuning the experimental conditions dif-
ferent functional materials can be obtained [3, 28].

Gallardo et al [1] used a tetraethylorthosilicate (TEOS)
and methyltriethoxisilane (MTES) hybrid sol-gel coating in
stainless steel surfaces (AISI 316L), observing the formation
of crack-free coatings and an improvement in the corrosion
resistance of the metallic substrates. An improvement in the
corrosion resistance of AISI 316L substrates was also
observed by Hosseinalipour et al when a TEOS and 3-
methacryloxypropyltrimethoxysilane (TMSM), in presence of
benzoyl peroxide (BPO) as initiator agent, sol-gel hybrid was
applied [3]. An improvement in the cell’s adhesion was also
observed, which is related with an increase in the surface’s
hydrophilicity.

Polydimethilsiloxane (PDMS) and TEOS hybrids are
widely used in the preparation of biocompatible sol-gel
substrates. This polymer is highly biocompatible, demon-
strating high flexibility and thermal/oxidative stability
[2, 25, 29, 30]. Also, coatings based on PDMS and inorganic
Si0; (including TEOS precursor) have shown the formation
of homogeneous crack-free surfaces, suitable for the pro-
duction of potential anticorrosive coatings [2, 25, 29, 31].

In this work we report the development of a novel hybrid
structure based on organic-inorganic PDMS-TEOS sol-gel
film and TiO, nanotubes with improved topography and
increased anticorrosive properties, suitable for clinical appli-
cations. The preparation and electrochemical characterization
of the hybrid structure is reported together with the influence
of the structure components on its protective properties.

2. Materials and methods

2.1. Fabrication of titania nanotubes

Titania nanotube arrays were fabricated by electrochemical
anodization. Prior to anodization, titanium discs (0.5 mm
thick, 9 mm diameter) were cleaned with acetone, ethanol and
distilled water in ultrasonic bath. The anodization process was
performed in two-electrode electrochemical cell with a Pt foil
as cathode and the titanium discs as anodes. The electrolyte
was 10 M H,O and 0.5 wt% NH4F glycerol solution. Ano-
dization was carried out at potentials between 25 and 100 V
for 90 min at room temperature, using a power supply (Delta
Elektronika SM 300-5) connected to a PC for data acquisition
and control. The average anodization current density was
calculated and registered for every three seconds of the pro-
cess. Crystallization of as-prepared structures from amor-
phous to anatase phase was carried out by thermal annealing
according to a previous report [18].

2.2. Coating preparation

The reagents used to synthesize the hybrid coatings were:
tetraecthyl  orthosilicate  (TEOS), isopropanol, poly-
dimethylsiloxane (PDMS) silanol terminated (550 g mol™!
average molecular weight), titanium isopropoxide (TiPr) and
hydrochloric acid (HCI), all from Sigma-Aldrich, and ethyl
acetoacetate (EtAcAc) from Merck.

Coatings were prepared with the following fixed molar
ratios: TEOS:PDMS =1.5, TEOS:TiPr=6, TEOS:H,0=0.3
and TEOS:HC1=22.2.

TEOS and PDMS were dissolved in isopropanol medium
(half of the volume) and H,O and HCI were added poster-
iorly, in order to promote the hydrolysis of the precursors
followed by their condensation. After 2 h of stirring, a second
solution using the other half of isopropanol amount and TiPr,
previously chelated with ethyl acetoacetate, was added. The
final mixture was then stirred for another 3h at room
temperature.

The coating was applied by a dip coating process as
follows: samples were dipped at a 10 cm min™" rate in the sol—
gel solution, left immersed for 2 min and then withdrawn at
the same rate. After the coating procedure the samples were
aged for 24 h at room temperature and then gently heated in a
two-step process in order to obtain homogenous coatings:
they were placed first in an oven at 60 °C during 48 h for the
coating to gellify, and finally dried at 150 °C for 24 h.

A schematic of the obtained hybrid structure is shown in
figure 1. To investigate the influence of the different layers on
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Figure 1. Schematic representation of the hybrid structure: Ti
metallic substrate, TiO, nanotube arrays and PDMS-TEOS sol-gel
coating.

Table 1. Investigated structures.

Nanotubes dia- PDMS-TEOS sol-gel

Sample meter (nm) coating
Ti — —
Ti-TNT65 65 —
Ti-TNT135 135 —
Ti-SG — +
Ti-TNT65-SG 65 +
Ti- 135 +
TNT135-
SG

the properties of the hybrid structure, different samples were
produced and tested, as given in table 1, where Ti refers to
metallic titanium, Ti-TNT means Ti with TiO, nanotubes and
SG denotes sol—gel film.

2.3. Sample characterization

Structural and elemental analysis were carried out by scan-
ning electron microscopy (SEM, Hitachi SU-70 and LEO
1525 microscopes) and EDS (Rontec) with an accelerating
voltage of 25 kV.

Electrochemical studies were performed with an
AUTOLAB PGSTAT 302N potentiostat in a three electrode
arrangement with a saturated calomel electrode (SCE) as
reference (with a Luggin—Haber capillary), a coiled platinum
wire as counter electrode and the samples as working elec-
trode. The back of each sample was electrically connected to
a copper cable with conductive glue and isolated with bees-
wax except for the testing surface. The testing solution was
SBF [32] at about 37 °C. During the measurements the
electrochemical cell was inside a Faraday cage.

Anodic and cathodic polarization curves were obtained
by scanning from the open circuit potential (OCP) up to
+3.0 V (anodic curve) or down to —2.0 V (cathodic curve) at a
scan rate of 1 mV s~

EIS experiments were performed applying an amplitude
of 10 mV rms around OCP, with frequencies ranging from

100 kHz to 10 mHz and with seven points per decade loga-
rithmically distributed.

Numerical fitting of the EIS results was performed using
ZView (Scribner Associates USA) software.

3. Results and discussion

3.1. Formation of the TiO» nanotubes

TiO, nanotubes with two different diameters were fabricated.
Morphological investigations show that the structure of TiO,
arrays strongly depends on applied voltage. Highly-ordered
and smooth-walled TiO, nanotubes are obtained at 25 and
50V with the average inner diameters 65 and 135 nm,
respectively (figures 2(a) and (c)). The distribution of the
nanotubes over the substrates is very homogenous.

As can be seen in figure 2(d) the anodization current
density decreases sharply during the first minutes of the
process at both applied potentials due to the oxide layer
formation on the surface of titanium. Consequently slight
decrease of current density is due to the solubility of the
formed barrier oxide layer and the formation of nanopores in
fluoride containing electrolytes [8, 33]. The TiO, nanotubes
are formed and the current reaches the steady stage, as the
result of the equilibrium between the oxidation and the field-
enhanced dissolution of the TiO».

3.2. Sol—-gel film characterization

As can be seen in figure 3 the sol—gel film for the Ti-TNT65-
SG samples presents thicker and more homogeneous coating
(figures 3(a) and (b)) compared with the Ti-TNT135-SG
samples (figures 3(c) and (d)). The difference in thickness
between these two substrates is probably due to the penetra-
tion of the sol—gel solution in the nanotubes with larger dia-
meter (135 nm), during the aging and drying steps, enabling
the visualization of the nanotubes with higher magnification.
EDS result enabled to identify elements such as titanium (T1),
silicon (Si), carbon (C) and oxygen (O), confirming the
covering of the substrates with the PDMS-TEOS sol-gel
solution.

3.3. Electrochemical measurements

Figure 4 shows the cathodic polarization curves of the dif-
ferent samples with one hour of immersion in SBF at 37 °C.
The Ti-TNT65 and Ti-TNT135 surfaces showed the highest
currents (starting from 107°-107> A cm™). The remaining
curves started with very small currents (3—4 orders of mag-
nitude lower than the samples with nanotubes) that increased
as the potential became more negative. The smallest currents
appeared on Ti-SG and Ti-TNT65-SG. All cathodic polar-
ization curves depict the reduction of dissolved oxygen and,
at more negative potentials, the reduction of water with
hydrogen evolution. The approximate region where each
reaction dominates is presented in figure 5. The reduction of
dissolved oxygen dominates from OCP until the points signed
as B (blue arrows), being controlled by activation from OCP
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Figure 2. (a) SEM image of the nanotube arrays obtained at 25 V for
90 min. (b) Magnification of (a). (¢) SEM image of the sample
anodized at 50 V. (d) Dependence of anodization current density
versus time for the samples anodized at 25 and 50 V.

to A (red arrows) and by diffusion from A to B. Then, for
more negative potentials, oxygen still reacts but the measured
current becomes dominated by the current of reduction of
water with hydrogen evolution.

The shapes of all curves denote the influence of ohmic
drop, particularly for those coated with sol-gel film. This
ohmic drop comes not from the uncompensated solution
resistance, which was small due to the placement of the
reference electrode close to the working electrode by means
of a Luggin—Haber capillary (that also prevented the leakage
of CI” from the reference electrode into the SBF solution) but

from the high resistance imposed by the surface oxide film
and the SG film. The sol-gel coated samples presented the
lowest currents but the cathodic processes were able to pro-
ceed despite the presence of the films. The higher currents for
the surfaces with nanotubes can be an indication of the faster
intrinsic kinetics of those reactions on such surfaces but may
also be simply a reflection of the larger effective area due to
their nanostructured surface.

Figure 6 presents the effect of cathodic polarization in the
adhesion and stability of the sol-gel films. The sweep in the
cathodic direction shows small values for the oxygen reduc-
tion while, when cycling back, the currents for the same
reaction are much higher. It is likely that the high pH induced
by the polarization affects the interfacial region, destroying
the adhesion or even the integrity of the film, thus increasing
the electroactive area and consequently the current. This
result shows the importance of starting the cathodic mea-
surement from OCP and not from the highest negative value,
as commonly found in polarization curves when both catho-
dic and anodic branches are obtained in a single scan. It must
be referred that the potential values applied in these experi-
ments are much higher than the ones presented in biological
environments, and so in such conditions this coating disrup-
tion phenomenon is highly improbable to occur.

The anodic polarizations curves measured after 1 h of
immersion are depicted in figure 7. Three main regions can be
recognized: from OCP to ~1.25V, there is a region of small
current with little variation: 10~°-107® A cm™ on the sol-gel
coated samples, 107821077 A cm™2 on the Ti-TNT substrates
and higher values, up to 107 Acm_z, on Ti. Then, a sig-
nificant rise in current occurs until ~2 V. Finally, from 2 to
3V, a new increase in current is observed in all samples
except for the Ti-TNT-SGs.

The first region of the anodic curves, from OCP to
~1.25V, shows passive currents that can be grouped and
ranked, from the low current and more corrosion resistant sol—
gel coated samples, to the surfaces with nanotubes and then to
bare Ti. For the interpretation of the remaining regions, the
work of Mazzarolo et al [34] is taken as reference. After
~1.25V and up to ~2V all samples showed a significant
increase in current which is interpreted as a growth of the
oxide layer, driven by the applied potential with migration of
Ti** and O~ in opposite directions. For higher potentials no
further increase in oxidation of Ti takes place and the addi-
tional increase in current that is measured is due to the oxi-
dation of water with evolution of O,. On the samples with
TNT+SG, no appreciable increase in current was observed for
potentials higher than +2V (and up to the highest tested
potential, +3 V) what could be an indication of the high
barrier of the sol—gel film that prevented the contact of water
with the electrode surface. However, as discussed in the
analysis of the cathodic polarization curves, the solution
indeed seems to reach the electroactive surface. Thus, the
absence of current increase may be due to the initial formation
of O, bubbles that block the pathways in the sol-gel film,
preventing its release from the surface and further ingress of
solution.
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Figure 3. SEM images of sol-gel coated samples: Ti-TNT65-SG (a) and (b) Ti-TNT135-SG (c) and (d). (e) EDS result of the Ti-TNT65-SG

sample.

The polarization curves show that the sol-gel has a
passivating effect on the Ti oxidation and prevents the oxygen
evolution, while the TiO, nanotubes have a passivating effect
on the Ti oxidation but lead to the same oxygen evolution
found in Ti. The anodic scan up to +3 V does not destroy the
sol—gel film protection, contrarily to what was found with the
cathodic polarization.

Figure 8 presents the impedance response for the dif-
ferent samples after immersion for 1 h, 1 day and 3 weeks. As
can be observed in the Bode spectra (log of impedance
modulus versus log frequency) all samples present high
impedance (10°-10® Q2 cm™), being the highest impedance,
corresponding to the highest corrosion resistance, found on
the sol-gel coated samples, with the order being NT65-

SG>Ti-SG>NT135-SG. As the immersion time increases
the impedance diminishes, especially for samples Ti-TNT65-
SG and Ti-TNT135-SG. The impedance of the samples
without sol-gel followed the order Ti>Ti-TNT65 > Ti-
TNT135 and identical behavior was observed: a resistive
response at high frequencies (curve parallel to the x-axis) and
a capacitive response on the remaining frequency range. The
impedance was lower compared to the coated samples but still
high, typical of passive surfaces. Just small variations were
detected during the three weeks of testing. EIS analysis puts
in evidence the good resistance to corrosion of the studied
systems, with all showing high impedance and capacitive
behavior.
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Figure 4. Cathodic polarization curves after 1 h of immersion in SBF
at 37 °C.
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Figure 5. Approximate domains of each cathodic reaction: activation
control of the reduction of dissolved O, from OCP to A, diffusion
control from A to B and from B to more negative potentials
reduction of water with hydrogen evolution.
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Figure 6. Cathodic polarization curves for a sol-gel coated sample
after 1 h of immersion.

It is possible to obtain quantitative parameters from the
impedance results. A typical approach is to fit the experi-
mental data with equivalent electric circuits that can be
regarded as analogues of the physico-chemical systems under
study. Various circuits have been proposed in the literature for

103
10° 4
1074
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B s
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] —Ti-SG
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050 000 050 1.00 150 200 250 3.00
E/Vvs SCE

Figure 7. Anodic polarization curves after 1 h of immersion in SBF
at 37 °C.

the systems under analysis and the most pertinent ones are
presented in figure 9.

For Ti a circuit consisting of R, (uncompensated resis-
tance between working and reference electrodes) in series
with a network with a resistance and a capacitance in parallel
was used—figure 9(a). Ry,s and Cy,s are generic terms for
surface resistance and surface capacitance. Usually R and C
are the charge transfer resistance (R.) and the double layer
capacitance (Cyq)) [35] or oxide resistance (R,x) and oxide
capacitance (Cox) [35-37]. Sometimes two parallel RC net-
works, (R.Cq)) and (R,xCox), are placed in series to account
for the effect of both oxide and electrochemical processes. It
must be stressed that, as pointed out by Contu et al [38], when
two capacitances are in series, it is likely that only the
response of a single equivalent capacitance is measured. The
same applies to resistances in series. In such cases, the
resulting equivalent circuit becomes similar to 9(a) and gen-
eric terms like Cgyr and Ry, are preferred.

TiO, nanotubes are considered to have a two layer
structure: a barrier (or inner) layer and a porous (or outer)
layer. A circuit with two parallel RC networks, one for each
layer, placed in series has been employed by several authors
[4, 39, 40]. The same circuit elements can be distributed in a
different way resulting in a circuit that is frequently used
[37, 41-44] and also adopted here. This circuit is shown in
figure 9(b) where the subscripts PL and BL stand for porous
layer and barrier layer, respectively.

When a sol—gel film is present, an extra RC network with
sol—gel film resistance (Rsg) and sol—gel capacitance (Csg) is
added to the previous circuits. For Ti-SG, circuit 9(b) was
used with the subscripts PL and BL being replaced, respec-
tively, by SG and surf. Circuit 9(c) is proposed for TNT-SG.
In these circuits the impedance response is dominated by the
smallest capacitance and the remaining circuit only responds
when defects or pores are present. Rgg is the resistance of the
solution inside pores and defects of the sol—gel film.

Figure 10 shows the results of the numerical fitting
replacing capacitors with constant phase elements (CPE),
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Csurf

Figure 9. Equivalent electric circuits as analogues of the studied
systems.

whose impedance is given by
ZCPE = Yy ! (jw)™ , (D

where Y, is the frequency independent admittance, n is the

power of CPE, j= \/ —1 and w is the angular frequency (in
radians). The need for CPE comes from the non-ideal impe-
dance response of electrode processes, which, instead of
uniform and single valued time constants for each physical
phenomenon or reaction, usually show dispersions of time
constants that are attributed to surface heterogeneities or to
distributions of reactivity or current and potential along the
electrode surface [45]. The capacitances were subsequently
calculated from the CPEs using the equation proposed by
Brug et al [46],

C = Yo" (1R + 1Ry, )
where R; is the resistance in series and R, the resistance in
parallel with the CPE.

The evolution of the parameters with the time of
immersion is depicted in figure 10. The fit results confirm the
higher impedance of sol-gel coated systems but also show a
fast decrease of resistance and increase of capacitance of the
films applied over nanotubes. After three weeks of immersion
in SBF 37 °C, the response of Ti-TNT135-SG is close to the
uncoated surfaces and Ti-TNT-65-SG is very close to the Ti-
SG. This evolution suggests water uptake from the coating
and accumulation in the nanotube-film interface leading to
coating delamination. The high Rp; and low Cyg,y, Cpp and
Cg.. are related to the small area of the pores and defects on
the sol—gel films. The values of Ry,s and Rp; are not pre-
sented because very high values, close to the numerical fitting
limit, were obtained. The measurements ended in a capacitive
region and lower frequencies would be needed to accurately
detect the resistive response.
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Figure 10. Evolution with time of immersion of the parameters obtained by numerical fitting of the impedance spectra.

The polarization curves showed small currents near OCP
in both cathodic and anodic directions which are an indication
of the good corrosion resistance of the tested materials. The
higher corrosion resistance is related with the presence of the
nanotubes and sol—-gel film since both represent a barrier to
the electrochemical reactions. The impedance values were
similar to, and in some cases even higher than, the values
reported in the literature for other hybrid organic-inorganic
coatings in metallic surfaces [1, 3, 37, 47].

4. Conclusions

We have demonstrated a new strategy for the improvement
of the adhesion properties and the corrosion resistance of
metallic titanium. Highly ordered TiO, nanotubular struc-
tures with two different diameters were successfully
obtained by anodization of titanium foil. PDMS-TEOS sol—
gel films were synthetized and used as coating on TiO,
nanotubular arrays. Investigations have shown that the
combination of titanium nanotubes with the PDMS-TEOS

sol—gel coating improves anti-corrosive behavior of metallic
titanium. However, with time occurs an increase of the
capacitance and a decrease on the resistance of the films,
mostly due to water uptake and consequently some rupture
of the sol-gel films used. The structure with the smaller
diameter of nanotubes (65 nm) and PDMS-TEOS sol-gel
film have shown a maximal improvement in the corrosion
resistance and the adhesion properties compared to the other
samples, having the potential to be used in the production of
materials for clinical purposes.
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