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Abstract The role of titanium dioxide (TiO,) as a means
to engender enhanced stability into calcium phosphate
(Ca-P) coatings has been well recognised. Several different
methods have been used to create such Ca-P/TiO, hybrid
layers on a range of substrates. This paper reports the
properties of a Ca-P/TiO, system created by the sputter
deposition of hydroxyapatite onto a titanium surface and
the subsequent thermal diffusion of TiO, through the
porous Ca-P layer. The role of temperature in determining
the surface contribution from TiO, has been determined.
Coatings annealed up to 600 °C did not exhibit any hybrid
nature in the uppermost surface, however the coatings
annealed to 700 °C did show the presence of both HA and
rutile TiO,. The surfaces annealed to 800 °C were pre-
dominantly rutile TiO,. It was also observed that the Ca/P
ratio decreased with increasing annealing temperature and
that the coating annealed to 700 °C had a value of
1.82 + 0.07, which was closest to stoichiometric HA.
Furthermore, the coatings that were annealed to 700 °C
displayed a Ca-P/TiO, hybrid nature, specifically in their
uppermost surface and supported the growth and prolifer-
ation of osteoblast-like cells more readily when compared
to the HA coatings or the rutile TiO, surfaces.
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Introduction

The manipulation of a biomaterial’s surface properties is
an important element for the provision of key biological
processes at the implant-tissue interface [1, 2]. Calcium
phosphate (Ca-P) bioceramics and in particular Hydroxy-
apatite [HA—(Cao(PO4)(OH)2)] are a proven class of
bioactive materials that have found considerable utility as
coatings for orthopaedic and dental implants due to their
osteoconductive properties [3]. Their application as thin
film coatings onto existing bioinert materials, such as
titanium, titanium alloy and stainless steel has received
considerable attention, not only to provide the underlying
material with enhanced biological functionality, but also to
act as a protective layer to prevent the leaching of unde-
sirable metal ions into the surrounding environment [4].
Radio frequency (RF) magnetron sputtering has been
shown to produce thin films with the appropriate charac-
teristics for the study of cell surface interactions of the type
pertinent in hard tissue replacements [5—7]. However, the
stability and performance of as-deposited Ca-P coatings
can limit their application, in vivo [8]. In particular, the
functionality of such coatings has been shown to be sig-
nificantly influenced by the dissolution rate, which is a
direct consequence of the crystallinity of the coating [9].
Previous studies on the dissolution behaviour of Ca-P
coatings have shown that highly crystalline Ca-P coatings
are less likely to dissolve than amorphous layers [10-13]. It
is desirable that the dissolution rate of these Ca-P surfaces
is carefully controlled by providing an adequate degree of
crystallinity and thereby maintaining the coating’s integrity
and subsequent biofunctionality. Various approaches have
been developed in order to address these requirements. One
recent development has been the addition of titanium
dioxide (TiO,) into Ca-P coatings using sol—gel or plasma
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spraying techniques so as to create either functionally
gradient or hybrid surfaces that have the ability to engender
the appropriate interfacial properties [14-18]. Similar
studies have been adopted for RF magnetron sputter
deposited titanium (Ti) and Ca-P interlayers [4, 19], mul-
tilayers [20] and Ti/Ca-P composite coatings [21, 22] with
the aim of achieving similar enhancements of the surface
properties.

For this study Ca-P/TiO, hybrid coatings have been
prepared by a novel thermal diffusion method which uses
RF magnetron sputtering to deposit a Ca-P coating to onto
a pure polycrystalline titanium surface followed by high
temperature processing. The nature of the resultant surfaces
has been determined using Fourier Transform Infrared
Spectroscopy (FTIR), X-Ray Diffraction (XRD), X-Ray
Photoelectron Spectroscopy (XPS) and Scanning Electron
Microscopy (SEM). The surfaces were also subjected to
in vitro testing using MG63 oseteoblast cells. The purpose
of this study was to combine the advantages of thin film
coatings and functionally gradient surfaces to produce an
interfacial layer that has the potential to add significant
value to the surface conditions where the manipulation and
control of the cellular response is critical.

Materials and methods
Sputtering procedure

Titanium layers were sputter deposited onto abraded Ti-
6Al1-4V  substrates  (Titanium International Ltd.)
(20 mm x 20 mm X 0.5 mm) from two titanium metal
targets ((99.995%) Kurt J. Lesker Ltd, USA) of 76 mm
diameter and 3.2 mm thickness. The targets were mounted
at 45° to the substrate surface. The break-in procedure prior
to deposition was conducted at a ramp rate of 15 W per
min (all with the source shutter closed). The base pressure
was below 7 x 107 Pascals (Pa) with an argon gas flow
rate (BOC, 99.995%) of between 15-20 Sccm at a chamber
pressure of 2.0 Pa and a throw distance of 100 mm. The
deposition was performed at 200 W for 1 h under the same
atmospheric conditions as were used for the target break-in
procedure. The approximate power density for the titanium
targets was 8.7 W cm 2.

HA targets, 76 mm in diameter and 5 mm thick were
produced by dry pressing HA powder (Merck KGaA,
Darmstadt, Germany) at a load of 40 kN for 10 min with a
loading rate of 10 kN per min. RF magnetron sputtering
was performed using a cluster of three high vacuum Torus
3M sputtering sources in a custom designed system (Kurt J.
Lesker Ltd, USA) each operating with a 13.56 MHz RF
generator and an impedance matching network (Huettinger,
GmbH, Germany). The sources were all mounted at 45° to

@ Springer

the substrate surface. For deposition from the HA targets
the RF power in the sputtering system was ramped up
slowly to provide an initial break-in phase, thereby mini-
mizing any thermal shock effects. The break-in prior to
deposition from the HA target was conducted at a ramp rate
of 5 Watts (W) per min (all with the source shutter closed).
The base pressure was below 7 x 10> Pa, with an argon
gas flow rate (BOC, 99.995%) of between 15-18 standard
cubic centimeters per minute (Sccm) at a chamber pressure
of 2.0 Pascals (Pa) and a throw distance of 100 mm. The
fragility of the HA targets limited their power absorption
capacity and consequently deposition was performed at
150 W for 5 h under the same atmospheric conditions
as were used for the target break-in procedure. The
power density for these HA targets was approximately
33 Wem™2

A range of different titanium, Ca-P and Ca-P/TiO,
coatings were then produced, as described in Table 1. All
samples that were thermally processed were annealed in air
at atmospheric pressure and were subjected to a ramp rate
of 5 °C per min to the processing temperature (from room
temperature), with a soak time of 2 h and a ramp rate of
5 °C per min back down to room temperature.

Characterisation of the HA precursor powder
and the Ca-P/TiO, coatings

Fourier Transform Infrared (FTIR) spectroscopy of the
samples were carried out using a BIORAD FTS 3000MX
Excalibur series instrument with a PIKE Diffuse Reflec-
tance Infrared Fourier Transform Spectroscopy (DRIFTS)
accessory. Samples were analysed from 4,000—400 cm™ in
absorbance mode at a resolution of 4 cm™" with 20 scans
per sample.

X-Ray Diffraction (XRD) of the samples were carried
using a Bruker D8 Discover Diffractometer fitted with a
Gobel Mirror. A CuKo X-ray radiation (4 = 0.154 nm)
source was employed with diffraction scans obtained at a
tube voltage of 40 kV and a tube current of 40 mA. Each
diffraction scan was recorded at 260 values from 20-50°
with a step size of 0.04° and a scan dwell time for each
increment of 30 s. For the grazing incidence angle XRD
studies of Ca-P and Ca-P/TiO, coatings on the Ti-6Al-4V
substrates the tube angle was set to 0.75°.

X-Ray Photoelectron Spectroscopy (XPS) of the sam-
ples were carried out using a Kratos Axis Ultra DLD
spectrometer. Spectra were recorded by employing mono-
chromated AlKa X-rays (hv = 1486.6 electron volts (eV))
operating at 15 kV and 5 mA. The base pressure was
1.33 x 1077 Pa and the operating pressure was 6.66 x 107’
Pa. A hybrid lens mode was employed during analysis
(electrostatic and magnetic), with an analysis area of
approximately 300 pm X 700 um and a take off angle
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Table 1 List of titanium, TiO,,

Ca-P and Ca-P/TiO, coatings Sample Sample description Processing temperature (°C)

produce?d and th.ei.r thermal 1 Ti-6Al-4V N/A

processing conditions . o

(N/A—not applicable) 2 Ti-6Al-4V + titanium layer N/A
3 Ti-6Al-4V + titanium layer 800
4 Ti-6Al-4V + Ca-P outer layer N/A
5 Ti-6Al-4V + Ca-P outer layer 500
6 Ti-6Al-4V + titanium layer + Ca-P outer layer N/A
7 Ti-6Al-4V + titanium layer + Ca-P outer layer 500
8 Ti-6Al-4V + titanium layer + Ca-P outer layer 600
9 Ti-6Al1-4V + titanium layer + Ca-P outer layer 700
10 Ti-6Al-4V + titanium layer + Ca-P outer layer 800

(TOA) of 90° with respect to the sample surface. Wide
energy survey scans (WESS) were obtained over the range
0-01300 eV binding energy (BE) at a pass energy of
160 eV. High resolution spectra were recorded for Cls
(278-295 eV), Ols (525-540 eV), Ca2p (340-362 eV),
Ti2p (450-470 eV) and P2p (125-140 eV) at a pass energy
of 20 eV. The Kratos charge neutraliser system was used
on all samples with a filament current of 1.8 A and a
charge balance of 3.6 V. Sample charging effects on the
measured BE positions were corrected by setting the lowest
BE component of the Cls spectral envelope to 285.0 eV,
i.e. the value generally accepted for adventitious carbon
surface contamination [23]. Photoelectron spectra were
further processed by subtracting a linear background and
using the peak area for the most intense spectral line of
each of the detected elemental species to determine the %
atomic concentration.

The surface morphology of the Ca-P and Ca-P/TiO,
coatings on the Ti-6Al-4V substrates were evaluated using a
Hitachi S-3200N variable pressure instrument. All SEM
images were obtained in secondary electron (SE) mode using
an acceleration voltage of 5 kV and a working distance of
8—10 mm at focus. The SEM data were collected at a mag-
nification of 3000x and are presented as grey scale images.

The coating thickness of the titanium layers and the
Ca-P coatings were determined using a Dektak 8 stylus
profilometer (Veeco Instruments Inc, USA). Measurements
were taken across 10 step height positions on each sample
created by masking the Ti-6Al-4V substrates with alu-
minium foil prior to deposition in the sputtering system. A
12.5 um diameter diamond tipped stylus was employed
with scans lengths of 1,000 um at a force of 15 mg.

Cell culture

The MG-63 cells derived from an osteosarcoma of a 14-
year-old male (American Type Culture Collection, Rock-
ville, MD, USA) were used in this study. Cells were
cultured in Minimum Essential Medium (MEM) supple-
mented with 10% fetal calf serum and antibiotic/antimy-

cotic (penicillin G sodium 100 U/ml, streptomycin 100 pg/
ml, amphotericin B 0.25 pg/ml, (PAA Laboratories GmbH,
Austria). Cells were maintained in a humidified atmosphere
with 5% CO, at 37 °C and were sub-cultured several times
when they reached confluence using 0.25% trypsin in Mg**
and Ca** free phosphate buffered saline (PBS) before
experimental use.

Cell attachment, spreading, and morphology

Cell tracker green CMFDA (5-chloromethylfluorescein
diacetate, Molecular Probes Ltd. (UK)) is a fluorescent
probe that can be used for the tracing of living cells. The
probe has a long cellular retention time and can remain
fluorescent after at least 72 h and four cell divisions. It
demonstrates relatively uniform cytoplasmic staining and is
photostable during microscopic examination. The probe can
therefore be used as a tool to investigate cell viability,
cytotoxicity, and cell morphology [24]. For the attachment
studies adherent MG-63 cells were labelled prior to seeding
on sample surfaces. A 5 tM CMFDA solution, prepared in
serum free media was added to confluent MG-63 cell
monolayer and incubated at 37 °C for 45 min. The working
solution was then replaced with pre-warmed fresh culture
medium and the cells were incubated again for a further
30 min. Cells were then trypsinised (0.25% trypsin/EDTA),
seeded on the sample surfaces at a density of 10> cells cm™>
and allowed to attach for 1 h under normal culture condi-
tions. Cells were then washed twice in ice cold PBS and
fixed in fresh 4% paraformaldehyde (PFA) at 4 °C for
20 min and mounted with aqueous mounting medium
containing 1.5 pg/ml propidium iodide (PI) (Vectashield,
Vector Laboratories, UK). Fixed samples were then imaged
using a Nikon Eclipse 80i fluorescence microscope.

MTT cell proliferation assay

Cell proliferation and viability is a fundamental measure-
ment of cell response to external factors and can be assayed
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using the reduction of 3-(4, 5-dimethylthiazolyl-2)-2, 5-
diphenyltetrazolium bromide (MTT, Sigma Aldrich, UK).
The yellow tetrazolium substrate is reduced enzymatically
by mitochondrial dehydrogenases of living cells to yield an
intracellular purple formazan product, which can be solu-
bilised and measured spectrophotometrically. The amount
of formazan produced is directly proportional to the num-
ber of viable cells. The MG63 cells were seeded onto the
various surfaces at density of 5 x 10* cells/em™. After
24 h and 72 h incubation periods, MTT test solution (final
working concentration 0.5 mg/ml in phenol-free DMEM)
was added to the wells in an amount equivalent to 10% of
the cell culture medium. The plates were then incubated for
4 h at 37 °C, 5% CO,, after which the media was aspirated
and the intracellular formazan product was solubilised with
acidified isopropanol. After complete dissolution of the
formazan crystals the optical density (OD) was measured
on an ELISA plate reader (TECAN Sunrise, TECAN
Austria) at a test wavelength of 570 nm and a reference
wavelength of 650 nm. All MTT assays were performed in
triplicate and repeated three times to confirm that the OD
was proportional to the number of cells.

Statistical analysis

Data for the MTT assay are presented at each time point
(24 and 72 h) corresponding to the mean * standard
deviation (SD) of three independent analyses repeated
three times. Statistical comparisons of the results were
made using one-way analysis of variance (ANOVA). Sig-
nificant differences (p < 0.05) between the means of the
control and test groups were analysed by Dunnett’s test
post-hoc.

The cell culture assays, namely Cell Tracker Green and
MTT were performed on the following samples only: the
abraded Ti-6Al-4V substrate (control), The titanium layer
annealed to 800 °C, the Ca-P coating deposited onto the
abraded Ti-6Al-4V substrate and annealed to 500 °C and
the Ca-P coatings deposited onto the titanium layers and
annealed to 500 °C, 700 °C and 800 °C. This was due to
the fact that these surfaces presented the most significant
differences in terms of their surface properties as deter-
mined using the analytical techniques employed during this
study.

Results
Characterisation of the HA precursor powder

The properties of the HA precursor powder were charac-
terised by FTIR, XRD and XPS to determine the nature of
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the material prior to its use as a target for the sputter
deposition of Ca-P coatings. The FTIR and XRD results for
the HA precursor powder have been described previously
[13].

The XPS wide energy survey-scan (not shown here)
recorded as B.E. [0-1200 eV] versus intensity in counts for
the HA precursor powder had peaks corresponding to
Ca2ps; (347.3 eV), P2p (133.3 eV) and Ols (531.2 eV),
which are compatible to those reported in the literature for
HA [25-27]. No other elemental species were detected, at
least at the detection limits of the instrument (~0.1 atom-
ic% concentration). The presence of carbon (Cls) in the
survey scan at 285.0 is due to the presence of adventitious
carbon contamination in the sample [23]. The Ca/P ratio of
the HA powder, as determined by XPS was 1.63 + 0.02,
the value slightly lower than expected for stoichiometric
HA (1.67) [28]. However, it should also be noted that XPS
is a surface analytical technique and does not analyse the
bulk of the material. From these FTIR, XRD and XPS
results it is clear that the target precursor powder is a
semi-crystalline, carbonated HA.

Characterisation of the Ti-6Al-4V substrate
and the Ca-P/TiO, coatings

The Ti-6Al-4V substrate, the titanium layer sputter
deposited onto the Ti-6Al-4V substrate, the Ca-P coatings
and the Ca-P/TiO, coatings were analysed using FTIR,
XRD, XPS, stylus profilometry and SEM to assess the
surface properties, both before and after thermal annealing
between 500 °C and 800 °C.

Stylus profilometry

The coating thickness of the titanium layers on the Ti-6Al-
4V substrates, as determined by stylus profilometry was
533 + 43 nm. The coating thickness of the Ca-P coatings
was 320 = 34 nm.

FTIR of the Ca-P/TiO, coatings

The FTIR results for the as-deposited and 500 °C annealed
Ca-P coatings on the Ti-6Al-4V substrates have been
described previously [13]. A typical FTIR spectrum for a
Ca-P coating deposited onto the titanium layer prior to
annealing is shown in Fig. la and clearly illustrates
spectral modes associated with P—O stretching vibrations
between 1,200-900 cm™! and bands associated with O—P—
O bending vibrations between 650—400 cm! [23, 29, 30].
However, the coatings appear to lack the O—H vibrational
modes expected for HA at 3,570 and 630 cm™! [23, 29, 30].
The bands observed in the range 3,700-3,000 cm™! and at
1,640 cm™' can be attributed to traces of adsorbed water in
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the sample [30]. After annealing the same coatings to
500 °C, spectra that were more indicative of the HA target
powder were observed, as shown in Fig. 1b. P-O stretching
vibrations were observed at 1120, 1078, 1020 and 960 cm™
!, O-P-O bending vibrations are also present at 578 and
609 cm™!, along with a weak shoulder at 557 cm™'. Fur-
thermore, the presence of O-H stretching and librational
bands is confirmed at 3,568 and 630 cmfl, respectively.
Carbonate (CO?) was also detected as weak bands be-
tween 1,600-1,400 cm™! and at 879 cmfl, suggesting that
carbonate may have substituted for either OH™ or PO~
positions in the hexagonal lattice [29]. The FTIR spectrum
for the Ca-P coating deposited onto the titanium layer and
annealed to 600 °C showed significant differences to the
same coating annealed to 500 °C. This spectrum, as illus-
trated in Fig. Ic still shows the presence of all the expected
PO;~ and OH™ vibrational bands expected for HA, how-
ever, two broad peaks, which are indicative of TiO, are
clearly observed at approximately 500 cm™" and 800 cm™
[31, 32]. After annealing the same coating to 700 °C, the
FTIR data (Fig. 1d) showed a decrease in the intensity of
the O-H vibrational bands, which were normally observed
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O-P-0 bending vibration, normally observed at 1120 cm™
is also seen to decrease significantly in relation to the peak
intensities of the other POZ_ moieties. Furthermore, the
relative intensities of the peaks attributed to TiO, vibra-
tions (500 cm™' and 800 cm™') were seen to increase in
relation to the same POZ‘ vibrational bands as shown in
Fig. 1d. Similar results were observed after annealing the
same coating to 800 °C (not shown here).

XRD of the Ca-P/TiO, coatings

The XRD pattern for the Ti-6Al-4V substrate (not shown
here) after abrasion displayed three intense peaks at 35.9°,
38.9° and 40.8° 20, and relate to the 100, 002 and 101
reflections, respectively. These are consistent with those
observed for the 25, 30 and 100% intensity peaks in for the
International Centre for Diffraction Data (ICDD) file #44—
1294 for titanium. By comparison, the titanium layer
deposited onto the Ti-6Al-4V abraded substrate showed
diffraction peaks in similar 20 positions, however, the
titanium layer exhibits a clear 002 preferred orientation due
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Fig. 1 FTIR spectra for (a) as-received Ca-P coating on titanium layer, (b) Ca-P coating on a titanium layer annealed to 500 °C, (c¢) Ca-P
coating on a titanium layer annealed to 600 °C and (d) Ca-P coating on a titanium layer annealed to 700 °C
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the peak at 38.9° 20 dominating the diffraction pattern (not
shown here). After annealing this layer to 800 °C, the
diffraction pattern (not shown here) exhibits strong peaks
at 27.4°, 36.1°, 39.2°, 41.2° and 44.0° 20, and these relate
to 110, 101, 200, 111 and 210 reflections, respectively.
These peaks are consistent with those observed in the
ICDD file #21-1276 for the rutile phase of TiO,.

The XRD results for the as-deposited and 500 °C an-
nealed Ca-P coating on the Ti-6Al-4V substrates have been
described previously [13]. The XRD pattern for the as-
deposited Ca-P coating on the titanium layer, as shown in
Fig. 2a exhibits a significant amorphous background hump.
Normally, the most intense bands for HA are observed in
the 30-35° 20 range [5]. However, upon heating the Ca-P
coating on the titanium layer to 500 °C, as shown in
Fig. 2b, a very different diffraction pattern was observed.
Peaks that are clearly indicative of HA were seen
throughout the pattern with 20 values that correspond
closely to those observed in the ICDD file #09-0432 for
HA. The four strongest peaks are observed at 25.9, 29.3,
32.1 and 32.3° 20, and correspond to 002, 210, 211 and 112
reflections, respectively. Furthermore, the 002 reflection at
25.94° 260 dominates the diffraction pattern, which suggests
that this coating may have a 002 preferred orientation [31,
32]. The presence of an amorphous background hump may
also indicate the presence of an amorphous Ca-P material
in the coating as well. No other Ca-P phases were detected
in the XRD patterns for the as-deposited and 500 °C an-
nealed Ca-P coating on the titanium layers or the Ti-6Al-
4V substrates. For the Ca-P coating on the titanium layer
and heated to 600 °C, significant differences are observed
when compared to the same coating heated to 500 °C.

_ (e) }L 7\ + M .
T N A
8 . . o

‘:é © i PMA__2n 4

5 |(b) )

o

Sub
(@) o NN
20 25 30 35 40 45 50
2-theta

¢ -Ti,O ICDD #11-0218
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¢ - TiO, ICDD #21-1276
i = HA ICDD #09-0432
m - TiO ICDD #02-1196

Fig. 2 XRD patterns for (a) Ti-6Al-4V substrate (abraded), (b) Ca-P
coating on a titanium layer annealed to 500 °C, (¢) Ca-P coating on a
titanium layer annealed to 600 °C (d) Ca-P coating on a titanium
layer annealed to 700 °C and (e) Ca-P coating on a titanium layer
annealed to 800 °C
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While the diffraction pattern shows the presence of HA
with peaks corresponding closely to the ICDD file #09-
0432, the presence of peaks due to rutile TiO, (ICDD file
#21-1276) are also clearly present, as shown in Fig. 3c.
These rutile peaks also exhibit significant peak broadening.
Peaks due to the presence of Ti,O (ICDD file #011-0218)
and TiO (ICDD file#002-1196) may also be present, as
shown on Fig. 2¢, however the assignment of this peaks is
not certain. After heating to 700 °C, the peaks due to HA
(ICDD file #09-0432) and rutile (ICDD file #21-1276) are
again observed, as shown in Fig. 2d, however, the rutile
now clearly dominates the diffraction pattern. After heating
the Ca-P coating on the titanium layer to 800 °C, no HA
peaks can be detected and only the presence of rutile
material can be confirmed, as shown in Fig. 2e. The peaks
are again closely aligned with those observed in the ICDD
file #21-1276 for rutile. No other phases other than rutile
were identified in the diffraction pattern for the coating
heated to 800 °C.

XPS of the Ca-P/TiO, coatings

The XPS data for the uppermost surface of the Ti-6Al-4V
substrate after abrasion indicates the presence of oxygen,
carbon, nitrogen and sodium in addition to titanium, vana-
dium and aluminium as shown in Fig. 3a and Table 2. The
high resolution Ti2p spectrum for the Ti-6Al-4V substrate,
as shown in Fig. 3b indicates the presence of TiO, due to
the peaks at 459.0 eV (Ti2ps») and at 464.5 eV (Ti2py.)
[33-35]. In addition to these, the peak observed at 453.5 eV
(Ti2ps,») would normally be associated with metallic tita-
nium [34]. The presence of this surface oxide layer is
confirmed by the nature of the high resolution Ols spectral
envelope as shown in Fig. 3c, which clearly shows a strong
contribution from TiO, at 530.5 eV [35]. The shoulder on
the high B.E. side of the Ols peak at 530.5 eV as shown in
Fig. 3c may be a consequence of the presence of oxygen
from organic species and/or OH groups [35, 36]. A similar
set of results were observed for the titanium layer. However,
the contribution from the TiO, peaks (458.80 eV (Ti2ps/,)
and at 464.7 eV (Ti2p;,,)) are more dominant than that for
the metallic peak 453.6 eV (Ti2p;/,) in the Ti2p high res-
olution spectrum. By comparison, the XPS data for the
titanium layer annealed at 800 °C shows only the presence
of TiO, in the Ti2p spectral envelope, as given by the peaks
at 458.9.0 eV (Ti2ps/») and at 464.4 eV (Ti2p,,) [33-35].
The corresponding Ols spectral envelope after heating to
800 °C confirms the oxide nature of the surface due to the
presence of a strong peak at 530.3 eV (TiO,) [35] and a
significant shoulder on the high B.E. side of the peak
(~532.4 eV). As described previously, this shoulder is
normally associated with oxygen from organic species and/
or OH groups [35, 36].
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Fig. 3 XPS spectra of (a) wide (c)ots (b) Ti2p Tie*
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Table 2 XPS data for HA precursor powder, titanium, TiO,, Ca-P and Ca-P/TiO, coatings
Sample Peak position (binding energy) eV* Ca/P
Cls Ols Ca2ps, P2p  Ti2psn V2psn Al2ps, Nals

HA Powder 285.0 531.2 3473 1333 / / / / 1.63 + 0.02
Ti-6Al-4V 285.0 530.5 / / 459.0 5123 727 1072.1 /
Ti-6Al-4V + titanium layer 285.0 530.2 / /4588 / / / /
Ti-6Al-4V + titanium layer (800°C) 285.0 530.3 / /4589 / / / /
Ti-6Al-4V + Ca-P coating as-received 285.0 5313 3477 133.4 / / / / 1.35 + 0.03
Ti-6Al-4V + titanium layer + Ca-P coating (500°C) 285.0 531.6 3475 132.8 / / / /224 x0.03
Ti-6Al-4V + titanium layer + Ca-P coating as received 285.0 531.3 3474 133.5 / / / / 1.42 +0.05
Ti-6Al-4V + titanium layer + Ca-P coating (500°C) 285.0 531.7 3475 133.4 / / / /247 +0.08
Ti-6Al-4V + titanium layer + Ca-P coating (600°C) 285.0 531.7 347.7 133.5 / / / / 1.92 + 0.06
Ti-6Al-4V + titanium layer + Ca-P coating (700°C) 285.0 531.7 34738 133.6  459.0 / / / 1.82 = 0.07
Ti-6Al-4V + Ca-P coating (800°C) 285.0 5303 3475 133.5 458.8 / / / 051%0.18

* Most intense photoelectron line for each element detected

In comparison to these results, the XPS data for the as-
deposited Ca-P coating on Ti-6Al-4V, given in Table 2,
indicates similar peaks to those observed the HA precursor
powder. Peak lines corresponding to Ca2ps, (347.7 eV),
P2p (133.4 eV), Ols (531.3 eV), are clearly present, as
before. The Ca/P ratio of the as-deposited Ca/P coatings
was 1.35 £ 0.03 as reported in Table 2, a value slightly
lower than expected for stoichiometric HA (1.67) [37].
Similar peak positions are also observed for the Ca-P
coating after annealing to 500 °C, however, the Ca/P ratio
of the coatings was seen to increase significantly to
2.24 + 0.03, as shown in Table 2. No titanium peaks from
the underlying substrate were detected in any of the Ca-P
coatings deposited directly onto the Ti-6Al-4V substrate.
The XPS data for the Ca-P coatings deposited onto the
titanium layer, as illustrated in Fig. 4 (as-deposited) and

Fig. 5 (annealed at 500°) showed very similar results when
compared to those deposited directly onto the Ti-6Al-4V
substrate. The as-deposited coating on the titanium layer
gave a Ca/P ratio of 1.42 + 0.05, whereas the coating
annealed to 500 °C, gave a much higher Ca/P ratio of
2.47 + 0.08, as reported in Table 2. After annealing the
Ca-P coating deposited onto the titanium layer to 600 °C,
the Ca/P ratio decreased significantly to 1.92 + 0.06. No
titanium from the layer could be detected in these Ca-P
coatings annealed to 500 °C or 600 °C. However, after
annealing the Ca-P coatings deposited onto the titanium
layer to 700 °C, significant differences were observed and
a weak Ti2p peak was detected as shown in Ti2p high
resolution envelope in Fig. 6a. The distribution of peaks in
the Ti2p envelope for this coating indicates the presence of
TiO, with peaks at 459.0 eV (Ti2psz,) and at 464.5 eV
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Fig. 4 XPS spectra of (a) Cls,
(b) Ols, (¢) Ca2p and (d) P2p
regions for the as-received Ca-P
coating on a titanium layer
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(Ti2p;,2) [33-35]. In addition to the presence of an oxide
layer, calcium (Ca2p) and phosphorus (P2p) were also
detected on the uppermost surface of this coating as shown
in Table 2 and Fig 6c, d respectively. The Ca/P ratio again
decreased to a value of 1.82 + 0.07. After annealing the
Ca-P coating deposited onto the titanium layer to 800 °C, a
significant oxide layer appears to develop at the surface of
the coating, as shown in Fig. 7a, b and Table 2. The high
resolution Ti2p spectrum for the coating annealed to
800 °C, as shown in Fig. 7a, indicates the presence of TiO,
due to the significant peaks at 458.8 eV (Ti2p;z.,) and at
464.6 eV (Ti2py») [33-35]. In addition to these, the weak

@ Springer

band at 453.8 eV (Ti2p;3,) can be attributed to metallic
titanium [34]. The presence of this surface oxide layer is
confirmed by the nature of the high resolution Ols spectral
envelope, as shown in Fig. 7b, which clearly illustrates a
contribution from TiO, (530.3 eV). The significant shoul-
der at higher binding energy in the Ols peak is most likely
a consequence of oxygen from organic species and OH
groups, as described previously. However, this coating also
shows the presence of low levels of calcium (Ca2p) and
phosphorus (P2p), as shown in Table 2 and Fig. 7c, d
respectively. The Ca/P ratio for this coating was
0.51 = 0.18, which is due to the fact that the TiO,



J Mater Sci: Mater Med (2008) 19:485-498

493

Fig. 6 XPS spectra of (a) Ti2p, -
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dominates the uppermost surface of the 800 °C annealed
coating.

SEM of the Ca-P/TiO, coatings

SEM analysis of the abraded Ti-6Al-4V substrate shows a
surface that has random abrasion scratches running across
its surface (not shown here). These abrasion scratches
dominate the substrate surface and can range in width from
0.3-2.0 pm. Small hillocks, pits and fissures, which vary in
size up to 5.0 um, are also seen regularly across the sur-
face, particularly between the polishing scratches. For the

Ti-6Al-4V substrate coated with a titanium layer, titanium
crystallites are up to 150 nm in diameter and seem to have
formed preferentially around the more prominent surface
asperities on the substrate, as illustrated in Fig. 8a. In
addition to this, the formation of larger spherical shape
features of up to 2 um are clearly evident. It is also
apparent from the SEM results that there has been signif-
icant in-filling of the larger pits and abrasion scratches on
the substrate surface. After annealing this coating to
800 °C, as shown in Fig. 8b the uppermost surface exhibits
a needle-like morphology, with the needles having random
orientation and a long axis dimension of up to 1.0 pm.

Fig. 7 XPS spectra of (a) Ti2p,

(b) Ols, (¢) Ca2p and (d) P2p (a)Tizp (b)o1s
regions for a Ca-P coating on a
titanium layer annealed to a a
800 °C s s
E £
£ £
470 465 460 455 450 539 537 535 533 531 529 527 525
BE (eV) BE (eV)
(c)cazp (d)P2p
D g
355 350 345 340 139 137 135 133 131 129 127 125
BE (eV) BE (eV)
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The corresponding SEM results for the as-deposited Ca-
P coating on the Ti-6Al-4V substrate shows a relative
tendency for the coatings to mimic the substrate topogra-
phy and to conform to striations and defects produced by
the abrasion of the substrate. Again, there is evidence from
the SEM to suggest that there has been significant in-filling
of the larger pits on the substrate surface, which is typical
of previous studies utilising similar RF magnetron sputter
deposited calcium phosphate coatings [13]. On annealing,
this coating to 500 °C the coating surface appears to
transform from a smooth coherent film into one that
exhibits columnar features across the coating surface and
range in size from 0.5-1.0 pm. By comparison, the SEM
data for as-deposited Ca-P coating on the titanium layer
also appears to mimic the topography of the underlying
surface, as shown in Fig. 8c. These results are similar to
those observed for the as-deposited Ca-P coating on the Ti-
6Al-4V substrate. However, after annealing the Ca-P
coating on the titanium layer to 500 °C the surface appears
to have formed a smooth, dense and coherent layer, with
spherical features of up to 2.0 um evident around abrasion
scratches and surface defects, as illustrated in Fig. 8d.
After annealing to 600 °C, this coating has transformed
into one that exhibits large spherical features that are be-
tween 0.5-2.0 pum. Some of these also appear to have

Fig. 8 SEM micrographs of (a)
titanium layer on Ti-6Al-4V
substrate, (b) titanium layer on
Ti-6Al-4V substrate and
annealed to 800 °C, (¢) Ca-P
coating on titanium layer and
annealed to 500 °C, (d) Ca-P
coating on a titanium layer and
annealed to 600 °C, (e) Ca-P
coating on a titanium layer and
annealed to 700 °C and (f) Ca-P
coating on a titanium layer and
annealed to 800 °C (all at 3000x
magnification)
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coalesced into larger spherical features of up to 5 um
across. Also apparent is the obvious micro-cracking along
the surface of these larger raised spherical objects. After
annealing to 700 °C, there is further significant change in
the substrate morphology, with chains of micro-crystal-
lites of up to 0.5 um forming along the lines of micro-
cracks. This is clearly shown in Fig. 8e. After annealing
the Ca-P coating on the titanium layer to 800 °C, as
illustrated in Fig. 8f the surface morphology shows a
distinct similarity to that observed for the titanium layer
after heating to 800 °C, with an obvious needle-like
morphology.

Cell attachment, spreading, and morphology

Cells appeared to adhere and spread successfully to all of
the samples analysed using the cell tracker green assay at a
time period of 1 h. Figure 9a, b show the results for the
Ti-6Al-4V abraded substrate (control) and the Ca-P coating
deposited onto the titanium layer and annealed to 700 °C.
No significant differences were observed between the
various samples in relation to their cell morphology, and
for each sample the cells exhibited normal cell morphol-
ogy. In all cases distinct adhesion sites could be clearly
observed.
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Cell proliferation

The results for the MTT assay on the various different
surfaces showed that the adherent cells proliferated on all
of the samples investigated. At the 24 h assay time-point,
only the Ca-P coating deposited onto the titanium layer and
annealed to 700 °C exhibited a significant increase in the
cell proliferation as shown in Fig. 10. Each value is re-
ported as the mean + S.D. of three independent experi-
ments. The asterisk indicates a significant difference
between the control and surface treated groups, as analysed
by ANOVA and Dunnett’s test post-hoc (p < 0.05). No
other surface exhibited any significant effects on cell pro-
liferation at this time. However, after the 72 h assay time-
point the effect of the different surfaces on cell prolifera-
tion was significantly altered as shown in Fig. 10. Both the
titanium layer annealed to 800 °C and the Ca-P coating
deposited onto the titanium layer and annealed to 800 °C
exhibited a significant decrease in cell proliferation when
compared to the control sample. By comparison, the Ca-P
coating deposited onto the Ti-6Al-4V substrate and
annealed to 500 °C and the Ca-P coating deposited onto the

Fig. 9 Fluorescence microscope images of MG63 osteoblast-like
cells after 1 h attachment assay (cell tracker green) on (a) Ti-6Al-4V
substrate (abraded) and (b) Ca-P coating on a titanium layer annealed
to 700 °C

titanium layer and annealed to 700 °C induced a significant
increase in MG-63 osteoblast cell proliferation in relation
to the control. In particular, the latter of these coatings
exhibited the most significant increase in cell proliferation
at this time-point. The cell proliferation for the Ca-P
coating deposited onto the titanium layer and annealed
to 500 °C was not significantly different from the control
Ti-6Al-4V substrate after 72 h.

Discussion

The purpose of this work was to produce and study a range
of RF magnetron sputter deposited Ca-P/TiO, hybrid
coatings on medical grade Ti-6Al-4V substrates.

As in the case of previous studies, which have also
utilised RF magnetron sputtering at relatively low sput-
tering powers (<150 W) to deposit Ca-P thin films, the as-
deposited coatings were amorphous in nature as demon-
strated by the XRD data [13, 36]. This phenomena was
clearly observed for the as-deposited Ca-P coatings on both
the abraded Ti-6Al-4V substrates and the titanium coated
Ti-6Al-4V substrates. These same coatings were also seen
to be poorly hydroxylated, as shown in the corresponding
FTIR spectra, which clearly lacked the expected HA O-H
vibrational modes at 3,570 cm™" and 630 cm™ [23, 29, 30].
The Ca/P ratios for the same surfaces determined by XPS,
were 1.35 +£0.03 and 1.42 £+ 0.05, respectively, values
much lower than would be expected for stoichiometric HA
at 1.67 [28]. By comparision, these values were also much
lower than those obtained for similar studies [13, 36] which

-
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Fig. 10 MTT results of MG63 cell proliferation on Ca-P and Ca-P/
TiO, surfaces after 24 h and 72 h incubation time (*p < 0.05) Key for
Fig. 10: A—Ti-6Al-4V substrate (control), B—Ti-6Al-4V + titanium
layer annealed to 800 °C, C—Ti-6Al-4V + Ca-P outer layer annealed
to 500 °C, D—Ti-6Al-4V + titanium layer + Ca-P outer layer
annealed to 500 °C, E—Ti-6Al-4V + titanium layer + Ca-P outer
layer annealed to 700 °C and F—Ti-6Al-4V + titanium layer + Ca-P
outer layer annealed to 800 °C
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deposited Ca-P coatings from the same source material
(Merck KGaA, Darmstadt, Germany) using single sput-
tering targets rather than three (as employed for this work).
It should also be noted that the three sputtering sources in
this study were mounted at a 45° angle to the substrate
surfaces, whereas the single sputtering target previously
was mounted axially to the substrates [13, 36]. It is
therefore possible, that the experimental conditions em-
ployed during deposition for this study may have had a
significant impact on the dynamics of the sputtering pro-
cess, and as a consequence, the Ca/P ratio of the resultant
as-deposited Ca-P coatings. It is suggested that the
arrangement and orientation of the sputtering sources and
the argon gas pressure employed during this study may
have been the main contributing factors that influenced the
energetic interactions within the plasma and the thermo-
dynamics of the nucleation and growth phenomenon at the
substrate surface. To date, the authors have been unable to
find any published work, which utilises the same experi-
mental set-up to deposit Ca-P/TiO, surfaces. In addition to
this, the plasma conditions utilised in these experiments
have not yet been fully characterised, therefore this
hypothesis cannot be confirmed. Previous studies by others
have described how various different aspects of the sput-
tering process can significantly influence the Ca/P ratio,
such as argon gas pressure [7], bias voltage [33], discharge
power level [20], the presence of oxygen species [37] and
thermal processing [13, 38, 39].

Upon annealing the Ca-P coatings on both the abraded
Ti-6Al-4V substrates and the titanium coated Ti-6Al-4V
substrates to 500 °C, the FTIR and XRD data clearly show
distinct differences when compared to the same coatings, as
deposited. The XRD results provide direct evidence for a
significant improvement in the crystallinity of the coatings.
This improvement in the crystallinity of the coating coin-
cides with the increased hydroxylation of the coating, as
observed in the corresponding FTIR spectra. It has been
documented that the scale of ordering in HA materials is a
consequence of the degree of hydroxylation, which is highly
influential in determining the physiological behaviour of the
material [40]. In addition to this the XRD and FTIR data do
not indicate the presence of any other Ca-P phases in these
coatings annealed to 500 °C. Significantly, the Ca/P ratios
for both the annealed coatings on the abraded Ti-6Al-4V
substrates and on the titanium coated Ti-6Al-4V substrates
are seen to increase to 2.24 + (0.03 and 2.47 + 0.08,
respectively, which is very close to the values obtained in
similar studies [13, 36]. This significant increase in the Ca/P
ratio to produce a calcium rich surface is most likely due to
the evaporation of volatile phosphorus products during
thermal annealing [13, 36]. In addition to these findings, the
peaks observed between 1,600-1,400 cm ! and at 879 cm™!
in the FTIR data for the annealed coatings on the titanium
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coated Ti-6Al-4V substrates annealed at 500 °C indicates
the presence of CO3 [29]. Further evidence for this is
provided by the strong peak in the C1s envelope (289.0 eV)
for the same coating, which is normally associated with the
presence of CO3~ species [41].

As the post-deposition processing temperature is in-
creased to 600 °C and then 700 °C, there is a significant
decrease in the Ca/P ratio of the coatings to 1.92 + 0.06
and 1.82 + 0.07, respectively. This decrease in the stoi-
chiometry of the Ca-P surfaces (compared to the coatings
heated to 500 °C) coincides with a significant increase in
the hybrid nature of the coatings, which clearly show the
presence of both HA and TiO, materials. The XRD data
confirms this, whereby the coating that was annealed at
600 °C is shown to contain both HA and rutile TiO,
simultaneously, with peaks corresponding closely to the
ICDD file #09-0432 (HA) and ICDD file #21-1276 (Rutile
TiO,), respectively. Despite this, there was no evidence
from the XPS data to suggest the presence of TiO, in the
uppermost surface layer (~5 nm) of this coating after
heating to 600 °C. In contrast to this, the XPS results for
the coatings annealed at 700 °C clearly show that this HA/
TiO, hybrid condition is present, even in the uppermost
surface. Evidence for this is provided by the distribution of
peaks indicative of TiO, (459.0 eV (Ti2ps,) and at
464.5 eV (Ti2p,s)) in the Ti2p high resolution envelope
for the surfaces annealed to 700 °C.

The XRD data for the coatings heated to 800 °C shows
the presence of rutile TiO, (ICDD file #21-1276) but does
not indicate the presence of any HA (or any other Ca-P
phases). Despite this it should be noted that low levels of
both calcium (Ca2p) and phosphorus (P2p) were detected
in the uppermost surface of coatings heated to 800 °C
using XPS analysis, however they could not be assigned to
any particular Ca-P phase as they were not detected in the
XRD results at this temperature. The XPS data also con-
firmed a further significant decrease in the Ca/P ratio to
0.51 £ 0.18 for these coatings heated to 800 °C. The Ti2p
and Ols spectral envelopes observed for the XPS data for
these surfaces confirms the presence of TiO, in the up-
permost surface layer, which corroborates the XRD data.
These results clearly show that the TiO, dominates the
uppermost surface of the coatings heated to 800 °C.
Throughout this study no chemical products from HA or
TiO, (such as CaTiOj3), were detected after annealing any
of the coatings between 500 and 800 °C. This is similar to
results observed in other studies, where such products were
only observed in HA/TiO, composite coatings after ther-
mal processing at temperatures above 700 °C [18, 42]. This
may also be a consequence of the fact that only the rutile
phase of TiO, was detected in the coatings produced during
this study and it has been suggested that HA may react
preferentially with anatase rather than rutile [43].
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The significant decrease in the Ca/P of the coatings with
increasing heating temperature observed during these
experiments is most likely a direct consequence of the
evaporation of volatile phosphorus products during thermal
processing [13] rather than a significant increase in the
hybrid nature of the coatings up to annealing temperatures
of 600 °C. This is due to the fact that no TiO, was detected
in the uppermost surface of the coatings annealed up to
600 °C. However, the diffusion of TiO, through the HA
surfaces of the coatings during heating may also contribute
to the decreasing Ca/P ratio with increasing temperature at
the higher annealing temperatures (700 and 800 °C).
Therefore, its influence on this phenomenon cannot be ruled
out. Indeed, it has been suggested that the incorporation of
TiO, into the HA coating can result in its decomposition to
tri-calcium phosphate (TCP) during thermal annealing [43].
However, this was not observed during this study.

From these results, and especially the XPS data, it is
evident that the uppermost surface (~5 nm) of the coatings
annealed at 500 °C and 600 °C are dominated by HA,
whereas the coatings annealed at 800 °C are dominated by
rutile TiO,. Only the coatings thermally processed at
700 °C exhibit a hybrid HA/TiO, nature in this uppermost
surface region (=5 nm). In this regard, it is important that
the properties of the uppermost surface are optimised for
biological performance (along with the bulk properties of
the material), as it has been well documented that it is the
uppermost surface that forms the biological interface and
guides and modulates the initial cellular response [44]. For
this study the initial cellular attachment, spreading and
morphology of MG63 osteoblast-like cells on the various
coatings produced was investigated after 1 h using a cell
tracker green assay. Cells appeared to adhere and prolif-
erate successfully on all of the samples and no significant
differences were observed between the various samples in
relation to their cell morphology, with all of the cells
exhibiting normal MG63 osteoblast cell morphology. Cell
proliferation was studied using an MTT assay at two
different time points (24 h and 72 h). The results for the
MTT assay on the various different surfaces showed that
the MG63 cells proliferated on all of the samples investi-
gated. At the 24 h assay time-point, only the Ca-P coating
deposited onto the titanium layer and thermally processed
to 700 °C exhibited significant effects on cell growth No
other surface exhibited any significant effects on cell pro-
liferation after 24 h. However, after the 72 h assay time-
point the effect of the different surfaces on cell prolifera-
tion was significantly altered. First, all of the coatings an-
nealed at 800 °C, which were predominantly rutile TiO,,
exhibited a significant decrease in cell proliferation when
compared to the control sample. By comparison, the Ca-P
coating deposited onto the Ti-6Al-4V substrate and an-
nealed to 500 °C and the Ca-P coating deposited onto the

titanium layer and annealed to 700 °C induced a significant
increase in MG-63 osteoblast cell proliferation in relation
to the control. In particular, the latter of these coatings
exhibited the most significant increase in cell proliferation
at this time-point. It is therefore evident from these MTT
data that for both time points studied, the coating thermally
annealed to 700 °C is best suited to support osteoblast-like
cell proliferation when compared to the control. This in-
cludes the coatings that were annealed to 800 °C, which
were predominantly rutile TiO, in nature and the coatings
annealed to 500 °C, which were predominantly HA in
nature. This would therefore suggest that HA/TiO, hybrid
surfaces have the potential to be better support osteoblast
cell growth than HA coatings or rutile TiO, surfaces alone.
In previous studies by others using simulated body fluid
(SBF) assays it had been well established that anatase TiO,
is better suited to induce bone formation than rutile TiO,
[45, 46]. However, Wu et al. found that crystalline titania
films exhibited similar in vitro bioactivity, regardless of the
fraction of rutile or anatase phases [47]. In this study a
significant improvement in oseteoblast proliferation is ob-
served (when compared to HA surfaces and the Ti-6Al-4V
control). This is despite the fact that the hybrid surface
exhibits a strong contribution from rutile TiO,. No anatase
TiO, was observed in any of the coatings produced during
this study and is a direct consequence of the temperatures
employed to anneal the samples here. The exact mecha-
nism and reason why the hybrid HA/TiO, surfaces better
supported the growth of the osteoblast cells is most likely a
consequence of the enhanced stability that is introduced by
the incorporation of TiO, into the HA coatings, allowing
the cells to adhere and proliferate more readily. This phe-
nomenon has been well documented in previous studies by
others [48, 49]. Furthermore, it has been shown in previous
work where HA coatings were produced in a similar
manner and immersed in PBS (to determine their stability),
that even thermally processed HA coatings could undergo
partial dissolution after only 1 h of immersion [13]. This is
most likely due to the fact that these coatings contain
amorphous and less stable Ca-P phases in addition to the
crystalline HA portion, which can dissolve more readily
in vitro and in vivo [8, 13]. This instability may have a
direct effect on the adhesion of cells to the surface in the
early stages (up to 24 h) and their subsequent growth and
proliferation up to 72 h. However, the immersion behav-
iour and stability of these coatings has not yet been
investigated in order to confirm this hypothesis.

Conclusion

A series of Ca-P/TiO, hybrid have been prepared by
sequential sputter deposition of a titanium and Ca-P layer
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and post deposition annealing at temperatures between
500 °C and 800 °C. It has been shown that the resultant
coatings have properties dependent on the annealing tem-
peratures and that 700 °C is required to create a Ca-P/TiO,
hybrid syrface as determined by XPS, XRD, FTIR and
SEM. In vitro characterisation of the coatings up to 72 h
showed that the coatings thermally annealed to 700 °C
supported the adhesion and proliferation of osteoblast-like
cells more readily than either the HA coatings or the rutile
TiO, surfaces. This may suggest that the Ca-P/TiO, hybrid
surfaces produced by a simple method of RF magnetron
sputtering and post-deposition thermal annealing have the
potential to be used as interfacial layers in order to control,
and perhaps manipulate the cellular response. However,
further in vitro characterisation of these surfaces is re-
quired in order to confirm these preliminary findings.
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