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ABSTRACT: The study of the interaction between the thermally treated Ti (TT-Ti) at 277 °C for 5 hours and
the body fluids, ranging from the simplest to the most complex solution is analysed. Electrochemical techniques
such as the measurement of the corrosion potential, electrochemical impedance spectroscopy and the polariza-
tion curves have been used. The characterization of TT-Ti has been performed by scanning electron microscopy,
atomic force microscopy and X-ray Photoelectron Spectroscopy (XPS). The XPS reveals that the peak intensity
associated with phosphate and calcium increases as immersion time does. However, the albumin covers rapidly
the surface since the C peak intensity remains constant from the first day to the end of immersion time. The cal-
cium ions have a bridging effect on the electrostatic adsorption of phosphate ions as well as that of albumin and
the acidic hydroxyl groups of the oxide layer. The impedance measurement shows that the resistance of the oxide
layer immersed in albumin and foetal bovine serum decrease probably due to the formation of organometallic
complex. The polarization curves reveal that the presence of proteins decreases the current of anodic branch
indicating that the proteins work as a barrier on the surface.
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RESUMEN: Interaccion de compuestos inorganicos y organicos de fluidos fisiologicos con superficies de Ti
tratadas térmicamente. Se estudia la interaccion del Ti oxidado a 277 °C durante 5 horas con compuestos orga-
nicos e inorganicos presentes en los fluidos fisioldgicos, desde la solucion mas simple a la mas compleja. Se han
utilizado técnicas electroquimicas como la evolucion del potencial de corrosidn, espectroscopia de impedancia
electroquimica y curvas de polarizacion, y la espectroscopia de fotoelectrones de rayos X (XPS). El XPS revela
que la intensidad de los picos asociados a los iones fosfato y calcio aumenta con el tiempo de inmersion. Sin
embargo, la albumina cubre desde el primer dia la superficie, ya que la intensidad de los picos asociados a la
presencia de C permanece practicamente constante hasta el final del ensayo. Los iones calcio actian como
puente de union entre los iones fosfato y la albumina, y los grupos hidroxilo acidos de la capa de o6xido. Las
medidas de impedancia muestran que la resistencia de la capa de 6xido en albimina y FBS disminuye probable-
mente debido a la formacion de complejos drgano-metalicos. Las curvas de polarizacion revelan que cuando la
solucidn contiene proteinas, la intensidad de la rama anddica disminuye indicando que las proteinas ejercen un
efecto barrera sobre la superficie del Ti.

PALABRAS CLAVE: Albimina de suero bovino; Corrosion; Fosfato calcico; Suero bovino fetal; Titanio; XPS
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1. INTRODUCTION

One of the most important stages in the life
of an implant is the initial interaction between
biomaterials and the physiological environment
of surrounding tissues. Physiological environment
is a complex medium composed of inorganic and
organic compounds that compete to be adsorbed
on the surface of the biomaterial. At the first step,
proteins spontaneously adsorb onto the surface
together with other inorganic compounds such as
phosphates (Healy and Ducheyne, 1992) and cal-
cium (Serro do et al., 1997). However, the sequence
of adsorbing species seems to be gradual. Proteins
as albumin are the fastest to be adsorbed on metallic
substrates, followed by the deposition of the calcium
and phosphate ions (Serro et al., 1997). The result-
ing surface-bound protein layer mediates the sub-
sequent cell attachment through interactions with
cell surface receptors (Ratner, 2004). What happens
after these first stages will determine the longevity
of these biomedical implants. The continuous inter-
action between the active biological compounds
of human body and the biomaterial surface pro-
vokes the degradation by corrosion of the materials
(Carboneras et al., 2011) within the body leading
to the release toxic elements in time. The progres-
sive and continuous ion release may have negative
effects on the surrounding and more distant tissues
(Lin et al., 2007; Rubio et al., 2008).

The geometrical and chemical properties of bio-
material surfaces direct not only the characteristics
of the protein layer but cellular functions such as
cell migration, proliferation, modulate phenotypic
differentiation and alter the responsiveness to extra-
cellular signals (Kasemo, 2002). The surface state
of the biomaterial, i.e. topography, roughness, tex-
ture and chemical composition depends strongly
on cellular responses (Wojciak-Stothard ez al.,
1995; Curtis and Varde, 1964). It has recently been
revealed that cell adhesion is also influenced by sur-
face features as small as 10 nm (Dalby et al., 2004).
These features promote the search of new surface
modifications that not only reduce the ion release
of Ti surfaces but also simulate the size of the pro-
teins or cell membrane receptors (Kubo et al., 2009;
Lord et al., 2010). Many studies have reported
that oxidation treatments at different tempera-
tures and oxidation times promote best corrosion
and biocompatibility behaviour. Surface modifi-
cation implemented by oxidation provides nano-
topographies that may be relevant in the adsorption
of proteins. Escudero et al. (2004) and Bello et al.
(2010) demonstrated that thermal treatment
of y-TiAl at 500 °C and at 800 °C for 1 hour in air
can be used to generate highly corrosion-resistant
and biocompatible surfaces for implant applica-
tions. Garcia-Alonso et al. (2003) and Saldana et al.

(2005) established that thermal oxidation treatment
of Ti6Al14V at 500 °C or 700 °C for 1 hour improved
its in vitro biocompatibility. On the other hand,
Hwang et al. (2003) studied calcium phosphate for-
mation on commercially pure Ti samples that were
oxidized from 500 °C to 700 °C for 10 minutes in
air. To evaluate the ability of calcium phosphate
formation, samples after annealing were soaked in
the Eagle’s minimum essential medium. They found
that well-grained and compact rutile structures
could be formed by annealing at 700 °C without
CaP formation on the surface. But, an amorphous
TiO, layer with a heterogeneous structure that was
annealed at 650 °C and below had the greatest CaP-
forming ability.

Further, the lowest oxidation temperatures can
have a beneficial effect on the formation of a high
coverage of hydroxylated groups on the surface that
act as covalent bonds between organometallic com-
pounds and the oxidized titanium surface, increas-
ing the stability of functional organic overlayers
(Jones, 1998). The lowest oxidation temperatures of
Ti has a beneficial effect on the formation of a high
coverage of hydroxylated groups on the surface that
act as covalent bonds between organometallic com-
pounds and the oxidized titanium surface, increas-
ing the stability of functional organic overlayers.
Lu et al. (2000) determined that the maximum oxi-
dation of Ti surface in an oxygen-rich atmosphere
and the maximum OH concentration in a water
vapour-rich atmosphere were achieved between
227-327 °C.

In this context, the aim of this work consists of
the study of the electrochemical interaction between
the Ti surfaces oxidized at low temperature and dif-
ferent inorganic and organic compounds presents
in the body fluids, ranging from the simplest to
the most complex solution. The influence of each
component will be evaluated through the electro-
chemical response of the oxide layer grown after the
oxidation treatment and the chemical composition
of the surface by X-ray Photoelectron Spectroscopy
(XPS) after several immersion times at the different
compounds presents in the body fluids.

2. MATERIALS AND METHODS
2.1. Metallic material

Commercial Ti disks (Goodfellow, France) of
25 mm diameter and 2 mm thickness were used as
the test specimens. Their surface was ground in water
with SiC abrasive paper of increasing fineness, from
400 to 1200 mesh and finally polished with 9 pum
diamond. The Ti samples were then washed in dis-
tilled water and rinsed ultrasonically in ethanol for
10 minutes. The Ti disks were thermally treated at
277 °C for 5 hours (hereafter TT-Ti samples).
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2.2. Surface characterization

A scanning electron microscope Jeol-6500F
equipped with a Field Emission Gun (FEG) cou-
pled with an Energy Dispersive X-Ray (EDX)
spectrometer was used to characterize the surface
morphology of the TT-Ti samples after the ther-
mal treatment. The images were taken by using sec-
ondary electrons.

An Agilent Atomic Force Microscope (AFM)
5100 equipped with a scanner of maximum ranges
of 10 um in the “x” and “y” directions and 4 um
in the “z” direction was used to obtain roughness
data and surface images. The images were acquired
by using silicon nitride cantilevers with a nominal
probe curvature radius of 10 nm and a force con-
stant of 40 N m'. Images were acquired at a res-
olution of 512X512 points. WSxM software of
Nanotec was used (Horcas et al., 2007). For mor-
phological imaging of TT-Ti samples tapping-mode
AFM microscopy has been used.

The chemical composition at the surface was
analyzed using X-ray Photoelectron Spectroscopy
(XPS). Photoelectron spectra were obtained
with a VG Escalab 200R spectrometer equipped
with a hemispherical electron analyzer (pass
energy of 50 eV) and a MgKo (hv=1254.6 ¢V,
1 eV=1.6302x10"" J) X-ray source, powered at
120 W. The kinetic energies of photoelectrons were
measured using a hemispherical electron analyser
working in the constant pass energy mode. The
background pressure in the analysis chamber was
kept below 2 x 10~ mbar during data acquisition.
The XPS data signals were taken in increments of
0.1 eV with dwell times of 50 ms. Binding ener-
gies were calibrated relative to the Cls peak at
284.9 eV. High resolution spectra envelopes were
obtained by curve fitting synthetic peak compo-
nents using the software “XPS peak”. The raw
data were used with no preliminary smoothing.
Symmetric Gaussian-Lorentzian product func-
tions were used to approximate the line shapes
of the fitting components. Atomic ratios were
computed from experimental intensity ratios and
normalized by atomic sensitivity factors (Wagner
et al., 1981).

2.3. Electrochemical cell

The electrochemical cell with a three-electrode
setup was used (Alonso et al., 2008). A platinum
wire (99.99% purity) served as the auxiliary elec-
trode. All the potentials are quoted with respect to
Ag/AgCl reference electrode. The area of the work-
ing electrode (TT-Ti disk) exposed to the solution
was 0.79 cm’ for all the experiments. The experi-
ments were performed in solutions thermostatized
at25°C=%0.5°C.

2.4. Reagents and solutions

All the solutions were prepared with ultrapure
water by means of a Millipore Milli-Q system
(18.2 MQ-1). Electrochemical tests were performed
in different solutions, composed of the same con-
centration of inorganic and organic compounds as
present in Dulbecco’s Modified Eagle’s Medium
(DMEM) culture medium from the most simple to
the most complex composition (Table 1).

2.5. Electrochemical measurements

The measurement of corrosion potential and
Electrochemical Impedance Spectroscopy (EIS)
was daily performed during 7 days of testing time.
On the last day of testing, quasi-steady-state linear
polarization measurements were registered. Before
the EIS measurements, the corrosion potential was
registered for at least 30 minutes until the potential
was stabilized. The EIS experiments were performed
at the corrosion potential by applying 10 mV ampli-
tude sinusoidal wave at a frequency range from
10° Hz to 107 Hz spaced logarithmically (five per
decade). Gamry equipment was used to perform the
electrochemical tests.

The EIS results were analyzed by fitting the exper-
imental impedance data with electrical equivalent
circuit models. The equivalent circuit parameters
were calculated by fitting the impedance function
to the measured spectra by a Non-Linear Least-
Squares program (NLLS program) using Z-plot/Z-
view for all the frequencies measured. The criteria
used in estimating the quality of the fitting were
evaluated firstly, with the lower chi-square value and
secondly, with the lower estimative errors (in %) for
all the components.

Linear sweep voltammetry was used to record
the polarization curves at £0.5V with respect to
Ecorr of TT-Ti electrode after seven days of immer-
sion on each component of the corrosive media
(DMEM).

3. RESULTS AND DISCUSSION
3.1. Surface characterization of the TT-Ti

Figure 1 shows the Secondary Electron Image
(SEI) micrographs of the Ti surfaces after oxidation
at 277 °C for 5 hours (TT-Ti). The metallic surface
had parallel grooves, typical of the grinding process,
demonstrating a homogeneous, roughened oxidized
surface on which white spots grew, corresponding
with TiO,, as verified by EDX (data not shown).

Dimensions of grooves verified by AFM were
established between a range of 350 nm and 500 nmin
deep and 2-2.5 um in width. As an example, Figure 2
shows a detailed image from AFM (10 pm X 10 pm)
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TABLE 1. Composition of the media (analytical grade reagents)

Solutions NaCl(mM) NaH,PO,(mM) CaCl, (mM) Glucose (mM) BSA (g1
NaH,PO, 110 - - -
NaH,PO, + CaCl, 110 1.80 - -
NaH,PO, + CaCl, + Glucose 110 1.80 25.00 -
NaH,PO, + CaCl,+ BSA 110 1.80 - 2.52

of the TT-Tisurface showing one groove of approxi-
mately 350 nm in deep and 2.5 um in width.
Considering that filopodia from cells do not to
penetrate grooves which are less than 2 pm in width
or 500 nm in depth (Den Braber et al., 1996), the
topographical characteristics of the surface seem
to be adequate to the dimensions of bone cells.
Along the groove and outside, the surface rough-
ness (RMS) varied between 19.43 and 92.40 nm.
Surface nanotopography will mainly influence
both the orientation of cells on surfaces (Clark
et al., 1991) and protein adsorption (Rechendorff
et al., 20006).

High-resolution XPS of the Ti2p signal dem-
onstrated that the chemical composition of the
oxide film was TiO, (Ti2p3/2 458.6 eV in Table 2)
in agreement with (Vaquila et al., 1996). Browne
and Gregson (1994) suggested that TiO, generated
at this oxidation treatment corresponded to the
anatase form, as they analysed by TEM. This is an
important characteristic of the oxide, because not
all the Ti oxide structures (rutile, anatase, etc) are
equally effective in apatite nucleation. In fact, the
anatase phase of titania is highly effective in apatite
formation (Uchida et al., 2003).

The high resolution Ols spectrum shows the
separation of the Ols band into two components
assigned to Ti0, (529.9eV) and Ti-OH (531.4eV in

SEI 7.0kV

1Nm_ WD 9.9mm

FIiGURE 1. SEM image of Ti sample thermally treated
(TT-Ti) at 277 °C during 5 hours.

Table 2). These results are consistent with those of
other groups (McCafferty and Wightman, 1999);
thus, the presence of the ~OH group on the sur-
face is ensured with this oxidation treatment.
Hughes-Wassell and Embery (1996) suggested that
there are two types of surface hydroxyl groups that
coexist on TiO, due to the chemisorption of water,
which causes the surface to be negatively charged
at physiological pH. In our case, hydroxyl groups
are present on the TT-Ti surface, which should
enhance the formation of CaP on the surface as
literature supports (Hwang et al., 2003).

The high resolution Cls spectrum shows only
one peak at 284.8 eV representing carbons in
a hydrocarbon environment (C-C, C-H) (Wagner
etal., 1992).

3.2. Characterization of TT-Ti surfaces after
immersion in the different components of culture
medium

Table 2 shows the assignation of characteristic
peaks of the high-resolution XPS of the TT-Ti sur-
faces after immersion for 7 days in P, PCa, PCaG,
BSA and FBS media. This information will be very
useful to further simulate the equivalent circuit
model of the interface created between the TT-Ti
and each different solution that can help to the
interpretation of the electrochemical results.

The XPS spectrum of TT-Ti immersed in the P
solution is similar to that obtained for TT-Ti surface
in air. Ti2p signal appears with a similar intensity,
but lower atomic percentage (Table 2). However, the
intensity of Ti-OH band at 531.4 eV has increased
with respect to the original oxidized surface possibly
due to the chemisorption of OH-group from water
molecules. A band that corresponds with PO,’” at
133.3 eV has appeared in a lower atomic intensity,
1.5 at%. The high resolution Ols spectrum shows
the separation of Ols band in two components
assigned to Ti-O-Ti and Ti-OH (Fig. 3), because
the presence of P is too small to be assigned to the
P=0- bond (531.3 eV) (Table 2). The high resolu-
tion Cls spectrum can be resolved in three peaks:
one at 284.8 eV representing carbons in a hydro-
carbon environment (C-C, C-H) and the others
at 286.3 and 288.4 eV representing carbons in C=0
and O-C=0 bond (Mantel and Wightman, 1994).
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FIGURE 2. Tapping mode AFM image of TT-Ti sample with height profile.

After immersion in the PCa solution, the Ti2p
spectrum shows the characteristic peak of Ti-O-Ti
with similar intensity (Table 2), but atomic percent-
age continues decreasing, due to the incorporation
of Ca in the surface. The band for Ca2p3/2 appears
at 347.9 eV corresponding to CaHPO,. The pres-
ence of calcium ions favours the phosphate ions
attraction towards the negatively charged Ti surface.
The Cls, Ols and P2p spectra are similar to that in
absence of calcium. The Ca/P ratio after the deposi-
tion process for seven days (1.3/1.4=0.9), is lower
than the standard value (1.67) for apatite formation.

The general spectrum when samples are immersed
in the PCaG solution changes drastically. The high
resolution Cls spectrum shows a broadening with

a contribution of three different components corre-
sponding to carbon in different environments: the
first peak, at the lowest binding energy, is assigned
to carbon bonded to C or H (C-C, C-H groups); the
second peak is attributed to carbon in C=0 bond
and the third peak, at the highest binding energy,
includes the signal for carbon in O-C=0 (Mantel
and Wightman, 1994) (Fig. 3; Table 2). The shape
of the Ols spectra has also changed (Fig. 3). The
intensity of the main component corresponding to
Ti-O-Ti band has decreased (Table 2) indicating the
increment of the surface coverage for the adsorbed
glucose. Due to the presence, the adsorbed quantity
of glucose on the surface is so large that the under-
lying titanium surface is masked and the intensity
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TABLE 2.  XPS binding energies for different peak components of TT-Ti, P/TT-Ti,
PCa/Ti-TT, PCaG/Ti-TT, BSA/Ti-TT and FBS/Ti-TT samples

Surface Element Atomic (%) Assignment Energy leV Intensity (a.u.)
TT-Ti Cls 3.5 C-C,C-H 284.8 4366
Ols 73.0 TiO, 529.9 20762
Ti2p 23.5 Ti-OH 5314 4598
TiO, 458.6 16510
TT-Ti/P Cls 36.9 C-C,C-H 284.8 4438
C=0 286.3 1172
0-C=0 288.4 760
Ols 42.7 TiO, 529.9 21600
Ti-OH 5314 7874
Ti2p 18.9 TiO, 458.5 17613
P2p 1.5 PO 133.3 342
TT-Ti/PCa Cls 26.7 C-C,C-H 284.8 3490
C=0 286.5 1095
0-C=0 288.5 666
Ols 53.8 TiO, 529.9 21200
Ti-OH 5314 6863
Ti2p 16.8 TiO, 458.6 17305
P2p 1.3 PO/ 133.5 316
Ca2p 14 CaHPO, 347.9 1092
TT-Ti/PCaG Cls 60.4 C-C, C-H 284.8 4902
C=0 286.3 3771
0-C=0 288.2 2155
Ols 30.7 TiO, 530.1 8894
0=C-0 531.8 5820
Ti2p 7.5 TiO, 458.6 7955
P2p 0.8 PO 133.5 189
Ca2p 0.6 Ca** 347.1 375
TT-Ti/BSA Cls 63.3 C-C,C-H 284.8 5797
C-NH-, C-O 286.3 3810
CO-NH-, COOH 288.1 2856
Ols 13.7 TiO, 529.9 5247
C=0, CO-NH-, COOH 531.6 8806
Ti2p 5.2 TiO, 458.6 4750
Nls 17.8 -O=C-NH-, -NH, 400.4 4711
TT-Ti/FBS Cls 57.7 C-C,C-H 284.8 5085
C-NH-, C-O 286.4 3347
CO-NH-, COOH 288.1 2409
Ols 23.8 TiO, 530.1 4281
C=0 531.9 7984
Ti2p 34 TiO, 458.6 3478
P2p 0.3 PO 133.6 70
Ca2p 0.2 Ca®* 347.7 144
Nls 14.6 -O=C-NH-, -NH, 400.8 4441

and atomic percentage of Ti2p peak is very low adsorption on the titanium surface either prevents
(Table 2). In this case, the presence of phosphate and the formation of CaHPO, or the adsorption layer is
calcium is not significant indicating that the glucose thick enough to make it impossible to detect it.
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FiGure 3. High-resolution XPS of Ols and Cls for PCa, PCaG, and BSA after 7 days of immersion.

The spectrum measured after seven days in BSA
solution is similar to that obtained for Ti in glu-
cose solution. After the deconvolution of the Cls
spectrum three peaks are obtained: (1) 284.7 eV
for C-C, C=C and C-H bonds; (2) 286.3 eV being
C=0 bond; (3) 288.1 eV includes signals from pep-
tide bond (CO-NH-) and acidic groups (COOH).
These well-identified bonds correspond to the dif-
ferent chemical groups present in the albumin mol-
ecule. Both Cls signal and N1s band come from
adsorbed protein. The N1s peak is symmetric, cen-
tred at 400.4 eV, corresponding to —NH;". In fact,
the strong adsorption of albumin was most likely
due to protonated and positively charged amino
groups (e.g., histidine, lysine, and arginine). TT-Ti
has a negative charge, and positively charged amino
groups in albumin act as anchoring sites in the
region of contact between the protein and titanium
surface. In accordance with these results the Ols
band shows two components: 529.9 eV (Ti-O-Ti)
and 531.6 eV (O=C-OH, -O=C-NH) (Fig. 3). The
Ti-O-Ti band hardly appears (Table 2) due to the

BSA protein adsorption. The absence of phos-
phate as well as calcium on the TT-Ti surface is
noteworthy. Previous studies (Serro do et al., 1997;
Lima et al., 2001; Mufioz and Mischler, 2007) indi-
cate that there is a competition between albumin
adsorption and phosphates, since phosphate ions
may compete with the carboxyl groups of the
albumin for exchanging with the basic hydroxyl
groups. Calcium is also known to increase the albu-
min adsorption probably due to calcium bridging
between albumin and Ti surface (Clark et al., 1991;
Kubo et al., 2009).

No significant differences with respect to the
albumin spectra were obtained for TT-Ti surfaces
immersed in FBS after seven days (Table 2). This is
probably due to the fast adsorption of BSA on the
surface that impedes the incorporation of other com-
ponents such as Ca and P. Nevertheless, small P and
Ca amounts have been detected on the TT-Ti surfaces.

The heterogeneity of the roughness in TT-Ti
surfaces can promote that other species, such as Ca
and P, can be also adsorbed on specific sites where
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adsorption of organic molecules is not so facilitated.
On the other hand, the oxidation treatment provides
a higher amount of OH-group on the surfaces that
can be used to promote the adsorption not only of
the organic molecules but also inorganic species.

4. ELECTROCHEMICAL RESULTS
4.1. Evolution of open circuit potential, Ecorr

Figure 4 shows the evolution of the corrosion
potential of TT-Ti samples immersed in the differ-
ent solutions over time, from 0 to 7 days. Two differ-
ent trends can be observed in the evolution of Ecorr
of TT-Ti surfaces immersed in the different media
throughout the testing time. The evolution of the
corrosion potential of TT-Ti surfaces immersed in
P, PCa and PCaG is rising towards anodic poten-
tials. However, TT-Ti surfaces immersed in BSA
and FBS (Fig. 4) show Ecorr constant over the 7
days, maintaining near —0.080 V. The incorpora-
tion of P and Ca in the surface promotes less active
surface promotes less active surface that agree with
the results obtained in other works (Mareci et al.,
2009). However, albumin is quickly adsorbed on
the surface achieving a stationary state from the
first day of testing at more active potentials.

4.2. Evolution of Electrochemical Impedance
Spectroscopy (EIS)

The evolution of the impedance modulus and
shift-phase angle versus frequency Bode diagrams
of the TT-Ti samples after seven days of immersion
in the PCa, BSA and FBS media appear in Figure 5.

The impedance measurements in the P and
PCa media show the same behaviour so only the
results from the PCa medium are shown (Fig. 5a).

200
—a—P
1504 —e—PCa
—a—PCaG
100{ —v—BsA
- —e+—FBS
S 50 4
k=)
2 5] —F
ur - . &
—-1004 e
—150] «—
—200 T T T T T T T

Time (days)

FIGURE 4. OCP vs Time of P/TT-Ti (w), PCa/TT-Ti (),
PCaG/Ti-TT (»), BSA/Ti-TT (v) and
FBS/Ti-TT (¢) during 7 days.

It can be observed at the high frequencies a pla-
teau in the impedance modulus Bode diagram cor-
responding to the electrolyte resistance of each
solution. At decreasing frequencies (from 100 to
0.01 Hz) the slope of about —0.9 can be attributed
to one capacitor in parallel with a resistance formed
on the TT-Ti in contact with each solution. At the
lowest frequencies, the phase angle is increasing
from —60° (first day) to near —90° (seventh day) i.e.
the system evolves towards a capacitive response.

In general, the EIS results for TT-Ti immersed in
inorganic media reveal capacitive behaviour due to
the control exerted by the formation of TiO, gener-
ated with the oxidation treatment.

The impedance plots of TT-Ti surfaces immersed
in BSA and FBS solution for 1 and 7 days (Fig. 5b
and c) indicate that the electrochemical response is
constant from the first to the last day of testing. At
low frequencies (107 and 107 Hz), the slope of the
impedance modulus changes corresponding with a
decrease in theta (—90° to —20°) due to the defini-
tion of the oxidized surface resistance. Comparing
with the P and PCa media, impedance plots show
a more active system because angle does not evolve
to higher values (—90 in the other cases) and imped-
ance values at the lowest frequencies has a trend to
an horizontal line.in case c). These results agree with
the thermodynamic trends observed through the
corrosion potential.

The impedance diagrams have been fitted consid-
ering the electrical equivalent circuits of Figure 6.
The next electronic elements that have been chosen
in the circuit were: Rs, the electrolyte resistance mea-
sured between the working and reference electrodes,
R2 and CPE2 are the resistance and the pseudo
capacitance both corresponding to the outer inter-
face (depending on each component of the solu-
tion), associated with the competitive adsorption of
molecules onto TT-Ti surfaces; and R1 and CPE1
are the resistance and the Constant Phase Element,
simulating a non-ideal behavior of the capac-
itor, associated with the oxidized surface and. The
impedance of CPE is Z=1/[T(jw)n] and is generally
used when there is a distribution of the relaxation
times as a result of non-homogeneous surfaces. The
results obtained by the fitting for TT-Ti immersed
for 7 days in each solution is given in Figure 7 and
Table 3.

The results obtained from the impedance spec-
tra measured for TT-Ti immersed in NaH,PO, and
(NaH,PO,+ CaCl,) can be assigned to the circuit
shown in Figure 6a. The best fitting to the exper-
imental data is given by an equivalent circuit
characterized by a unique time constant due to
the electrochemical response of the oxide film on
the TT-Ti surfaces. In general, the CPE1 and R1
are practically constant over exposure time (Fig. 7).
CPEl is associated with the interface formed
between the Ti-OH of the oxide layer on TT-Ti

Revista de Metalurgia 50(3), July—September 2014, €022. ISSN-L: 0034-8570 doi: http://dx.doi.org/10.3989/revmetalm.022



Interaction of inorganic and organic compounds of physiological fluids with thermally treated Ti surfaces ¢ 9

a)
108 4
= Day1
107 4 s Ba);;%
= Day
106 | = Day4
= Day5
& = Day6
E 10° { - Day7
& - Fitting data
= 10* |
N
108 +
102 4
01 B BRAbi B Adii BBt B B4l BB Adiie B-Siiee BRSdii BRAdie BRAAve Enbdi |
10410210210""10° 10" 102 10® 10* 10° 10°
f (Hz)
b)
108
= Day 1
107 “ Da¥7
--- Fitting data
10°
§ 10°
¢
~ 4
NERUY
103
102
107 e
104102102107110° 10" 102 108 10* 10° 10°
f (Hz)
C)
108 -
- . Bay1
e Day7
19" 1 wFittir}/g data
10° +
_5 10% 4
<
N 10* 4
108 4
102 4
01

10410-310210-'10° 10" 102 10° 10* 10° 10°
f (Hz)

FIGURE 5.

-6/deg

100+

= Day1

. Day 2

804 s Day3

v Bay 4

ks ay 5

604 « Day6

» Day7

40- - Fitting data

201
04

10741073107210"110° 10" 102 10® 10* 10° 108
f (Hz)

100+
. Bay1
* Day7
— — Fittir¥g data
60+
40+
20
04 L]
1074107210210"110° 10" 10 103 10* 10° 10°
f (Hz)
100+
= Day1
e Day7
80 - - Fitting data
60+
40
20
0-

S,
10741073107210""10° 10" 102 10® 10* 10° 10°
f (Hz)

Impedance modulus and phase angle diagrams versus frequency of the Bode plots for:
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and the solution, in which some Ti-OH bonds have
been replaced by Ti-OP groups, as could be veri-
fied by XPS (Table 2). It is known that the H,PO,
- and HPO,* can form a strong complexing bond
with Ti by an exchange reaction with the basic
hydroxyl groups (Healy and Ducheyne, 1992; Ouerd
etal., 2007).

When the calcium is added to the phosphate solu-
tion, R1 is practically constant over exposure time
and CPEI slightly increase with the exposure time,
especially from the first to the fourth day of immer-
sion (Fig. 7). Nevertheless, CPE1 is lower and R1 is
slightly higher than those values obtained in P solu-
tion. This slight increase in CPE1 and R1 correspond
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to the incorporation of both calcium and phosphate
ions through the acidic hydroxyl groups (Ti-OH,")
(Ellingsen, 1991; Healy and Ducheyne, 1992) of
TT-Ti surfaces or the formation of CaHPO,, identi-
fied by XPS through the band at 347.9 eV (Table 2).
The incorporation of phosphate and calcium ions
into the oxide film on titanium has been found both
in vivo (Sundgren ef al., 1986) and in vitro (Hanawa
and Ota, 1991). According to Lima et al., 2001 (Serro
do et al., 1997) calcium phosphate films are slowly
formed in a period of between 1 and 2 weeks. The rate
of in vitro precipitation of an HA- or HCA-like layer
on titanium was found to be several orders of magni-
tude slower than, for example, on bioactive ceramics
(Ducheyne and Healy, 1991; Burgos-Asperilla et al.,
2010). Furthermore, osseointegration of titanium
implants usually takes several months (Albrektsson
et al., 1994) which gives us some idea about the slow
growth kinetics.
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FIGURE 7. Evolution of electric components of the equivalent circuit versus immersion time.
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TABLE 3. Experimental data from the impedance diagrams and fitting results, obtained from the simulation by using equivalent
circuits of Figure 7, P/TT-Ti, PCa/Ti-TT, PCaG/Ti-TT, BSA/Ti-TT and FBS/Ti-TT at several testing times
Time C,.,(398Hz) Re  Zgemoy, Rs R2 CPE2 R1 CPE1

Media (days) (uF cm™?) Q@ @Qem) @ (Qcm?) @Ssem?) n2  (Qem?) (Ssem™)  nl x>

P 1 5.96 137.3  1.33-10" 141.9 - - - 1.82-10° 9.48 0.954 9.26-107°
2 5.99 136.5 1.24-107 140.7 - - - 5.48:10 9.53 0.954 8.69-107°
4 6.06 1358 1.16:10" 140.3 - - - 297107 9.49 0.957 8.88-107°
5 5.98 1350 9.23-10° 139.8 - - - 9.64-107 9.11 0.963 1.28-1072
6 5.92 136.0 1.48-10" 140.6 - - - 1.89-10° 8.92 0.965 1.41-107
7 6.01 136.2  5.93-10° 1414 - - - 1.38-10° 9.20 0.963 1.47-1072

PCa 1 4.59 100.7 1.77-10" 104.4 - - — 44910 6.72 0.963 1.39-1072
2 481 117.9 1.51-10" 122.7 - - - 3.78:107 7.24 0.962 1.48-1072
3 4.79 1113 1.17-107 115.9 - - - 1.05-10° 7.04 0.963 1.50-1072
4 4.76 1222 7.9510° 127.9 - - - 1.89-10° 7.10 0.965 2.03-107>
5 5.16 123.6  1.15107 128.2 - - - 9.21-107 7.28 0.967 1.14-107
6 495 119.4 1.83-10" 124.6 - - - 2.6410° 7.29 0.966 1.82-107
7 491 1204 1.19-107 125.8 - - - 48710° 7.27 0.966 2.07-107

PCaG 1 6.17 98.5 1.03-107 99.2 148.60 4.50 1.000 7.32:10’ 3.73 0.930 1.12-107°
2 6.08 104.8  1.03-107 1054 155.79 4.61 1.000 6.05-10’ 3.62 0.935 1.51-107°
3 5.99 106.3  1.07-10" 106.9 161.08 4.54 1.000 1.33-10° 3.52 0.938 1.88-107°
4 6.15 1042 1.01-10" 105.0 160.45 4.68 1.000 4.63-10’ 3.64 0.936  1.90-107°
5 6.23 105.8  1.00-107 106.7 165.90 5.05 0.997 4.99-10 3.37 0.943 1.80-107°
6 6.14 112.3  1.08-107 112.8 188.18 4.95 1.000 3.52-10° 3.24 0.943 1.15107°
7 6.16 118.7 1.06-107 119.3 198.21 5.02 1.000 3.07-10° 3.27 0.943 1.13-107°

BSA 1 7.40 933 4.76:10° 93.5 3.8310° 2542 0.933  2.44-10° 14.16 1.000 1.19-107°
2 6.90 88.6 4.76:10° 88.9 3.46-10°  28.07 0.923  2.65-10° 12.30 1.000 4.45107*
3 6.84 87.4 4.6510° 87.6 3.26:10° 31.05 0.916 2.77-10° 11.67 1.000 4.26:107*
4 6.78 88.0 4.59-10° 88.2 3.10-10° 32.96 0.912 2.88-10° 11.30 1.000 3.94107*
5 6.78 87.6 4.56:10° 87.8 3.07-10° 32.92 0.912 2.85-10° 11.31 1.000 3.92:107*
6 6.78 85.7 4.09-10° 859 3.01-10°  26.85 0.925 2.52:10° 12.27 1.000 2.03-107*
7 6.76 84.5 4.10-10° 84.7 3.00-10°  26.68 0.927 2.46-10° 12.47 1.000 2.00-107*

FBS 1 7.97 959 2.4510° 97.1 1.27-10° 12.25 0.983 2.44-10° 55.36 0.928 1.28-107°
2 7.71 95.5 2.77-10° 96.6 9.24-10° 13.61 0.973 2.44-10°  34.59 0.961 2.33-107°
3 7.74 94.7 2.68:10° 958 9.72:10° 13.26 0.971 2.32:10°  38.73 0.961 2.32:107°
4 7.64 952 2.8510° 963 8.0410° 14.46 0.974 2.67-10°  29.91 0.957 2.73-107°
5 7.51 94.1 3.30-10° 95.1 5.97-10° 16.91 0.980 3.42:10°  22.00 0.955 2.91-107
6 7.58 93.0 3.12:10° 94.0 5.32:10° 17.64 0.983 3.19-10°  21.40 0.953  2.60-107°
7 7.60 91.6 3.01-10° 92.7 4.76:10° 18.33 0.986 3.06:10°  20.51 0.952 225107

In the presence of glucose the physical arrange-
ment of the electrical equivalent circuit has slightly
changed to get the best fitting. The physical arrange-
ment of the electrical equivalent circuit in the pres-
ence of glucose to get the best fitting has slightly
changed. Taking into account the high resolution
XPS spectra, some P and Ca elements could be seen
on the TT-Ti surface (Table 2), indicating that the
covering by glucose is not complete. That’s means
that some of the surface is free to be in contact
with the other components of the electrolyte. In
order to fit the experimental data, a new electronic

components associated with a second time constant
to simulate the presence of glucose in the interface
electrolyte/TT-Ti surfaces has been included. In this
case, circuit in Figure 6b is considered. The CPE2
values are constant over testing time, indicating
that glucose adsorption on the titanium surface is
very fast (Fig. 7). From the first day practically all
the surface is covered by glucose. The CPEI values
remains practically constant with a slight trend to
decrease its value. This trend is followed by R1 with
a slight decrease over testing time, indicating that the
glucose adsorbed on the titanium does not prevent
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the ionic diffusion to improve the resistance of oxi-
dized surface. On the other hand, the addition of
glucose to the solution is more sensitive to the CPE1
value that takes lower values than in the case of P
and PCa solutions.

The change in R1 over immersion time of
TT-Ti in P, PCa and PCaG solutions agrees with
the results obtained by Contu et al. (2002). These
authors assume that the passive film on Ti and
Ti-alloys grows following an ionic mechanism
whereby oxygen ions (O*7) diffuse from the passive
film-electrolyte interface toward the metal-passive
film interface.

When titanium is immersed in a solution con-
taining BSA the circuit of Figure 6¢ is considered
(Fig. 7). Again, taking into account the high resolu-
tion XPS spectra, neither P nor Ca could be seen on
the TT-Ti surface (Table 2), indicating that the cov-
ering by BSA seems to be complete and both time
constants can be separated in the equivalent circuit.
In this case, it is remarkable to note that the value of
CPE2 increases with respect to glucose solution in
one order of magnitude, indicating that the protein
layer on the oxidised surface is less compact or more
conductive than the glucose layer adhered on the
oxidised surface, allowing to spread ions through
it (Uchida et al., 2003). Surprisingly, R2 values are
several orders of magnitude higher than in the case
of glucose. However, comparing R2 and R1 in BSA
solution, the very similar values are indicating that
both time constants are very close and there is an
overlapping between them and it is very difficult to
isolate both contributions. BSA seems to create a
more dynamic and active layer on the oxidised sur-
face because the comparison of R1 with respect to
those values obtained with P, PCa and BSA solu-
tions gives a difference of more than one order
of magnitude. BSA is able to reduce significantly
the resistance of the oxide layer maybe due to the
organometallic complex formation. Nevertheless, in
literature has been published that these ions could
remove BSA molecules, adsorb on the surface and
form CaP deposits but at longer times (Mantel and
Wightman, 1994).

Finally, when TT-Ti samples are immersed in the
FBS the impedance plots are very similar to those
obtained for the BSA and the impedance spectra
are adequately fitted by using the same equivalent
circuit. The contribution of P and Ca incorpo-
rated into the passive film is so low (comparing P
and Ca intensities for solutions containing glucose
and FBS) that the best equivalent circuit to fit the
experimental data is described in Figure 6c. In
Figure 7 can be seen that the values of CPE2 slightly
increases and R2 decrease over immersion time.
On the other hand, R1 value slowly increases and
CPE]1 decreases considerably with immersion time.
Comparing the R2 and CPE2 with those obtained
in BSA solution, it can be seen that are lower than

in BSA solution. R1 is around the same value than
in BSA solution and CPEI takes the highest values
of all the media tested. The corrosion behaviour of
oxidised Ti1 immersed in FBS is practically the same
as in BSA solutions. The low R1 values indicate that
proteins, in this case albumin, are able to active the
oxidised surface of Ti. The decrease of R1 in both
cases (Fig. 7) could be related according to Williams
et al. (1988) with the ability of proteins to form
complex with titanium ions. However, the multitude
of other compounds that are included in the FBS
medium has an influence on the electrochemical
properties of the interface created between oxidised
surface and solution. This effect is especially seen in
the capacitance values of the oxide surface/medium
interface.

4.3. Polarization curves

Figure 8 shows the polarization curves with
respect to the corrosion potential of TT-Ti (polar-
ization-i) after seven days of immersion in each
solution.

With respect to the anodic polarization from
E.... the passive region does not show significant
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FIGURE 8. Linear polarization curves of a) P/TT-Ti (),

PCa/TT-Ti (¢) and PCaG/Ti-TT (»); and b) BSA/TT-Ti (o),
FBS/Ti-TT (»), after 7 days of immersion.
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differences between the polarization curves (Fig. 8a
and b). All of them draw passive regions with stable
current densities that slightly increase as polariza-
tion does. However, among of them, BSA seems to
show the most active behaviour, especially at the
surrounding of corrosion potential, at the beginning
of anodic polarization.

On the other hand, two regions can be identi-
fied in the cathodic part of the polarization curve
when TT-Ti is immersed in the P, PCa and PCaG
solutions (Fig. 8a). The first one, between —0.500 V
and —0.200 V, can be attributed to the combination
of oxygen and hydrogen reduction, based on the
pH/potential diagram for Ti at pH=7.,4; and the
second one, between —0.200 V and the corrosion
potential, is attributed to the reduction of oxygen
dissolved in the solution. The addition of Ca to
the P solution results in a significant decrease in
current in the cathodic range with an increase in
the Tafel slope (Table 4). In the presence of glu-
cose, the cathodic polarization curve obtained for
oxygen reduction is practically the same as that of
PCa solution (Fig. 8a). The cathodic Tafel slope
obtained for P solution was 0.121 V correspond-
ing to a mechanism with two steps. The first one
is the formation of H,0O, and the second one water
formation, both of them with a charge transfer of
two electrons. The cathodic Tafel slopes obtained
for PCa and PCaG solutions were —0.187 and
—0.160 V respectively, so both solutions prevent
the formation of H,0, and H,O.

The Figure 8b shows the polarization curves in
presence of P, BSA and FBS solutions. The cathodic
current of TT-Tiimmersed in FBS is decreased with
respect to the TT-Ti immersed in P, PCa, PCaG
solution and BSA. This indicates that the reduction
of oxygen and hydrogen is more impeded on the
surface of TT-Ti in FBS. With respect to the Tafel
slopes, in BSA and FBS cases, cathodic slopes are
higher than in the presence of P, PCa and PCaG
solutions. This indicates that the cathodic control is
more accused in the presence of organic compounds
due probably to the adsorption of proteins, such as
albumin, on the surface.

In summary, the electrochemical properties
of the physiological medium/TT-Ti surface are

TABLE 4. Tafel slopes and open circuit potentials from
polarization curves of P/TT-Ti, PCa/Ti-TT, PCaG/Ti-TT,
BSA/Ti-TT and FBS/Ti-TT samples

Solutions Eeorr (V) b, (V) b. (V)
P 0.038 0.466 0.121
PCa 0.079 0.421 0.187
PCaG 0.104 0.360 0.160
BSA -0.082 0.454 0.228
FBS —0.081 0.416 0.213

completely controlled by the formation of a homo-
geneously distributed enriched TiO, surface that
provides a high corrosion resistance, even in the
presence of proteins that seems to be able to react
with the Ti lead to the organometallic complex and
producing some decrease in the oxide resistance.

5. CONCLUSIONS

Each component of the culture medium interacts
with the TT-Ti surface in different ways:

The Ca and P of the physiological medium are
incorporated to the titanium oxide layer slightly
increasing the corrosion resistance.

The BSA covers the Ti surface independently of
the presence of calcium ions in the solution. The
adsorption of BSA in the presence of calcium and
phosphate ions inhibits the oxygen diffusion to the
electrode surface.

The TT-Ti surface interacts with albumin and
fetal bovine serum probably giving rise to the for-
mation of organometallic complex.
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