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Abstract

The hydrothermal—electrochemical method was used to coat Ti and Ti6Al4V with calcium titanate CaTiO3. The film exhibited a plate-like
structure with several isolated pinholes around 100 nm in diameter. These coated samples were treated by a biomimetic procedure, immersing
them in a simulated body fluid (SBF) solution for 5, 10 and 28 days. Characterization was performed by means of X-ray diffraction, X-ray
photoelectron spectroscopy, scanning electron microscopy and energy dispersive spectroscopy. The CaTiOs-coated samples after the SBF
treatment showed a significant increment in their calcium and phosphorous amounts as compared with SBF-treated samples with no previous

CaTiOj; coating; the latter exhibited only surface phosphate incorporation.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Titanium and titanium alloys are extensively used as metallic
implantable materials, due to their similar elastic modulus to
human bone and their success in modern orthopaedic uses [1].

Several approaches have been implemented to enhance the
biocompatibility of the titanium surface. One of them is coating
the titanium implants with hydroxyapatite (HAp) Ca;o(PO4)s
(OH),. There are different methods to produce HAp coatings:
sol—gel, physical vapour deposition (PVD) and plasma spray
[2—4]. Generally speaking, these methods fail to coat substrates
with a complex shape.

Another approach is the incorporation of calcium ions into the
titanium substrate under the hypothesis that these ions may be able
to enhance the osteointegration [5,6]. Ion implantation is a tech-
nique widely used for introducing calcium ions into the titanium
surface because it leads to a faster bone growth [7]. However the
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implantation requires complicated equipment or the use of high
temperatures for crystallization. Other aqueous techniques have
been used for introducing calcium ions on the titanium surfaces in
order to simplify the ion implantation on titanium surfaces [8—11].

The hydrothermal process is a simple and powerful method for
obtaining films ranging from hundreds of nanometers to a few
micrometers grown on titanium substrates [9,12]. This method
offers some distinct advantages, namely: a) comparatively low
processing temperature, b) polycrystalline films grow without
further annealing, ¢) good adherence, and d) it allows coating
substrates of complex shape.

Calcium titanate (CT) has been suggested to provide a positive
surface charge that interacts with the negatively charged phos-
phate ions in the fluid inducing the formation of a calcium
phosphate layer [13]. Additionally CT has been reported as an
intermediate in the biomimetic deposition of HAp [14].
Moreover, the CaTiO3 layer acts as a calcium reservoir. Based
on these ideas, we tried the fabrication of a CT coating having a
thickness of hundreds of nanometers using the hydrothermal—
electrochemical method (H-E). The objective was to introduce
calcium (and magnesium) ions into the titanium and Ti6AI4V
surface, in order to enhance the induction and natural self-
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fabrication of new tissue in the body, without prior deposition of
synthetic HAp. In this work we report an in-vitro evaluation of CT
coatings after treatment using a standard procedure with an SBF
solution for 5, 10 and 28 days.

2. Experimental
2.1. Sample characterization

All samples, treated either only with H-E or immersed in the
SBF solution, were characterized by XRD in a 6/20 Siemens
D5000 diffractometer, with Cu Ko radiation and a 0.02° scan step.
XPS measurements were performed in a Physical Electronics 1257
system assisted with argon ion erosion at 4 keV. The argon erosion
rate was estimated by placing a SiO,-coated silicon wafer of known
thickness in the system and measuring the time necessary to remove
the SlOz

A scanning electron microscope (SEM), model JSM-JEOL
6301F, was used to observe the morphology. Electron dispersive
spectroscopy (EDS), model JSM-6400+EDS Oxford Link Isis, at
10 kV was used to determine the local composition of the samples.

2.2. Substrate before the CaTiOj; coating procedure

The substrates were either titanium plates (99.6%, Goodfellow
TI000430/21) or biomedical titanium alloy plates (Ti6Al4V,
Goodfellow TI010500/8) cut to 10x10x1 mm, cleaned with
acetone, ethanol and deionised water in an ultrasonic bath. Both
substrates were characterized by XPS and XRD. Titanium,
oxygen and carbon (adsorbed from the atmosphere) were detected
on both types of substrates; aluminium and vanadium were also
detected in the Ti6Al4V.

2.3. CaTiO; coating procedure

Saturated Ca(OH), (J. T. Baker, Lot T08353, 97.8% with 0.3%
of magnesium) aqueous solutions were prepared with hot deionised
water, after boiling it to eliminate dissolved CO,, and placed in a
Teflon beaker. Excess NaOH was added as a mineraliser to the Ca
(OH), solution to adjust pH to around 13.5. The electrode and
counterelectrode were both of the same material, either titanium or
Ti6Al4V, separated by about 15 mm. The H-E process was
performed in an autoclave at 200 °C, under a pressure of 2 MPa
generated by the vapour, applying a DC current density of 25—
30 mA/cm?® between the electrodes during 30 min. These experi-
mental conditions were selected after several tests and are close to
those used to grow CT on a Ti—Al alloy [15]. A detailed description
of the process and film properties is provided elsewhere [9]. No
changes were detected in the CaTiOj; films after ultrasonic cleaning.

2.4. Treatment in SBF solution

A SBEF solution was prepared by dissolution of the chemicals in
deionised water [16]. Control samples (i.e. titanium and Ti6Al4V
without coating) as well as H-E-treated samples were immersed in
the solution under a CO, flow of 0.1 I/min, at 37 °C. The SBF
solution was changed every 48 h for 28 days. Samples were

extracted after 5, 10 and 28 days. After extraction the samples were
washed with deionised water in an ultrasonic bath for 10 min and
then dried in air at 50 °C.

3. Results and discussion
3.1. CaTiO; coating before the SBF treatment

Fig. 1 shows the XRD pattern of the H-E-treated samples. They
exhibit reflections from orthorhombic calcium titanate (JCPDS 22-
0153), superimposed on the reflections of the polycrystalline titanium
substrate (JCPDS 44-1294). A minor phase of sodium titanate [14] was
detected. No reflections of CaCO5 were observed.

XPS analysis of the CT-coated titanium and CT-coated Ti6Al4V
samples exhibited calcium, magnesium, oxygen, sodium and titanium
on the surface of the film. Magnesium, present as an impurity in the
starting Ca(OH),, was incorporated into the CT coating with a Ca:Mg
ratio of ~100:6 [9]. The magnesium incorporation is of relevance in the
present context because it has a determining role in the biomineralisa-
tion process [6]. Magnesium in solution is considered an inhibitor of
HAp deposition, but at the surface it can enhance heterogeneous HAp
nucleation [17].

The composition of the CT coating was the same on the titanium as
well as on the Ti6Al4V substrates. The calcium XPS profile in Fig. 2a
shows that its concentration in the CT coating decreases from the surface
to the bulk. The thickness of the CT film estimated from the erosion rate
was approximately 200-300 nm, which is in agreement with the
thickness measured from a cross section using SEM [9]. After the H-E
treatment, XPS did not detect either aluminium or vanadium on the
surface in all these samples.

SEM analysis revealed a laterally heterogeneous microstructure,
with a dominant plate-like growth attributed to CT and star-like shapes
of CaCQOj at some places, as shown in Fig. 3. The inset in Fig. 3 shows
some pinholes of around 100 nm in diameter. The EDS analysis
detected only oxygen and titanium at these pinholes.

3.2. CaTiO; coating after SBF treatment
After the treatment in SBF, the X-ray diffractogram did not show any

change with respect to the X-ray pattern of Fig. 1, thus indicating that
the crystallinity of the CT was not affected by the treatment. There were
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Fig. 1. XRD diffractogram of a CT-coated titanium sample. The squares,
triangles and circles correspond to: titanium substrate, orthorhombic CaTiO5 and
sodium titanate respectively.
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no new reflections of a calcium phosphate phase (whose existence was
revealed by XPS and EDS measurements described later) because it was
either amorphous, or nanocrystalline, or below the detection limit of
XRD [8].

The XPS analysis at the surface revealed calcium, magnesium,
oxygen, phosphorus and sodium, but not titanium. In every SBF-treated
sample, i.e. CT-coated and non-coated sample (control sample), a phos-
phorus signal was detected. The binding energy of the P2p peak around
134 eV was in the range of the phosphates (not shown) [18]. This signal
disappears after erosion with argon ions in the SBF-treated control
samples, indicating that phosphorus enrichment occurs only at its surface.

Fig. 2b is an XPS depth profile of calcium and phosphorus per-
formed on a CT-coated SBF-treated sample after immersion for 28 days
in the SBF solution. The profiles show that the calcium concentration
in the CT-coated SBF-treated samples was larger than that in the CT-
coated sample (Fig. 2a) and was even larger than in the SBF-treated
control samples (Fig 2¢). Fig 2b shows that calcium is found to a depth
beyond 700 nm after SBF treatment, much more than the original CT
film (Fig. 2a), evidencing the deposition of a large amount of material.
The depth distribution of phosphorus shows a behaviour similar to that
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Fig. 2. Depth concentration profiles of calcium and phosphorus in different
samples: a) CT-coated sample, b) CT-coated SBF-treated sample and c) non-
coated SBF-treated sample.

Fig. 3. SEM image obtained from the CT-coated titanium surface. The inset
shows pinholes of approximately 100 nm in diameter.

of calcium. This indicates that a new layer containing calcium and
phosphorus was deposited during the SBF treatment.

The morphology of a CT-coated sample SBF-treated under CO, flow
for different periods is shown in Fig. 4. Micrograph a) shows the titanium
SBF-treated control sample after immersion for 5 days, exhibiting no
change with respect to the original titanium plate. The Ti6Al4V sample, not
illustrated, shows the same behaviour. Fig. 4b) shows the microstructure of
a CT-coated SBF-treated titanium sample (5 days), exhibiting new features
(globule) on the surface. There are no significant changes after 10 days (not
shown). Fig. 4c) shows the CT-coated SBF-treated sample immersed for
28 days, with regions populated with globules of around 1 um in diameter.
The pinholes indicated in Fig. 3 are still present (bottom left).

EDS detected calcium, magnesium, phosphorous, sodium, and
titanium in every SBF-treated sample. Phosphorus had its highest con-
centration in the CT-coated SBF-treated sample within the globular
structure (Fig. 5a), a lower concentration at the surface in the same kind of
sample (Fig. 5b), and the lowest in the SBF-treated control samples (not
shown). An important observation is that the composition at the pinholes
is identical to the one observed before treatment in SBF, indicating that
the CT coating is an essential step for the incorporation of the phosphate
layer at the surface (Fig. 5c).

Fig. 5 revealed significant differences in phosphorus incorporation
at different locations of the CT-coated SBF-treated samples. The
composition found inside the pinholes was substantially different from
the composition found at other places on the CT-coated samples, but is
similar to TiO,, which corresponds to a sample without any CT coating
at all. Phosphorus was not found inside the nano-pinholes, evidencing
the influence of calcium at the beginning of the biomimetic process.

Notice that XPS signals carry information from a few nanometers
below the surface, and EDS detects elements at a depth of several
hundred nanometers. Therefore the high titanium signal detected by
EDS originated in the substrate, below the biomimetic HAp layer. In
Fig. 5a the relative titanium concentration is lower than in Fig 5b and ¢
because the new biomimetic layer reduces the effective beam penetra-
tion towards the titanium substrate.

The EDS measurements of Fig. 5a) and b) displayed a silicon peak
on the CT-coated samples. Silicon was found only in the CT layer; no
silicon was detected at the pinholes (non CT-coated zones, Fig. 5c). A
detailed examination of the XPS spectra (not shown) revealed silicon at
the hydrothermal CT layer, but not after the SBF treatment. This
indicates that silicon was incorporated during the hydrothermal process.

After 28 days, the globular structure did not completely cover the
CT-coated SBF-treated samples. This has several possible explanations.
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The treatment time could be too short for this effect to be observed [19].
However shorter times have been reported for the coating of Ti6AIV
surfaces using SBF at a concentration five times higher [20]. These
films, however, partially detached from surfaces with low roughness,
indicated that roughness is of key importance in the mechanical
attachment of the films. A quantitative roughness comparison is
difficult, however, because the surface exposed to the solution in our
case is chemically different. There are several surface treatments which
promote the biomimetic deposition of HAp. We propose that one of the
main advantages of hydrothermal CT coating as compared to surface
treatments consists of providing a calcium reservoir that strongly ad-
hered to the metallic substrate due to its diffuse interface. It is expected

Fig. 4. a) SBF-treated control sample for 5 days. b) CT-coated SBF-treated
sample for 5 days and c) 28 days.
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Fig. 5. EDS spectra from: a) the globular structure, showing a phosphorus signal,
b) the CT-coated SBF-treated surface away from the globular structure, and c)
nano-pinhole, where only titanium and oxygen were detected.

that the calcium reservoir will induce the growth of a new phosphate
layer onto the CT, thereby providing an effective mechanism for
generating a biomimetic layer.

Fig. 4c shows a heterogeneous coating of calcium phosphate (CT-
coated SBF-treated samples). Jondsova et al. [21] treated titanium sam-
ples with HCI before NaOH activation and in-vitro calcium phosphate
deposition from SBF. They showed that the acid etching is essential to
dissolve the inhomogeneous TiO,—TiO, layer that generally covers the
titanium, leading to a homogeneous roughness as well as a thin TiO,—
gel layer on the titanium samples, all of which favours the homogeneity
of the coating. Our samples displayed a well formed calcium phosphate
structure (Fig. 4c) even without any pre-treatment with acid solutions. It
is expected that the HCI etching could increase the homogeneity of this
coating.

4. Conclusions

A hydrothermal—electrochemical coating of CaTiO3; on
titanium or Ti6Al4V alloy favours the biomimetic deposition
of hydroxyapatite (HAp). This appears from a near 500 nm HAp
layer grown onto the CaTiOjz-coated substrates. In this
experiment pinholes in the CaTiO; layer were not coated with
HAp. Test samples with no CaTiO; coating and pinholes
exhibited only adsorbed phosphorous, without a phosphate
layer. These results suggest that previous CaTiO3 coating is an
interesting method to enhance the biocompatibility of titanium
and Ti6Al4V alloy.
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