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Introduction

The surface characteristics of an implantable material play an important role in governing the cellular
response. The objective of modifying the surface characteristics of a biomaterial by means of a surface
treatment, such as, ion implantation, sputter coating, thermal oxidation or anodic oxidation is to improve its
corrosion resistance, wear properties as well as its biocompatibility [1]. Anodic oxidation is one of the
commonly used methods that can be successfully used to enhance these properties for biomedical
applications [2-7].

The study of the interface between a living cell and a biomaterial is crucial in understanding the
mechanism of cellular adhesion. Parameters such as surface roughness, surface chemistry, oxide thickness
and the presence of contaminants on the surface are known to affect this interface and subsequently the
biological response both in-vivo and in-vitro [8-11]. Such an interface was investigated in-vitro by Davis et
al. [12] and de Bruijn et al. [13] for conventional titanium alloys, where the interface formed comprised of a
layer of Ca and P rich globular deposits, adjacent to the implant surface over which collagen fibers were
deposited. A similar interface was also created in-vivo by others [14].

There has been an increasing interest over the last decade to develop alloys containing 3 stabilizing
elements such as molybdenum, niobium, tantalum, zirconium that can improve the alloy strength and lower
the modulus mismatch between the ductile bone and the comparatively brittle implant material, thus
minimizing the stress shielding [15-20].

Til5Mo alloy is a metastable  alloy whose basic metallurgy, mechanical and corrosion resistance
properties have been thoroughly described in the metallurgical literature, especially its biocompatible
advantages [21-23]. Til5Mo alloy has a body centered cubic f microstructure with a higher strength over a
and o+p alloys. It has low values of elastic modulus and stiffness which makes it beneficial for dental
applications.

The work described here is part of a study in which Til5Mo alloy was surface modified by anodic
oxidation at 1 V in phosphate buffer saline solution and characterized for its cellular response and surface
chemistry. The investigation was also performed for the mixed Ti6Al4V and the o Ti2 alloys for comparison.
The surface modified alloys have been characterized for their corrosion behavior at various anodic potentials
in our previous studies [24-25]. A value of 1 V as the anodization potential in the passivation range was
chosen since it has been shown by Black that the potential value of a metallic biomaterial may generically
vary up to 1.2 V vs SCE in the human body [26].

Experimental

Materials Preparation

Titanium alloy grades, Til5Mo (0.05%C, 0.1%Fe, 0.015%H, 0.01%N, 0.15%0, 15%Mo &
84.67%Ti), Ti6Al4V (0.1%C, 0.2%Fe, 0.015%H, 0.03%N, 0.2%0, 6%Al, 4%V & 89.45%Ti) and Ti2
(0.1%C, 0.3%Fe, 0.015%H, 0.03%N, 0.25%0 & 99.30%Ti), were used for the present investigation.
Available cuboidal and cylindrical rods were machined to cylindrical samples of 5 mm in diameter and 5 mm
in height with a hole 2 mm deep on one of the flat faces with a tap and drill #3-48. The hole was drilled to
attach the specimens to the electrode holder in order to carry out the electrochemical anodization of the
samples at 1 V. The exposed surface of the specimens was finished and polished with different grades of SiC
grit papers (up to 2400 grit) and polished using a diamond abrasive wheel, washed with double distilled
water and acetone.

Phosphate buffer saline solution (0.137M sodium chloride, 0.0027M potassium chloride and
0.01M phosphate buffer) of pH 7.4 was used to carry out the electrochemical anodization at 1V for all alloys.

© Bhola R., Bhola S. M., Mishra B., Ayers R.A., Olson D.L., Ohno T., Dnexrponnast 06paboTka Marepuanos, 2011,
47(4), 75-82.

75



Measurements

Microstructure

The metal specimens were degreased, dried and mounted in bakelite resin. Mechanical grinding was
done with SiC papers on a water cooled grinding stage up to paper 1800. Polishing was performed using
gradually decreasing sizes of diamond abrasive from 6 um to 1 um and finally using a fine grained Al,O;
(with decreasing particle size from 0.5 um to 0.25 um) and cold saturated hydrous oxalic acid suspension on
a short circular velvet cloth. The specimens were washed in de-ionized water and ethanol and air dried
before etching. A universal etchant commonly known as the Kroll’s reagent which is a hydrous solution
comprising of 2 ml HF (40% conc.) and 6 ml HNO3 (65% conc.) in 100 ml H,O (de-ionized) was used for
etching. The microstructure obtained was determined using optical microscopy.

Osteoblast Cell Culturing

Osteoblast cell count and morphology measurements were performed on all the anodized samples
after immersing them in culture media containing human fetal osteoblast cells (derived from the human fetal
osteoblast cell line: hFOB 1.19 ATCC, CRL11372) in a poly-styrene cell culture plate for 28 days at 37 °C.
The procedure for cell culturing and counting has been described in another study [27]. All samples were
sterilized in separately packed sterile containers using wet heat sterilization in an autoclave at 121°C at 15
psi for 15 minutes prior to immersion.

X-ray Photoelectron Spectroscopy (XPS)

Surrogate samples prepared for XPS characterization were exposed to human fetal osteoblast cells in
a similar manner, as discussed above, for a period of 28 days at 37°C. They were then removed from the
culture media, washed with trypsin (to remove the cells) and de-ionized water and ethanol before drying.
XPS characterization was performed on the dried samples using a Kratos HSi system with an Al K,
monochromatic source. Surface profiling was performed with a MiniBeam | ion gun with 4 keV argon ions
and an emission current of 10 mA. The rate of surface removal via sputtering was 3nm/min on a standard
thermally oxidized Si wafer. The estimated amount of material removed assumed a similar sputter removal
rate and lateral uniformity. Since sputter rates vary greatly and the passivating layer was partly covered by
impurities, the stated amounts removed are the only guidelines.

Results and Discussion

The microstructure for Til5Mo alloy can be observed in the SEM micrograph shown in Fig. 1. It
primarily consists of large equiaxed grains of the B phase. Only a very small volume fraction of grain
boundary o phase is present in the microstructure. The o laths formed during alloy aging nucleate within the
interior of the grains and along the grain boundaries and are visible at higher magnifications. Growth and
annealing twins are also visible in the micrograph.

The Ti6AIl4V alloy is composed of equi-axed o grains, along with a lamellar o and § bimodal
microstructure, as shown in Fig. 2. The o phase is a hexagonal close-packed (hcp) structure and is the stable
phase at room temperature. The B phase is a body centered cubic (bcc) structure and is metastable below the
[ transus temperature. For this reason, the § phase is known to undergo a strain-induced phase change to the
more stable o phase under certain conditions.

= [ a1 - v I 0
Fig. 1. Microstructure of ﬂTllSMo alloy Flg 2. Mlcrostructure of a+ﬁ TiBAI4V aIon

The microstructure for Ti2 alloy, as shown in Fig. 3, mainly consists of the fine a phase (hcp)
dipersed throughout the alloy matrix.
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Fig. 3. Microstructure of « Ti2 alloy

Fig. 4 shows the cell counts for the osteoblasts attached over the anodized titanium alloy specimens
at 37 °C. The cell counts follow an order Til5Mo > Ti2 > Ti6Al4V. This implies that the cell attachment
favors the B alloy followed by the a and the mixed alloys. Furthermore, in our previous study [27], the
osteoblasts appeared elongated, stretched with a clear nucleus and dendrites connecting each other over the 8
alloys; dark, elongated and unhealthy with a compressed nucleus over the mixed alloy and dark, elongated
and stretched with a clear nucleus and fewer dendritic connections over the a alloys. It was also found that
Ti6Al4V alloy produced leaching of Al. Toxicity of Al ions has been widely reported [28-31] and can be
detrimental to the biological performance of an implant. The low cell count values and an unhealthy
morphology of osteoblasts for Ti6Al4V alloy, compared to those for Ti2 and Til5Mo, can be due to the toxic
effects of Al ions leached into the solution.
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Fig. 4. Osteoblast cell counts for titanium alloys. 1 — 100 micron mesh; 2 — 400 micron mesh; 3 — Average

Fig. 5 (a-c) shows the XPS standard wide angle scans for the anodized alloy specimens.

The surface shows Na, K, P, Ca as well as trace amounts of Si, N and CIl. These ions were not
removed by ion etching and are likely to represent the thick but non-uniform islands remaining from the
evaporating culture solution.

The Ti2 alloy shows the presence of primarily TiO,, with a Ti 2p;;, primary peak at 459 eV, in
Fig. 5,a. The exposed surface was majorly TiO,, with small contributions from lower oxidation states and
metallic titanium. The presence of the metallic titanium indicates that the passivating TiO, layer is
sufficiently thin that photoelectrons from the underlying substrate can penetrate. The presence of the sub-
oxides indicates that a graded composition exists.

Sputtering resulted in a spectrum that showed larger amounts of lower oxidation states, until only
metallic titanium was observed as Ti 2py;, centered at 454.1 eV, after the removal of ~18 nm of material.
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Oxides of intermediate oxidation states were present with binding energies (BE) between the metal and +4

oxidation state.
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Fig. 5. (a—c). XPS standard wide angle scans for titanium alloys
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Fig. 5,b shows the wide angle scan for Ti6Al4V alloy. The spectrum was predominately TiO,, with
smaller contributions from the sub-oxides and the metal. VVanadium and iron were not detected on the surface
while aluminum was present in an oxidation state similar to the Al,O3, with a BE for the Al 2p of 75.7 eV.

After removal of 10 nm of material, both vanadium and aluminum in metallic states were visible,
although aluminum was primarily in the +3 oxidation state. Approximately 50% of titanium was present as
TiO, and sub-oxides and remaining as metallic Ti. After removal of ~30 nm of material, only metallic
titanium and vanadium were present, with aluminum still partially oxidized. The passivating layer on
Ti6Al4V alloy was thicker than Ti2 alloy.

Fig. 5,c shows the wide angle scan for Til5Mo alloy. The spectra was predominately TiO,, with
smaller contributions from the sub-oxides and oxides of Mo. Various oxides and sub-oxides of Mo were
present on the surface but only +2 and +6 oxidation states were detectable and the bulk composition was
visible only after ~42 nm of the surface removal.

The thickness values of the alloys follows the order Til5Mo > Ti6Al4V > Ti2. Ca, P and N were
also detected on all the alloys investigated. Ca and P have their origin from the cell culture medium as it is
known that these elements are present over the samples following immersion into SBF or HBSS which has
already been demonstrated by several researchers [32-35]. Another source of Ca and P is related to the
extracellular matrix formation by the bone forming cells. It was shown by SEM observations of such a
substrate cell interface that Ca and P globular deposits are produced by the cells as soon as they colonize the
material substrate [32—-35].

High-resolution surface profiles were acquired for C 1s, O 1s, Ti 2p, P 2p and Ca 2p present over the
alloy samples. They provided an indication of the chemical composition of calcium phosphate and titanium
oxide formed on their surfaces. The high-resolution spectra were very similar for all the alloys tested. The
binding energies obtained differed by a maximum of + 0.2 eV.

Fig. 6 shows the high resolution surface spectrum for C 1s. The spectrum dominates by a shoulder at
high energy and it is necessary to employ two peaks to achieve the best fit. The main peak has a BE of 288.2
+ 0.1 eV, which indicates that the carbon is bonded to O or other hydroxyl groups [34]. The full width half
maximum (FWHM) of the order of 2.7 eV for the lower binding energy peak and 2.5 eV for the higher BE
peak, suggests that there are overlapping peaks. Therefore, carbon may be present as a mixture of
compounds, probably as sodium or calcium carbonates present in the cell culture since C 1s shows standard
binding energies for these compounds of 289.4 eV and 289.8 eV, respectively [31]. C bonded to O or
hydroxyl can also have contributions from other organic molecules present in the culture media.
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Fig. 6. High resolution XPS spectrum for C 1s

Fig. 7 shows the high resolution surface spectrum for O 1s. The primary peak has a BE of 534.6 eV
and a FWHM of 2.73 eV, which indicates, as for the C 1s peak, the overlapping of more than one peak. A
shoulder at lower BE (531.2 eV) is also detected. Armstrong et al. [36] determined the standard O 1s for
TiO, at 533.3 eV, which is similar to the BE of the main peak. Binding energy differences between two
major transitions can also indicate the chemical composition of a metal oxide. By calculating the energy
difference between O 1s and Ti 2ps;,, ABE = O (1s) — Ti (2psr) = 75.1 eV, which, according to the data
obtained by the same authors, corresponds to TiO (+2 oxidation state). On the other hand, high-resolution
spectra obtained by other researchers [33-34, 37-39] suggest that the BE for the oxide appears in the low-
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energy range (~531 eV) followed by other components at higher BE, namely hydroxide/hydroxyl groups,
phosphate or chemisorbed water. Taking this into account, it is possible that titanium oxide contributes
mainly to the O 1s peak at BE 531.2 eV, and that the main peak at 534.6 eV can be mostly attributed to the
presence of phosphates and adsorbed water. Recalculating A BE, one obtains the value of 71.7 eV, which is
closer to the values obtained by Armstrong et al. [36] for TiO,. The analysis of the Ti 2p spectra also
suggests that titanium is mostly present in the form of TiO,.
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Fig. 7. High resolution spectrum for O 1s Fig. 8. High resolution spectra for Ti 2p
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Fig. 8 shows the high resolution surface spectrum for Ti 2p. The Ti 2p peak is a doublet peak,
Ti 2pa, at 459.5 £0.1 eV and Ti 2pyy, at 465.0 £ 0.2 eV. This indicates that titanium is present mainly in the
oxide state [30] and by taking into account the BE of the peaks [31, 37] and the separation between them
[31], it is evident that the oxide present is TiO,, which is in accordance with results from the O 1s spectra.
Some contributions from other oxidation states were detected between the main peak and 454.0 eV, which is
the BE value for Ti metal. This suggests that the surface oxide film was too thick to allow photo-electrons
from the bulk metal to reach the surface.

Fig. 9 shows the high resolution surface spectrum for P 2p. This is a single peak with a BE of 136.0
0.1 eV and a FWHM of 2.39 eV, indicating a probable overlapping peak.
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Fig. 9. High resolution spectra for P 2p Fig. 10. High resolution spectra of Ca 2p

Fig. 10 shows the high resolution surface spectrum for Ca 2p. This is again a doublet peak with Ca
2py; at 353.8 £ 0.1 eV and Ca 2psp,; at 350.2 £ 0.1 eV. The FWHM of Ca 2p3; is around 2.1 eV, which is
relatively large for Ca, which has a value of 1.68 eV [30]. This suggests that the peak overlaps with other
contributions. Comparison of the energies of P 2p and Ca 2p/, suggests that a Ca and P compound may have
been formed, probably a calcium hydrogen phosphate/calcium ortho phosphate or some other form of an
apatite [40-43].

It is possible that the features obtained in the XPS spectra for Ca and P are mainly a consequence of
the Ca and P rich globular deposits formed by the bone forming cells. As mentioned above, it is also possible
that an apatite (some form of calcium ortho phosphate) may have been formed as a result of the immersion of
the samples in the cell growth media composed of compounds of Ca and P. A third possibility could be the
synergism of osteoblastic activity and cell culture growth media.

Amongst the alloys investigated, the anodized Til5Mo [ alloy displayed the presence of mixed
oxides of Ti and Mo over its surface with the highest thickness value, thus promoting better osteoblast cell
attachment and healthy cell morphology.
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Conclusions

Anodization treatment employed has resulted in the formation of mixed oxides over titanium alloys.
Ti15Mo alloy showed the thickest oxide, which was predominantly TiO, but also showed contributions from
other oxidation states of Ti and Mo. Til5Mo also showed the highest cell counts over its surface. Ti2 alloy
demonstrated the presence of only titanium oxides and the mixed alloy showed contributions from Al, also.

Cell count values in conjunction with XPS results suggest that the presence of oxides and the
biologically or chemically formed apatites that get adsorbed onto the oxide govern the cellular adhesion of
osteoblast cells over an alloy surface. The highest cellular attachment of osteoblast cells over the Til5Mo 3
alloy suggests that these oxides are playing a crucial role in the cellular processes in bringing about better
osteointegration and implant performance.
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Summary

The cellular response of anodically treated titanium alloys was investigated using cell attachment,
morphological and surface analytical techniques. The behavior of a § Til5Mo alloy has been compared with
the conventional mixed alloy, Ti6AlI4V and the o alloy, Ti2. Til5Mo B alloy demonstrated a higher cell
count and a thicker oxide on its surface. The presence of Ca and P was detected in all the alloys after the
invitro cell culture test. TiO, was present as the dominant oxide in all three alloys.
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