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Abstract

Titanium and its alloys represent the gold standarcdrthopaedic and dental prosthetic devices,
because of their good mechanical properties antbhipatibility. Recent research has been focused
on surface treatments designed to promote theid ragteointegration also in case of poor bone
guality. A new surface treatment has been invesithan this research work, in order to improve
tissue integration of titanium based implants. Bheface treatment is able to induce a bioactive
behaviour, without the introduction of a coatingdareserving mechanical properties of Ti6AI4V
substrates (fatigue resistance). The applicatiorthef proposed technique results in a complex
surface topography, characterized by the combinatiba micro-roughness and a nanotexture,
which can be coupled with the conventional macrgghmess induced by blasting. Modified
metallic surfaces are rich in hydroxyls groupsstfeature is extremely important for inorganic
bioactivity (in vitro and in vivo apatite precipitan) and also for further functionalization
procedures (grafting of biomolecules). Modified A8V induced hydroxyapatite precipitation
after 15 days soaking in simulated body fluid (SBH)e process was optimised in order to not
induce cracks or damages on the surface. The sunbade layer presents high scratch resistance.

Keywords: titanium alloys, surface modification, bioactiyinanotextured surface, osteointegration

Introduction

The goal of prosthetic surgery is to obtain impsaaible to reproduce the natural functions of
healthy tissues, with adequate mechanical progestability, reliability, good bone integrationdan
regeneration of health tissue at the damaged Sitanium is the most widespread metal for
orthopaedic implants intended for bone integratibpresents high fatigue strength (600- 700 MPa)
and a comparatively low modulus of elasticity (7AB1GPa), respect to other metals [1, 2]. So it is
able to support loads and distribute them to bbméting stress shielding. Besides titanium and its
alloys are characterized by a thin natural oxidgeedeon the surface that limits ion release and
reactivity, making the surface almost inert andcbmpatible. On the other hand this surface
inactivity often causes the development of a layfefibrous tissue, around the implanted device,
hampering bone integration [3].

Several surface modifications have been proposeditenature in order to promote
osteointegration of titanium implants. The easstsitegy is to modify the surface morphology in
order to improve mechanical adhesion between im@ad bone. In this field chemical etching,
blasting, Ti particles sintering, Ti plasma spragatings and micro-patterning could be listed [2, 4]

On the other hand the deposition of a bioactivairggfor example of hydroxyapatite or bioactive



glass) could be employed in order to improve theeatbn between implant and bone [2, 5, 6].
Coatings are very effective in terms of bioactivityprovement, but some problems related to their
adhesion could thwart their utility [5, 6]. Diffaretreatments have been proposed in literature, in
order to induce a bioactive behaviour directly be tetal surface, without the deposition of a
coating on it. One of these is the Kokubo treatntleait provides samples soaking in NaOH solution
and eventually a subsequent thermal treatment [7Q6 the other hand Osaka, Tsuru et al.
proposed a series of possible processes baseddoogey peroxide, eventually added with TaCl,
HCI or TIOSQ , in order to induce bioactive behaviour ontoniiten surfaces [11-15]. These
processes are not easily applicable on industteksthey sometimes induce surface cracking and
low fatigue resistance of the treated materialeported [16]. So actually there is still the néed
develop new processes for this purpose.

An innovative patented [17] modification treatmeiot bioactive titanium surfaces is
discussed in this research work. It is a thermoysbal process and it includes firstly an acid
etching in diluted hydrofluoric acid, subsequeratlgontrolled oxidation in hydrogen peroxide and a
thermal treatment. Results of the modification laogh a micro and nano-patterned surface and a
modified surface chemistry. A tight control of ttieatment is required in order to get a surface fre
of cracks and a high adhesion of the modified serta the substrate. The treatment was tested also
on sandblasted surfaces in order to get a micro remb-texture superimposed onto a macro-
roughness. The modified titanium alloy promotewiine hydroxyapatite precipitation and it is
suitable for further biological functionalizatiodd, 19] by grafting biomolecules on it, so it is
promising in order to promote healing by stimulgtiitne growth of both inorganic and organic
component of bone. The inorganic thermo-chemiazdtinent is essential in order to obtain an
active surface for the direct grafting of biomolesuon the metal, so polymeric coatings and toxic

spacer (such as glutaraldehyde) can be avoided.

Materials and methods

Ti6Al4V has been employed as substrate. Specimdéhsanthickness of 2mm have been cut from

cylindrical bars (10mm in diameter) with an autoimautter (Struers Accutom 5) provided with an

alumina blade (356 CA). Each sample has been sigitbda number on one side and polished on
the opposite one with abrasive SiC papers (up 0 4f0it).

Some samples have been blasted with corundum &®nonute at different pressures (4-6-8 atm) in
a blaster (BLASTO/f, Blastline) and named SB4, Sl SB8 respectively. Samples have been
twice ultrasonically washed in double distilled ®afor 15 minutes after blasting. No organic

solvents have been employed for cleaning themrdardo avoid surface contamination.



The thermo-chemical treatment includes a first atahing in hydrofluoric acid, intended for the
removal of the native oxide layer, and a subseqoemtrolled oxidation in hydrogen peroxide [17],
so treated samples will be named HE®EH Some samples have been treated only with acid
(named HF samples) and others only with hydrogeoxide (named kD,) for comparison.

Different times of acid etching have been testedHe treatment of 6 atm blasted surfaces (SB6), in
order to evaluate the opportunity to preserve dgastihg macro-roughness after the
thermochemical treatment. The blasting pressurethics test has been selected as the most
commonly used in industrial production of medicaVides. Increasing etching time are indicated as
HF(1), HF(2) and HF(3) respectively.

Some samples have been thermally treated at 300TG0Q samples), 400°C (TT400 samples),
500°C (TT500) and 600°C (TT600 samples) for 1 hawair and 400°C under vacuum (TT400v),
in order to stabilize the oxide layer generatedtlom surface. Samples have been posed in an
alumina holder and closed with an aluminium foibngder to prevent contaminations. Samples have
been let cool gradually to room temperature inftleace at the end of treatments.

Samples morphology has been investigated by meaBgamning Electron Microscopy (SEM —
FEI, QUANTA INSPECT 200, EDS - EDAX PV 9900) andel Emission Scanning Electron
Microscopy analysis (FESEM - SUPRATM 40, Zeiss)

Crystallographic structure has been analysed bynmea X-ray diffraction measurements (XRD -
Philips X'Pert) in parallel beam configuration (tvian incident angle fixed to 1°) in order to
analyze only the outermost layer of the sample.

Hydroxyls exposition has been studied by meansFFI& microscope (IR Hyperion 2000, Tensor
27 - Bruker S.p.A) and X-ray Photoelectron Specimpy - XPS (Al source, Surface Science
Instruments, M-Probe) analysis. In this work vilas of hydroxyls groups at 3000-3600 t=nd

of adsorbed water at 1600 ¢rhave been investigated by FTIR in reflection ogmfation [20, 21] .
Oxygen region (524-540 eV) and titanium region 45D eV) have been analysed by XPS in order
to evaluate hydroxyls exposition at different stepshe treatment. The XPS energy scale was
calibrated with reference to the 4f7/2 level ofeshly evaporated gold sample, at 84,00 +/- 0,1 eV,
and with reference to the 2p3/2 and 3s levels ppeo at 932,47+/- 0,1 and 122,39 +/- 0,15 eV,
respectively.

The thickness of the modified layer has been measby means of XPS analysis equipped with Ar
gun. Surface elements have been monitored in famaif the etching time in order to detect the
transition point between metallic substrate andaser oxide layer. Some samples have also been
sent to Filmetrics (San Diego —CA- USA) for measueat of the oxide layer thickness by means of

spectral reflectance technique (Filmetrics F20rumaent).



Scratch tests have been performed in Revetest @lel Revetest machine) in order to study the
mechanical adhesion of the modified oxide. A load bheen applied to the sample surface through a
Rockwell C diamond stylus with 2Q@n diameter, increasing progressively from 1N to Z0dhg

a 4.91 mm track. Scratch test parameters havessteactcording to the standard [22]. Scratch track
has been optically observed and critical load deitezd as the ones at which coating damages
appears.

Fatigue tests were carried out by rotating bendess (2600 rpm — room temperature) and by
applying a simplified stair-case method (6 samples)

Surface wettability has been determined by mearséabic contact angle measurements with water
before and after the thermo-chemical process.

Samples have been analysed by means of a contdib¢p(KLA-Tencor P15) at different steps of
the process (polished, blasted, acid etched, cladignmxidised, thermally treated samples), in order
to determine the surface roughness. Scan lengtlbéas set to 50Q0m and 2um and cantilever
speed at 50 and |2n/s respectively. Three measurements have beeerdcaut on each sample in
three different points. Average roughnesg (s been evaluated.

Atomic Force Microscopy observations (AFM — XE-1®ark Systems) have been carried out in
order to better characterize surface topographyranghness at the nano-scale.

Inorganic bioactivity has been investigated inevitty soaking samples in simulated body fluid
(SBF) for 2 weeks at 37°C. SBF has been preparedr@iag to Kokubo protocol [23]. Solution
refresh has been performed every two days, in doderimic physiological turnover of body fluids.
The pH has been measured after each refresh. Sarale been gently washed with double
distilled water at the end of the soaking time &ido dry at room temperature. Finally they have
been observed at SEM to look for hydroxyapatiteipration onto their surface.

lon release from Ti6Al4V surfaces before and aft+H,O, treatment has been evaluated in
simulated body fluid up to 1 week, in order to istigate whether the proposed treatment can
reduce metallic ion release from Ti6Al4V surfadesfact ion release from metallic surface reaches
its maximum value after few days in simulated pblggjical fluids [16]. Three just polished
samples and three modified samples with the opédchtreatment (HF+$D,) and thermally treated

at 300°C for 1h have been soaked in each in 30fndB¥F at 37°C up to 1 week. 1 ml of the
solution has been spiked up at several time st8ps X, 3, 7days) and analysed by means of
graphite furnace atomic absorption spectroscopyA&S). Any solution refresh have been
performed during the soaking period, a cumulatelease has been finally obtained. All values

have been referred to sample surface area, onintiuified surface has been considered.



Results and discussion

Surface mor phol ogy

The interaction between implant materials and thgsplogical environment play mainly at the
interface. Surface topography and chemistry arertbset important characteristics that affect cell
behaviour on artificial materials and that, at &mel, pilot the entire tissue integration procegs.[2

A lot of literature works underline that both shaged dimensions of topographical features can
affect cell adhesion, proliferation and differefiba onto material surface [24, 25]. So the peculia
surface topography (multiscale roughness at theromi@and nano- levels) and chemistry
(hydroxylation), of the treated and modified matrianalysed in this work, have been investigated
in details by means of several techniques (SEM,BNEScontact profilometry, AFM, XPS and
FTIR).

Polished and treated surfaces

Figure 1 shows the surface morphology of samplkestéd by acid etching (Figure 1a), by
oxidation in hydrogen peroxide (Figure 1b) or bg tomplete chemical treatment (etching in HF as
first and then oxidation in #D,) (Figure 1c). The etching in hydrofluoric acid dég removes the

natural oxide from the all the surface and dissohltanium according to the reaction (1):

Ti+ 3HF> Ti * + 3/2H, + 3F 1)

Ti ** can be further oxidized by atmospheric oxygert oan be complexed by [26]. This
treatment induces a micro rough surface, due tpitékerential dissolution of the alpha phase of the
biphasic alloy by HF (figure 1.a).

On the contrary, hydrogen peroxide causes pittorgosion on the untreated alloy, where it
acts on the native passivation layer that is notoseed by HO,. The TiGQ-H,0; interaction was
widely studied in literature [27, 28] and it can described as follows. Hydrogen peroxide is
decomposed to oxygen and water; Ti oxidation arehtally corrosion take place according to the
pH and concentration of the solutions. The fornmatd Ti(IV)-H,O, complex occurs in case of
surface corrosion with the appearance of a typyedlow colour of the solution. It should be
underlined that, considering the Ti-Al-V alloy, thépha phase (rich in Al) is covered by a more
efficient passivation film (since both Ti and Alae in its formation) while the beta phase (rich in
V) is passivated by a simple Ti@ilm. A localized corrosion at the grain bounddmgtween the
alpha phase and beta one can be noticed (figuje cabsing surface beta crystal detachment and

pitting effect.



A peculiar surface can be obtained by the comptdtemical treatment, etching in
hydrofluoric acid and then controlled oxidationhgdrogen peroxide. The natural oxide is firstly
removed by acid etching and the nude titanium aifoyhen exposed to the action of hydrogen
peroxide, which causes a re-oxidation of the m&talace at the nanoscale. The reaction between
the metal and the hydrogen peroxide is differespeet to what previously described for the titania
layer. The treated surface presents a micro rosgech and a nanoporous pattern (figure 1 c.).
Figure 2 shows a high magnification image of thengy structure on a nanoscale of the oxide
layer produced by the complete treatment. Corrosfahe titanium alloy does not occur in all the
tested conditions as it can be deduced from theudelss appearance of the hydrogen peroxide
solution at the end of the treatment. The last sfepe treatment is a thermal consolidation of the
surface oxide layer (300°C-1h in air). It does oatise any variation of the surface morphology.
SEM observations (not reported) verified the maiateee of nanostructured spongy surface also
after thermal treatments.

Surface roughness of the treated surfaces hasdveérated using a contact profiler. Results
are reported in figure 3a. The acid etching induaemicro roughness (about 0.2 micron) as
observed by SEM observations. Chemical oxidationhydrogen peroxide and the following
thermal treatment do not alter the surface micrghmess. On the other hand the roughness on a
nanoscale, induced by the chemical oxidation inrbgen peroxide, can not be detected by this
technique
So AFM analysis was employed in order to measuagaceristic parameters for the nanotextured
surfaces. In particular it has been observed tmatnano-scale roughnesg éan be estimated as
about 10 nm and that the surface phase is homogsneo

Several studies dealing with cells interactionshwitndom or ordered nano-patterned
surfaces (produced by different methods, such asopthography or chemical etchings) are
reported in literature [29] and they are confirmihgt cells are sensitive to nano-textures and that
osteoblast cells show a lot of filopodia protrusioto the direction of motility over a nanopattern.
Moreover, nano-pores are reported as a determfatgr for the chemical equilibrium needed for
biomineralization and apatite precipitation [24, 3Q] and it was reported that micro and nano-
patterns improve mechanical adhesion of precigltéitgdroxyapatite on metallic surface [32]. So
the presence of this morphology is quite relevanttie purpose of this study.

It must be underlined that a crack free surfacebimined at the end of the process by a
severe control of the chemical oxidation of the aftiet surface. This is quite relevant in order to

maintain the good fatigue resistance of the titanialloy and to increase the adhesion of the



oxidised surface layer to the substrate. So tleatinent seems to be very promising compared to
other bioactive surfaces described in literatu® [6].

XPS measurements, with surface Ar-etching, haven jpsrformed in order to determine the
thickness of the oxide layer. Samples treated wiith complete chemical treatment (called
HF+H,O,) and also samples chemically and then thermadigtéd (300°C for 1 h in air) (called
HF+H,O,+TT300) have been tested. It has been observednitraasing the Ar-etching time the
surface oxygen content decreases, while the alumimind titanium ones increase.

Figure 4 reports surface elemental compositionatieteby XPS in function of Ar etching time for a
chemically and thermally treated sample. The sitnat almost the same for both types of samples
analyzed. The intersection between the Ols curdeAd?p and Ti2p ones has been considered as
index of the transition between the surface oxulizgrer and the metallic substrate. The cited point
has been observed at about after 50 min etchintheoHF+HO, sample and after at about 55 min
for the TT300 one.

Considering that the etching rate of titanium oxideat about 6.375 nm/min (from instrument
tabulates) the oxide thickness can be estimatebasgt 320 nm for the HF+, sample and 350
nm for the HF+HO,+TT300 one. These results are not so far from velhétined by Filmetrics
trough spectral reflectance technique (225-230 ontife HF+HO, sample). It must be noted that
the chemical treatment induces an oxide layer &itthickness comparable to that induced by
anodizing. The thermal treatment does not indusigraficant increase in the oxide thickness, but it

improves the mechanical resistance of the modiéigdr, as shown in the following.

Blasted and treated surfaces

As expected blasting causes a macro-roughnes2-df.8 .microns which is directly proportional to
the applied pressure (figure 3a). Moreover blasiedaces have been submitted to the complete
chemical treatment. It was noted that the typicarontexture of the treated samples is reproduced
on the blasted surfaces and at higher magnificat{data not reported) it is possible to observe the
characteristic nanotexture, presenting the samepmbygy obtained on polished samples. The
roughness of sandblasted samples submitted toetadithg and controlled oxidation is reported in
Figure 3. It can be observed that the macro rougghdee to blasting is removed by the acid etching
(HF3).

EDS analysis underlines that, as expected, blasanges a significant oxidation (the O/Ti ratio is
0.24 before blasting and it is 1.55 after it) aindrease in surface Aluminium content (from 9.03 to
14.47 at%) is observed, due to residual aluminaighes. The acid etching retrieves it to the

expected value for Ti6Al4V alloy and it removes thedation layer induced by blasting.



So, it can be concluded that the complete chentieatment removes alumina contamination from
blasted surfaces and it induces surface micro and-structures, but reducing macro-roughness.
Moreover it can be suggested that the treatmenbvemthe atomic disordered layer induced by
blasting, in fact it is thinner than the roughneskiced dimension [33]

Figure 3b reports surface roughness of 6 atm llaséenples treated with different acid etching
times, increasing from HF(1) to HF(3), and thend@ed in hydrogen peroxide. It can be noted that
the reduction in roughness is proportional to ttid atching time and that it is possible to properl
preserve macroroughness by reducing the durati@cidfetching. The micro and nanotextures are
obtained on all these samples.

SEM observations (figure 5) confirm these results.

Hydroxyls exposition

Figure 6 shows FTIR spectra of samples after diffeisteps of the treatment. It is interesting to
note that untreated samples (curve a), sampleedrealy with HF (curve b) or only with hydrogen
peroxide (curve c) do not present any signal inrtyygds characteristic region, while surfaces after
the complete chemical treatment (acid etching &edchemical oxidation) show both a broad band
between 3000 cm-1 and 3600cm-1 (d track) charatief “H-bonded” OH stretching and also
the band at 1600 cm-1 related to the bending obragsl water molecules [34-38]. Both regions
have been underlined on figure 6 through circlestal/signal decreases or disappears after the
thermal treatment (tracks e and f), as expectedevalgdroxyls band is only slightly reduced. This
can be explained considering that chemisorbed wataimost completely removed up to 130°C
about while elimination of hydroxyl groups bondedsurface cations occurs at higher temperature
(also more than 600 °C, depending on the Lewisitgcedrength of the surface cations) [34-38].
There are no differences between samples trea®@DaC or 400°C.

The nature of the exposed hydroxyl groups was ialgestigated by means of XPS analysis. The
observed titanium signal at 458.5 eV correspondBi@, while signals at about 457-455-453 eV,
corresponding to 303, TiO or Ti were never detected.

Figure 7 includes XPS spectra (O 1s region) of lessiped sample (a) and a sample after complete
chemical treatment (b). All the samples show a thregion that can be fitted with two/three peaks.
All the samples have a first, intense peak at l@nding energy (530.0 eV) and a second peak at
about 531.5 eV, less intense than the first exéeptthe sample with the complete chemical
treatment (polished + HF +:,8,, Fig. 7b). Simply polished sample (Fig. 7a) alkovgs a small
peak at high binding energy (BE).
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It is difficult to precisely attribute XPS peaksdgygen species except for the one at about 530 eV,
attributable to bulk oxygen in titanium oxide. Abdge is present in literature on the attribution of
the other two peaks at about 531.5 eV and at BRehithan 532 eV. In fact the first peak at about
531.5 eV can be attributed to generic surface Obupgs [39] and ref [40] therein or to acidic
hydroxyl groups together with adsorbed water [41dst peak at BE higher than 532 eV is
attributed to adsorbed water [40] or to basic hygrgroups [41], respectively.

Notwithstanding this uncertainty, it is possible dbserve unequivocally that the sample treated
with both HF and KO, shows a very intense peak related to hydroxyl ggoat 531.5 eV. (figure
7b) which is less intense on the untreated oneirdiga), as also shown by FTIR. A significant
reduction in OH signal is also observed after tl@rireatments, both at 300°C (figure 7c¢) and
400°C (data not shown). In this case, the reduatiotierlined by XPS analysis is higher than the
one detected by FTIR measurements, this phenonmndd be explained considering that the two
techniques explore different depth of the surfadeS analyses only the very first surface layer (2-
10 nm) [42] while FTIR goes more in depth (somerome) [42].

The reduction of OH signals on thermally treateth@as has been widely investigated in literature.
it is well known that OH disappearing at lower tergiure are only the weakly adsorbed ones,
while the OH strongly bound with Ti can remain dre tsurface up to 600°C or more [34-38].
Moreover it has been observed that only stronglynido hydroxyls groups are effectively
responsible of titanium bioactivity [40, 43].

Observing FTIR and XPS data, it can be concludadl te thermo-chemical treatment modifies
also the chemistry of the surface. The presenc lifjh density of OH groups on the surface is
interesting also for its further functionalizatiomith biomolecules [18] in order to combine
inorganic and biological bioactivity. The hydroxtdd surface is reactive and biomolecules can be

directly linked to it, without the use of a polyrtecoating or toxic spacers.

Crystallographic structure

XRD measurements have been carried out in ordeetiermine the crystallographic structure of the
formed oxide layer. In fact it has been suggesteliterature that the nature of titanium oxide can
affect both bioactivity and cellular interactior9]3

Figure 8 reports XRD patterns of samples treateti tie complete chemical treatment and then
thermally treated at different temperatures (froB0°€ to 600°C) in air and at 400°C under

vacuum.
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All patterns present reflexes typical of metallimnnium (at 35.4°, 38.4° and 40.5°) due to the
sample substrate. These signals are present beXatses penetrate in the sample for a depth
higher than the oxide layer, despite of the smajlatechnique employed.

Two Ti reflexes have almost the same height onsdum@ple treated by the complete chemical
treatment; this is an index of preferential ori¢iota of crystalline planes, probably due to the
polishing process.

The height of the 40.5° reflex growths up to abémtr times the 35.4° one, after thermal
treatments, this condition is the typical one fandomly oriented crystals. Probably thermal
treatments act as an annealing able to reportaheal casual orientation of crystalline planes.
Reflexes at 25° and 48° are characteristic of atlyse titanium oxide, and their height is a measur
of the oxide thickness. A broad and very weak ddfion peak related to Ti&an be observed for
the sample treated at 300°C, indicating the foromatf a highly disordered Tiayer. It can be
noted that increasing the temperature of the aimtll treatment from 300°C to 600°C diffraction
peaks of anatase (Ti#Dgradually increase, as sign of increase crysigfliand thickness of the
oxide layer. On the other hand the spectra of #mepée treated at 400°C under vacuum is almost
analogous to the one of the untreated sample, dntfee inert environment limit the oxidative
process that take place for thermal treatment®prgd in air.

XRD patterns show also that none of the considetesimical and thermal treatments induce
hydrides formation.

Mechanical properties of the modified samples

As described before, titanium and its alloys arelelyi employed thanks to their favourable
mechanical properties, so surface modificationsihoot alter this peculiarity. Fatigue and scratch
resistance of the treated samples have been addtysthis purpose.

Since coating thickness and removal mechanisms alsrest the same for all the samples, critical
loads observed as a consequence of scratch testsecased as an indication of adhesion and
scratch resistance. The results suggested thahénmal treatment increases mechanical adhesion
of the modified layer to the substrate. In fact tinst failing load is at about 3N for the sample
chemically treated (HF and.B,), while it is in the range 12-14 N for the chenfiicand thermally
treated ones. The increasing in adhesion can bhtedeto the structure changes in the substrate, as
indicated from the XRD spectra. Furthermore, sitheetest also provides the entity of the scratch
resistance, the higher initial critical load obs&hfor the sample thermally treated could be afso a
indication of the formation of a harder layer, pably related to an order increase of the Jlli&yer

as a consequence of the thermal treatment. Inifatbhe XRD patterns the level of disorder in the
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film only chemically treated is so high that itresally hard to observe the related peak, whilait c
be slightly distinguished in the case of the matethermal treated at 300°C. There are not
significant differences in adhesion between sampleated at 300°C or 400°C. The thermal
treatment at 300°C was selected for the followegd, considering that it is able to assure a good
adhesion and that treatments at lower temperaawe less effect on the fatigue resistance.

Figure 9 reports the scratch track for a chemicalg thermally treated (300°C) sample with
detailed images of the surface at the critical $odidcan be observed that at about 11 N some white
point appears on the track as first signs of cgatielamination. Delamination of the modified layer
increases with the applied load and reach an aloorsplete removal only at about 44 N.

The fatigue strengthotsee= 675 MPa) of the thermo-chemically (300°C) treasdidy is slightly
lower than the untreated one (683 MPa). So it @ondmcluded that the treatment does not damage
the surface and good mechanical performance dftdreum alloy is retained.

Wettability
Wettability tests have been performed in order &itds understand the interaction between
modified surfaces and physiological fluids. In faatan affect both protein absorption and cellular
adhesion.

Static water contact angle on polished sampledtse8i.4° £ 0.77° while after the complete
chemical treatment (HF and then@®J) it is 76.00° + 5.59°. So, it seems that the modifon
process slightly increases surface wettability oading to the higher surface area exposed, but in
any case the surface is very weakly hydrophilic.

The role of the wettability of an implant surfageits osteointegration ability is not so clear.
Surface hydrophilicity influences the adsorptiorcefl adhesion proteins containing Arg—Gly—Asp
(RGD) sequences, such as fibronectin and thus erbahe adhesion and spreading of osteoblast
precursors on implant surfaces [44]. Furthermorgidrdphilic surfaces stimulate the
biomineralization process: rapid calcium phospmateleation was achieved on highly wettable Ti
surfaces [44]. On the other side the hydrophobmratter of osteoblastic cells is often reported
[45], so it can be supposed that hydrophilicity tbé implant surface must not be increased
excessively.

The weakly hydrophilic behaviour of the treatedface, described in this paper, is in
agreement both with its biomineralization abilitydagood osteoblastic differentiation [19], but a

further investigation of this topic is required.

In vitro bioactivity
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Finally inorganic bioactivity of Ti6Al4V alloy, irsimulated body fluid, has been investigated in
order to verify the effectiveness of the proposedtment.

Samples have been observed at SEM after 15 dayngo@kSBF. Figure 10 shows micrographies
and EDS spectra of sample area and of precipitatedifferent samples: HF+, (figure 10a),
HF+H,O,+TT300 (figure 10b) and HF+®D,+TT400 (figure 10c), after 15 days in SBF. Partcle
with dimension of about|Bn and the typical morphology of hydroxyapatite jpiéate can be
noted on all the considered samples (figure 101842, 10 c2). EDS analysis on particles (figure
10 a3, 10 b3, 10 c3) confirm that they are ricltatcium and phosphorous in a ratio close to the
one of hydroxiapatite (at about 1.7). Sodium anbbrate traces derive from SBF soaking that
contains NaCl. XRD analysis does not detect theseiitates because of their reduced dimension
and amount. EDS analysis on the whole surfacer@id® al, 10 b1, 10 c1) underlines that the
bioactivity of all the treated surfaces is comp&albn enrichment in Ca and P was also detected
on the surface free from precipiated, showing &udéd interaction of the treated surfaces with
physiological fluids.

The pH measurements of the SBF soaking solutiow ghat values remain in the range 7.1 — 7.6
during the entire soaking time for all tested sasapllhese variations are included in physiological
tolerability range (7.00 — 7.80).

So it can be concluded that the proposed processésto induce inorganic bioactivity on titanium
alloy and it is very promising in order to inducevivo biomineralization on the implant.

The thermal treatment does not alter this propeespite of the apparent reduction in OH amount
on the surface.

Figure 7d reports XPS detailed analysis of the erygegion for a sample HF+8,+TT400 after

15 days in SBF. It could be noted that the oxygagon is modified and an OH signal attributable
to hydroxyapatite appears [46]

The inorganic bioactivity must be coupled with adaell response of a biomaterial in order to be
really profitable. A synergistic effect between riganic and biological bioactivity of the titanium
surface after the described thermo-chemical treattiwas previously reported by the authors [19,
47]. The thermo-chemically treated surface showstter cell response, with a higher early and late
differentiation of osteoblastic cells. Furthermoaehigher and specific biological response of the
cells to the surface can be stimulated by graftiegnolecules on it, as reported in the part Ilfoét
work [18].

lon release evaluation
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The amount of Al and V ions released from treatdB+H,O,+TT300) Ti6Al4V samples after 7
days soaking in simulated body fluid is reportedigure 11. A reduction in their release can be
observed for surface modified samples. So it caagsemed that the proposed inorganic treatment
is able to reduce metallic ion release, due to tigher thickness of the formed oxide layer,

compared to the native one, improving biocompatybil

Conclusions

The application of a new patented thermo-chemrealtinent, based on hydrofluoric acid etching,
hydrogen peroxide controlled oxidation and a subsetjthermal treatment allows the preparation
of a bioactive Ti6Al4V alloy. The modified surfageduces in-vitro apatite precipitation, so it is
promising for the promotion of in-vivo biomineradizon processes. It shows a particular surface
chemistry (high amount of hydroxyls groups exposed)it is suitable for functionalization with
biomolecules, in order to induce a specific cedlpa@nse. It has a characteristic surface morphology
(a micrometric roughness coupled with a nano-me#iture). It can be applied also to blasted
surfaces, resulting in a multiscale topography fmamicro and nano-levels) So these materials
combine inorganic bioactivity with a multiscale t@se on the same surface. Finally titanium
modified with the described process possessesadk dree, it has good scratch resistance and the
starting fatigue resistance of the metal is man@&adi This feature is often compromised in others

treatments reported in literature.
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Figurelegends

Fig 1: SEM micrographies of samples a) polished + HFpddjshed + HO,, c) polished + HF +
H20,
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Fig 2: High magnification image of a polished + HF:£}4 treated sample (FESEM)
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Fig 3: Surface roughness of samples with different serteeatments
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Fig 4: XPS atomic composition of HF:,+TT300 sample surface in function of the Ar-etching
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Fig 5: Morphology of Ti6Al4V samples after 6 atm blagfifcontrol a) and inorganic treatment

with increasing acid etching time from picture kdtdScale bar: 5Qm.
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Fig 6: FTIR spectra of samples with different surfa@atments
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Fig 7: XPS spectra of a) polished, b) polished+HE®@FHsample; c¢) polished+HF+@,+TT300
sample and d) polished+HF3EL+TT400 sample after 15 days in SBF
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Fig 8. XRD spectra of Ti6Al4V samples treated with HFdaA,O, and with different thermal

treatments
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Fig 9: Scratch track and magnification of critical loapsint for Ti6Al4V+ HF+HO,+TT300

sample.
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Fig 10: SEM images and EDS spectra of a) polished + HF®,, b) polished + HF + pD, +

TT300, c) polished + HF + 1D, + TT400 samples after 15 days in SBF
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Fig 11: lon release after 1 week in SBF from Ti6Al4V saespbefore and after HF4B,+TT300
treatment . a) Al, b) V.
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