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DESCRIPTION

METAL SUBSTRATE WITH ANTIBACTERIAL AND OSTEOINTEGRATIVE
PROPERTIES FOR IMPLANTOLOGY APPLICATIONS

FIELD OF THE INVENTION

The present invention relates o a substrate of a metal, preferably titanium or a titanium

alloy having at least one surface cogted with an oxide layer of the metal ifself, said
surface being modified and enriched with Ca, P, Ga, Sr and, optionally, Ag by anodic
spark deposition (ASD) and a process for the production thereof. The present invention
also relates o a prosthesis and a surgical implant comprising or preferably produced
with said subsirate, as well as the use thereof for the prevention of bacterial colonisation
and promotion of osteointegration in implantology operations, preferably orthopaedic
prosthetic implantology.

BACKGROUND OF THE INVENTION

in recent decades there has been a progressive increase in both orthopaedic and dental

prosthetic implantology interventions. As regards orthopaedic prosthetic implantology
interventions, the most common and widespread ones involve the replacement of joints,
such as, for example, hips and knees. This replacement has the aim not only of
replacing, for example, the damaged joint which provokes pain and a limitation of
movements, bul also of re-establishing its morphology and functionality, thereby
enabling a reduction of pain and an improvement in the patient’s quality of life. In the
field of prosthetics, it is thus of fundamental importance to have an availability of
materials that are compatible with biological tissues in order {0 enable an adeguate
freatment of patients. At the present siate of the ari, the materials of first choice for the
production of prostheses and/or surgical implants in the realm of orthopaedics or
dentisiry are often represented by subsirates of titanium or alioys thereof, since such
materials exhibit excellent characteristics as regards both biocompatibility and elastic
modulus, mechanical sirength and corrosion  resistance.  In particular, the
biocompatibility of titanium is tied o the presence of a thin passivating oxide layer that is
created spontanecusly on the surface of the maierial following its exposure to air and
enables the material to be inert once implanted inside the human body. Notwithstanding
the characteristics that to date have made titanium the most widely used material in the
realm of orthopaedics and/or dentistry, the prostheses and implanis produced with this
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material can be prone to failure for various reasons, including lack of ostecintegration
and bacterial infection. In fact, one of the disadvaniages connected to the use of
prostheses and/or implants made of titanium or alloys thereof is that if takes a long time
for them {o be integrated into the biclogical tissues of the patienis in whom they are
implanted, which leads to a slowed or ineffeclive healing of the implant region, thus
causing a greater risk of bacterial proliferation and hence failure of the prosthesis and/or
of the implant. Clinical practice shows that precisely the bacterial infections that occur in
the implanted devices represent one of the most common causes of failure, taking into
account that antibiotic and pharmacolegical treatment proves to be ineffective in many
cases. The consequences of the failure of the operation are removal of the device from
the body of the host and its replacement, actions leading not only to an increase in
health and social costs, but also 1o an increase in the risk for the patient. In order to
address these problems, or at least limit their occurrence, in recent years various types
of treaimenis have been proposed which are aimed al modifying the surface
maorphology of the material and improve the characteristics listed above, in particular the
chargcteristics connected to antibacterial and ostecintegralive properties. These
treatments include so-called "ancdic spark deposition” (ASD), an elecirochemical
treatment which enables titanium or an alloy thereof 10 be superticially modified so as (o
obtain substrates having homogeneous titanium oxide surfaces characterised by a
generally microporous morphology, and inio which it is possible to incorporate chemical
agents capable of interacting with biclogical tissues, thereby improving the integration
between the prosthesis and/or implant and tissues.

This technigue was applied in a pioneering way by fshizawa et al. ("H. Ishizawa,
“Formation and characterization of anodic titanium oxide films containing Ca and P7,
Journal of Biomedical Materials Research, Vol. 29, 8572 (1995)) in order to superficially
modify a titanium substrate with P and Ca ions. Ishizawa et al. developed an electrolytic
solution containing B-glycerophosphate (B-GP) and calcium acetate (CA), which made it
possible to obtain a substrate of modified titanium coated by a titanium oxide layer
containing Ca and P ions, elements thal replace hydroxyapatite, a mineral in which
nearly the totality of the calcium present in bones is stored. This work opened the way
for subsequent developments, which have been focused on varigtions and
implementations of the ASD technique for the surface modification of metal substrates.
Document US2014/021055 describes, for example, a substrate of a metal selected in

the group consisting of titanium, tantalum, titanium alioys and tantalum alloys, modified
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by means of the ASD technique. On iis surface the substrate has a microporous,
nancrough layer of the oxide of the same metal forming the subsirate, enriched with Ca,
P, Si, Na, and at least one metal selected from Ag and Ga as antibacterial agents.
Document US20070191944, on the other hand, describes a method for coating an
implant, such as, for example, a medical implant, which consists in subjecting a titanium
surface to an anodic spark deposition (ASD) treatment with the aim of increasing its
antioxidant activity. In some embodiments described in that document, the surface of
the implant, after the ASD treatment, can comprise litanium oxide which, in turn, can
comprise at least one metal such as, for example, barium and/or sirontium.

Although the technologies described in US2014/021055 and US20070151844 represent
an improvement over the method of Ishizawa et al, neither of these prior art documents
addresses the problem of oblaining a subsirate that exhibits antibacterial and
ostegintegrative properties simultanaously.

Thus, in the sector there remains a need to provide an orthopaedic device with
antibacterial properties whose surface morphology is as similar as possible 1o the one
with which cells normally interact, in order {0 obtain a posilive interaction of the celis
with the implanted device. To date, in fact, there are no available substrates obtained
with the ASD technique which simultaneously possess both a high osteoiniegrative
activity and antibacterial properties, since the surface treatments of the substrate are
normally aimed at limiting the adhesion or proliferation of bacteria, but show 1o possess
little or even no ostecintegrative activity, given that in the majority of cases they prove to
be toxic for the eukaryotic cells of the host tissue or lead o the formalion of scarcely
stable implants.

The present invention solves the problems of the prior art by providing a metal substrate
and a prosthesis or a surgical implant comprising or, preferably, entirely produced with
said substrate, with suitably modified morphological and chemical characteristics
capable of enhancing osiecintegration and simultaneocusly addressing the problem of
preventing the intections associated with prosthetic implantology interventions,
preferably orthopaedic prosthetic implaniology. A further object of the present invention
is to provide g process for moditying the surface morphology and chemistry of metal
substrates by imparting 1o them a structure that is adapted to interact in an optimal
manner with biclogical tissues and simulianeously endowing them with aniibacterial
properties. The objective of the invention is therefore to provide, by means of the
process developed by the Applicani, a biomimetic treatment of metal substrates that
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favours the ostecintegration of orthopaedic prostheses with the patient’s bone tissue,
thus ensuring the stability and functionality of the implant, said process being moreover
highly reliable and relalively easy o provide at competitive costs. Finally, the subject
matter of the present invention further relates 1o a prosthesis or an implant which
comprises or is completely produced with said metal substrate modified by means of an
ASD treatment and can be effectively used in the prevention of bacterial colonisation,
the reduction of bacterial biofilm adhesion or the promotion of osiecintegration in

implantology operations, preferably orthopaedic implantoiogy.

SUMMARY OF THE INVENTION

The present invention relates o a subsirate of a metal, preferably titanium or a titanium

alloy having at least one suriace coated with an oxide layer of the metal, said surface
being modified and enriched with Ca, P, Ga, Sr and, oplionally, Ag ions by means of a
morphological and chemical modification of said oxide layer of the metal with the anodic
spark deposition (ASD) technique.

The present invention also relates to a process for preparing said subsirate of a metal,
comprising the steps of:

(i} making up an aqueous solution comprising a Ga salt and g chelating agent (solution
A); said solution optionally also comprising a salt of Ag (solution A’); and an agqueocus
solution comprising an Sr salt, a phosphate and a calcium salt (solution B);

(i} mixing solution A {or solution A’) with solution B to obtain an electrolytic solution;

(i) providing a subsirate of a metal, preferably titanium or a titanium alioy;

{ivy opticnally pre-treating at least one surface of the substrate of step (i} until obtaining
a surface with a modified morphology;

(v} providing an electrolytic cell comprising a receptacle containing the electrolylic
sclution obtained in step (i), the substrate of step (ili} or, optionally, the substrate
obtained in step (iv) and a cathode;

{vi) connecting the substrate and the cathode respectively o the positive and negative
poles of the cell and proceeding to treat the substrale by anodic spark deposition (ASD).
Finally, the present invention also relates to a prosthesis and a surgical implant
comprising or preferably entirely produced with said substrate as well as the use thereof
for the prevention of bacterial colonisation, the reduction of bacterial biofilm adhesion or
the promotion of osteointegration in implaniology operations, preferably orthopaedic

implantciogy.



R

10

15

D
n

WO 2021/014291 PCT/IB2020/056688

BRIEF DESCRIPTION OF THE FIGURES

Figure 1 shows a schemaltic representation of the electrolytic cell used in the process
for preparing the subsirate with antibacterial and ostecintegrative properties according
to the present invention.

Figure 2 contains a photo which shows a comparison, appreciable with the naked eye,
between an untreated sample (NT) and an S5rGa sample obtained foliowing the ASD
treatment with electrolytic solutions containing Ga and Sr ions, the lalter present at a
concentration of 0.08M, as per Example 1.

Figure 3 comtains a graph which shows the linear relationship between 5r ions in a
solution and Sr ions in the titanium oxide layer present on the sample.

Figure 4 shows SEM images of an NT sample, an SrGa sample and a Ga sample with
1500X magnification, as described in Example 3.

Figure 5 shows the EDS spectrum of the 5rGa sample as described in Example 3.
Figure 6 shows an SEM image of a Ga sample with 5000X magnification, as described
in Example 3.

Figure 7 shows an optical microscope image of the section of an SrGa sample as
described in Example 3. The arrows and lines indicate the titanium oxide layer.

Figure 8 shows images of a drop of water deposited on the titanium oxide layer coaling
the surface of an untreated sample (a) and of an 5rGa sample (b}, as per Example 4.
Figure 9 shows a graph of the cell viability of 5. epidermidis expressed in terms of
optical density (0.D. at 490 nm) on day 1, 3, 5 and 7 in every treatment carried out as
per Example 6.

Figure 10 shows a graph of the cell viability of S. aureus expressed in terms of optical
density (O.D. at 490 nm) on day 1, 3, 5 and 7 in every treatment carried out as per
Example 6.

Figure 11 shows a graph illustrating the trend in cell viability with human foetal
osteoblasts (hFOBs) on days 1, 2 and 3 for every treatment carried out as per Example
7.

Figure 12 shows a graph iHlustrating the trend in cell viability with U-2 OS on days 1, 2

and 3 for every treatment carried out as per Example 7.

DETAILED DESCRIPTION OF THE INVENTION
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For the purposes of the present invention, the expression “passivation layer” refers {o
the oxide layer that coats the surface of a metal and is formed, when a metal surface is
exposed fo air, as a result of the phenomenon of passivation. Therefore, for the
purposes of the present invention, “passivated metal” means a metal having at least
one surface coated by said passivation layer.

The "anodic spark deposition” (ASD) technique is also called MAO {microarc oxidation)
or PEO (plasma electrolytic oxidation).

“Morphological and chemical modification of the oxide layer of the metal” means, for the
purposes of the present invention, a modification, by anodic spark deposition {(ASD), of
the oxide layer, also referred 1o as “passivation layer”, which is already present on the
surface of a substrate of a metal, preferably titanium or alioys thereof, before ireatment
with the ASD technigue. Therefore, this expression means the following modifications:
the thickening of said oxide layer (i.e. passivation layer already present on said surface
before the treatment with the ASD technique and the formation of microporosities, as
well as the enrichment of said layer with chemical agents and species, such as, for
example, Ca, P, Ga, Sr and, optionally, Ag ions.

Alternatively, if said surface of a substrate of a metal does not have a passivation layer,
for example following a pickling treatment, the expression “morphological and chemical
maodification of the oxide layer of the metal” refers, for the purposes of the present
invention, to the modification, by means of g treaiment with the anodic spark deposition
technique, of the oxide layer that is formed simultaneocusly with said treatment (also
called “neo-formed” oxide layer). In this case, the expression therefore also means the
following modifications: the formation of microporosities on the “neo-formed” oxide
layer, as well as the simultaneous thickening and enrichment of said layer with chemical
agents and species, such as, for example, Ca, P, Ga, Sr and, optionally, Ag ions.

For the purposes of the present invention, the expressions "surface enriched with Ca, P,
Ga, Sr and, optionally, Ag” or the like and “oxide layer of the meilal enriched with Ca, P,
(Ga, Sr and, optionally, Ag” or the like are 1o be understood as analogous, said surface
being coated with said oxide layer of the metal.

For the purposes of the present invention, the terms “Ca ion”, “Ca”, “calcium ion”, and
“‘calcium” are to be undersiood as perfectly interchangeable synonyms indicating the

element calcium in the oxidation state +2 (that is, the Ca?ion).



R

10

15

D
n

WO 2021/014291 PCT/IB2020/056688
7

LI

For the purposes of the present invention, the terms "P ion”, “P7, “phosphorus ion”, and
“‘phosphorus” are to be undersiood as perfectly interchangeable synonyms indicating
the element phosphorus in the oxidation state +5 (that is, the P ion).

For the purposes of the present invention, the terms “ion Ga°, “Ga”, “gallium ion”, and
“‘gallium” are 1o be understood as perfectly interchangeable synonyms indicating the
element gallium in the oxidation state +3 (that is, the Ga®* ion).

For the purposes of the present invention, the terms “Sr ion”, Sy, “strontium ion”, and
“strontium” are to be understood as perfectly interchangeable synonyms indicating the
element strontium in the oxidation state +2 (that is, the Sr2* ion).

For the purposes of the present invention, the terms “Ag ion”, "Ag”, “silver ion”, and
“silver” are to be understood as perfectly interchangeable synonyms indicating the
element silver in the oxidation state + 1 (that is, the Ag*ion).

For the purposes of the present invention, the term "litanium oxide” is 1o be considerad
a perfectly interchangeable synonym of “titanium oxide (IV)” or "titanium dioxide”, that is,
the chemical compound identified by the chemical formula TiO2.

The present invention relates to a substrate of a metal having at least one surface
coated with an oxide layer of the metal, wherein said coaled surface is modified and
enriched with Ca, P, Ga and Sr ions by means of a morphological and chemical
madification of said oxide layer of the metal with the anodic spark deposition (ASD)
technique.

In one embodiment of the invention, said coaled surface is modified and further
enriched with the Ag ion.

According to this embodiment, therefore, said substrate of a metal has at least one
surface coated with an oxide layer of the metal, wherein said coated surface is modified
and enriched with Ca, P, Ga and Sr ions, and, furthermore, Ag ions, by means of a
morphological and chemical modification of said oxide layer of the metal with the anodic
spark deposition (ASD) technigue.

For the purposes of the present invention, the expressions “[further] enriched with the
Ag ion” and “ffurther] enriched with Ag ions” are used as synonyms.

Advantageously, the substrate according o the present invention exhibits considerable
antibacterial and osieointegration properties, which derive from the morphological and
chemical modification that the at least one surface of the substrate of a metal
undergoes as a result of the treatment with the ASD technique.
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Preferably, said substrate is advantageous for applications in the medical-surgical
realm, in particular in orthopaedic prosthetic implantology operations.

The metal of the subsirate is preferably selected in the group consisting of titanium and
a titanium alloy. In one embodiment, the substrate gccording to the present invention
comprises a titanium alloy coated with a layer of metsgllic titanium, preferably by means
of the plasma spray technigue.

The fitanium is preferably a non-alloyed titanium, Le. pure metallic titanium without
added alloy selements; more preferably said titanium is an 180 5832-2 titanium
(hitps:/Amww iso.org/standard/69907 . himi).

The titanium alloy is preferably selected from a TisAl4V alloy and a TisAlzNb alloy, more
preferably TisAlNb. In one embodiment, the titanium alloy is selecied from a TisAllY
iSO 5832-3 alloy (https//www.iso.org/standard/66637 .himi) and a TisAlNb 1ISO 5832-
11 alloy (hilps://www.iso.org/standard/21973.himi}, preferably TisAlNb 150 5832-11.

in a preferred embodiment of the invention, before the treatment with the ASD
technigue, the at least one surface of the substrate of a metal is coated by a passivation
laver. Said passivation layer is an oxide layer of the metal itself; it is preferably a layer of
titanium dioxide.

in one embodiment of the invention, the at least one surfgce of the subsirate coated
with said passivation layer is a hydrophilic surface, whose characteristics of
hydrophilicity are also maintained following the maorphological and chemical modification
cbtained with the treatment by anodic spark deposition (ASD).

in another embodiment of the invention, before the treatment with the ASD technique,
the at least one surface of the substrate is not coated by a passivation layer. In this
case the treatment by anodic spark deposition permits the formation of an oxide layer
on said al least one surface and the simultanecus morphological and chemical
modification of said “neo-formed” oxide layer. The subsirate thus obtained has at least
one surface coated with an oxide layer of the metal itself, said surface being a
hydrophilic surface.

The hydrophilicity of the surface of the final substrate, ie. following treatment with the
anodic spark deposition technique, which is linked 1o the wettability of the subsirate
itself, proves to be advantageous for the purposes of the present invention, since the
bacterial strains involved in infections in the medical-surgical realm, in particular in the
case of orthopaedic implantology operations, belong to the strains Staphylococcus
aureus or Staphylococcus epidermidis, which are typically hydrophobic and thus adhere
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and proliferate mainly on hydrophobic surfaces.

The oxide layer of the metal, preferably of titanium dioxide, which coats the at least one
surface of the subsirate following treatment with the anodic spark deposition technigue
according o the present invention, has a thickness comprised from 1 to 20 pm,
preferably from 2 to 15 ym, even more preferably from 3 1o 8 um.

in the embodiment of the invention wherein the at least one surface of the substrate of a
metal is coaled by a passivation layer, the thickness of the oxide layer obtained
following treatment with the anodic spark deposition technique is greater than the
thickness of the oxide of the metal, preferably of titanium dioxide, of said passivation
layer present on the substrate (equal to about 5 nm), precisely because of the
modification of the surface of the substrate coated by that layer, a modification that
ceccurs foliowing the ASD treatment, which causes the thickness of said oxide of the
passivation layer to grow (from a few nanomeatres (o several micromelres, as indicated
above) and, at the same time, transforms the surface of the substrate from compact and
smooth o microporous. The thickening of the oxide layer also has the advantage of
reducing the passivity current in saline solution and preventing the release of ions of the
metal of the subsirate, preferably titanium, and the dissolution of the metal itself or of
alloy elements, preferably titanium or a tilanium glloy, in bodily fluids. In gpplications in
the medical-surgical realm, in particular orthopaedic prosthetic implantology operations,
this prevenis the substrate of the invention from being able 1o cause local irritalions in
tissues or, in the long term, sensitisation in the patient to the metal ions released.

in both embodiments, i.e. both in the case where, before the trealment with the ASD
technigue, the at least one surface of the substrate of a metal is coated by a passivation
fayer and in the case where said at least one surface has no passivation layer, following
the ASD treatment the oxide layer of the metal, preferably of titanium dioxide, which
coats the at least one surface of the substrate of a metal according o the present
invention, is a microporous layer characterised by having pores of a size, as measured
by scanning electron microscope (SEM) analysis, comprised from 50 nm {0 5 um,
preferably from 100 nm to 3 um. Said pores are homogeneously distributed in the oxide
layer.

According o the present invention, the porous struciure of the oxide layer coating the at
least one surface of the subsirate following trealment with the anodic spark deposition
technigue makes it possible to positively influence the adhesion, proliferation and
differentiation of bone celis {ostecblasts), to increase coniact with the bone in “in vivg”
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applications and thus to improve the mechanical stability of the implant in general.
Furthermore, the ASD treatment enables the incorporation, into the oxide layer, of the
doping agents initially present in the elecirolytic solution used for the freatment, thanks
to local phenomena of melling and solidification of the oxide layer itself which are
induced by the high temperaiures and plasma microdischarges (sparks) that develop
with the ASD treatment. Simultaneously, as a resull of such melting phenomena (also
called micromelting), there is also the formation of a controlled, homogeneocusly
distributed porosity.

Advaniageously, the morphological characteristics in terms of thickening and porosily
ensure that the oxide layer will be firmly anchored o the subsiraie after the treatment
with the anodic spark deposition technigue; in fact, in the event of excessively large
thicknesses there could be, for example, phenomena of delamination of the oxide layer,
with a consequent impairment of the performance and success of the implant.
Advaniageously, the morphological characteristics in terms of thickening and porosily
are concomitantly and simultaneously imparted by the ASD treatment to the oxide layer
of the metal, preferably of titanium dioxide, which coals the at least one surface of the
substrate according o the present invention.

in addition io such morphological modifications, the at least one surface of the substrate
of a metal coated with an oxide layer of the metal itself according to the present
invention is enriched with Ca, P, Ga, Sr, and, oplionally, Ag ions.

According to one embodiment, the at least one surface of the subsirate of a metal
coated with an oxide layer of the metal iiself according to the present invention is
enriched with Ca, P, Ga and Sr ions.

According to ancther embodiment, the at least one surface of the substrate of a metal
coated with an oxide layer of the metal itself gccording to the present invention is
enriched with Ca, P, Ga, Ag and Sr ions.

in both embodiments, this enrichment is due to the chemical modification of said oxide
layer which takes place simultaneously with the morphological modification in the ASD
freatment.

Said ions derive from the ions present in the electrolytic solution used in the ASD
technique and are incorporaled into the oxide layer during the treaiment.

in one embodiment of the invention, following treatmeni with the anodic spark
deposition technigue, the substrate of a metal, preferably titanium or an alloy thereof,
has at least one surface coated with an oxide layer of the metal, preferably of titanium
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dioxide, wherein said layer is enriched with an amount of Ga comprised from 0.01 to 30
ug/cm?, preferably from 2 to 30 ug/em?, more preferably from 0.02 io 8 ug/cm?, more
preferably from 3 o 8 ug/cm?, even more preferably from 0.03 to 6 yg/om?, even more
preferably from 4 1o 6 ug/om?.

in one embodiment of the invention, following treatment with the anodic spark
deposition technigue, the substrate of a metal, preferably titanium or an alloy thereof,
has at least one surface coated with an oxide layer of the metal, preferably of titanium
dioxide, wherein said layer is enriched with an amount of Sr comprised from 10 (o 250
ug/em?, preferably from 50 to 350 pg/em?, more preferably from 30 to 120 ug/cm?, more
preferably from 70 to 250 ug/em?, even more preferably from 40 to 70 ug/cm?, even
mare preferably from 100 to 150 ug/om?,

in one embodiment of the invention, iollowing treatment with the anodic spark
deposition technique, the subsirate of a metal, preferably fitanium or an alloy thereof,
has al least one surface coaled with an oxide layer of the melal, preferably of titanium
dioxide, wherein said layer is enriched:

- with an amount of Ga comprised from 0.01 to 30 pg/om?, preferably from 2 to 30
ug/em?, more preferably from 0.02 to 8 pg/om®, more preferably from 3 to 8 ug/om?,
even more preferably from 0.03 to 6 ug/om?, even more preferably from 4 to 6 ug/om?;
and

- with an amount of Sr comprised from 10 to 250 ug/cm?, preferably from 50 o 350
ug/cm?, more preferably from 30 to 120 ug/om?, more preferably from 70 to 250 ug/cm®,
even more preferably from 40 io 70 ug/cm®, even more preferably from 100 to 150
Hg/ome,

in one embodiment of the invention wherein said coated surface is modified and further
enriched with the Ag ion, said layer is enriched with an amount of Ag comprised from
0.05 to 10 ug/eme, preferably from 0.10 to 5 pg/em?, more preferably from 0.30 to 2
Hg/em®,

According to this embodiment, said layer is enriched preferably with an amount of Ga
comprised from 0.01 to 30 ug/om?, preferably from 2 to 30 pg/cm?®, more preferably from
0.02 to 8 ug/cm?, more preferably from 3 o 8 ug/cm?, even more preferably from 0.03 to
6 ug/cm?, even more preferably from 4 to 6 pg/om? and, preferably, with an amount of
Sr comprised from 10 to 250 ug/om?, preferably from 50 to 350 yg/cm?, more preferably
from 30 to 120 yg/em?, more preferably from 70 to 250 ug/om?, even more preferably
from 40 to 70 pg/om?, even more preferably from 100 to 150 ug/om?.
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Advantageously, the presence of Ga and Srions, or Ga, Ag and Sr ions, simultaneously
with the presence of Ca and P ions (useful in promoting direct contact between the
bone and the implant without the interposition of fibrous tissue), and above all with the
presence of the particular morphological characteristics in terms of thickness and
porosity described above, imparts to the substrate of the preseni invention not only
excellent antibacterial properties but also excellent ostesintegration.

These properties are due o the synergistic effect of the combination of morphological
and chemical characteristics of the modified oxide layer.

In particular, without wishing io be bound by a specific theory, it is possible 1o maintain
that the ASD process, precisely thanks to the simultaneous formation of a controlied
porosity and the incorporation into the oxide layer of Ga and Sr ions, or Ga, Ag and &r
ions, the former (i.e. Ga ions or Ga and Ag ions) known for their antibacterial properties,
whereas the lalter (i.e. Sr ions) are known for their osteointegrative properties,
contributes to enhancing ostecintegralion and aniibacterial properties, while enabling
the adhesion, proliferation and differentiation of bone celis (osteoblasts)

in particular, Sr ions — by aclivating a receptor sensilive to calcium, CaSR - further
promote the replication and differentiation of osteoblasts while simultaneously inhibiting
osteoclastic activity, thus favouring the formation of new bone mairix.

The possibility of having Ga and Sr ion co-doping or Ga, Ag and Sr mulliple ion doping
within a layer with morphologically favourable characterisiics as regards thickness,
wettability and porosity ensures that the substrate of the present invention
simulianeously possesses the desired antibacterial and ostecintegrative properties.
Furthermore, as demonstrated in the Examples section, the presence of Ga ions alone,
or of Ga and Ag ions alone, though it may assure an excellent antibacterial activity,
even superior to that obtainable with an Sr and Ga ion co-doping or with a Ga, Ag and
Sromultiple fon doping, would not, however, guaraniee the desired osteointegrative
properties.

Similarly, the sole presence of Sr ions in the oxide layer, though it may favour an
osteointegration that is far greater, would not, however, enable an adequate
antibacterial action.

As also demonstrated by the experimental tests illustrated in the Examples section, the
present invention, by exploiting the morphological and chemical modifications of the
oxide layer obtained by means of the ASD treatment, enables an optimal balance to be
obtained between the aniibacterial and osieointegrative action. This is due {0 the
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simultaneous presence of gallium and strontium (and, optionally Ag) ions and the
characteristics of porosity, wettability (i.e. hydrophilicity} and thickness of the oxide layer
coating the surface of the substraie, whose different contributions synergistically impart
to the substrate the antibacterial and ostecintegrative properties which are desired for
the purposes of the present invention.

The hydrophilicity of the surface of the subsirate is further advantageous for the
purposes of the present invention since, as mentioned previously, the bacterial strains
involved in infections in the medical-surgical realm, in particular in the case of
orthopaedic implantology operations, belong to the strains &. aureus or 5. epidermidis,
which are typically hydrophobic and thus adhere and proliferate mainly on hydrophobic
surfaces.

The present invention also relates to a process for preparing a substrate of a metal,
preferably litanium or a titanium alloy, having at least one surface coaled with an oxide
layer of the metal, wherein said coated surface is modified and enriched with Ca, P, Ga
and Sr ions by means of a morphological and chemical modification of said oxide layer
of the metal with the anodic spark deposition (ASD) technigue, said process comprising
the sieps of:

(i} making up an aqueous solution comprising a Ga salt and g chelating agent (solution
A) and an aqueous solution comprising an Sr salt, a phosphate and a calcium salt
solution B);

} mixing solution A with solution B to obtain an electrolytic solution;
i) providing a substrate of a metal, preferably titanium or a titanium alioy;

{
{
{
{iv} optionally pre-treating at least one surface of the substrate of step (iii) until obtaining
a surface with a modified morphology;

(v} providing an electrolytic cell comprising g receptacle (1) containing the electrolytic
sclution (2} oblained in step (i), the substrate (3) of step {iii) or, optionally, the substrate
(3} obtained in step (iv) and g cathode;

{vi) connecting the substrate and the cathode respectively o the positive and negative
poles of the cell and proceeding to treat the substrale by anodic spark deposition (ASD).
The present invention also relates to a process for preparing a substrate of a metal,
preferably litanium or a titanium alloy, having at least one surface coaled with an oxide
layer of the metal, wherein said coated surface is modified and enriched with Ca, P, Ga
and Sr ions, and, furthermore, Ag ions, by means of a morphological and chemical
modification of said oxide layer of the metal with the anodic spark deposition {(ASD)
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technique, said process comprising the steps of:

(i} making up an agqueous solulion comprising a Ga sall, an Ag salt and a chelating
agent (solution A’} and an agueous solution comprising an Sr salt, a phosphate and a
calcium salt (solution B);

(i} mixing solution A’ with solution B to obtain an electrolyiic solution;

(i) providing a substrate of a metal, preferably titanium or a titanium alioy;

{iv) optionally pre-tregting at least one surface of the substraie of step (iii} until obtaining
a surface with a modified morphology;

(v} providing an electrolytic cell comprising a receplacle (1) confaining the elecirolytic
solution (2} obtained in step (i}, the substrate (3) of siep (ili) or, optionally the substrate
(3} obtained in step (iv) and a cathode;

(vi) connecting the substrate and the cathode respectively to the posilive and negative
poles of the cell and proceeding 1o treal the substrate by anodic spark deposition (ASD).

in one embodiment of the invention, the electroivtic solution obtained in step (i)
comprises said Ga salt at a concentration comprised from 0.001 to 0.008 M, preferably
from 0.002 0 0.004 M.

in the embodiment wherein the solution prepared in step (i) further comprises an Ag sall
{solution A}, the electrolytic solution obtained in step (i) comprises said Ga salt at a
concentration comprised from 0.0001 1o 0.002 M, preferably from 0.0003 tc 0.001 M,
and said Ag salt ai g concentration comprised from 0.001 to 0.015 M, preferably from
0.002 {0 0.010 M.

Said Ga salt is preferably selected in the group consisting of: gallium nitrate (Ga{NQOs)a),
gallium nitrate hydrate {Ga(NQOs)s"H20) and gallium acetate Ga{CaoHaO2)s.

Said Ag salt is preferably selected in the group consisting of: silver nitrate (AgNQ3) and
silver acetate (AgCaHs02).

The electrolytic solution oblained in step (i} preferably comprises said Sr salt at a
concentration comprised from 0.01 to 0.3 M, preferably from 0.05 10 0.15 M.

Said Sr sall is preferably selected in the group consisting of: strontium acelate
{{CH3CO2)25r) and strontium nitrate Sr{NOs)z.

The electrolytic sclution oblained in step (i} preferably comprises said chelaling agent
at a concentration comprised from 0.002 to 0.01 M, preferably from 0.004 to 0.008 M,
said phosphate at a concentration comprised from 0.02 {0 0.2 M, preferably from 0.03 to
0.05 M and said calcium sall al a conceniration comprised from 0.05 1o 0.6 M,
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preferably from 0.2 1o 0.3 M.

Said chelaling agent is preferably selecied in the group consisting of: L-cysleine
(HSCH2CH(NHz)CO2H), oxalic acid and ethylenediaminetetraacetic acid (EDTA).

Said phosphale is preferably B-glycerophosphate disodium salt pentahydrate (B-GP)
(CakH7NazQsP*5H0).

Said calcium sali is preferably calcium acetate monchydrate (CA) (CaHsCaO4"Hz0).

The substrate of a metal provided in step (ili) of the process according o the present
invention preferably has at least one surface that may or may not be coaled by a
passivation layer, said passivation layer being an oxide layer of the metal itself. in other
words, step (ili) of the process according to the present invention envisages providing a
subsirate of a metal wherein said metal is preferably passivated or non-passivated.

in one embodiment of the invention, the process for preparing a substrate of a metal,
preferably titanium or a titanium alloy, having at least one surface coated with an oxide
layer of the metal itself, wherein said coated surface is modified and enriched with Ca,
P, Ga and Sr ions by means of a morphological and chemical modification of said oxide
layer with the anodic spark deposition (ASD) technique, comprises the steps of:

(i} making up an aqueous solution comprising: a Ga salt al a conceniration comprised
from 0.001 {o 0.008 M, preferably from 0.002 o 0.004 M, and a chelating agent at a
conceniration comprised from 0.002 to 0.01 M, preferably from 0.004 to 0.008 M
{solution A);

and an agueous solution comprising: an Sr salt at a conceniration comprised from 0.01
o 0.3 M, preferably from 0.05 to 0.15 M, a phosphate at a concentration comprised
from 0.02 t0 0.2 M, preterably from 0.03 {0 0.05 M, and g calcium sall al a concentration
comprised from 0.05 to 0.6 M, preferably from 0.2 to 0.3 M (solution B);

(i} mixing sclution A with solution B o obtain an electrolytic solution;

{iii) providing a substraie of a metal, preferably fitanium or a titanium alloy, said metal
preferably being passivated or non-passivaled;

{iv) optionally pre-treating at least one surface of the substrate of step (i} until obtaining
a surface with a modified morphology;

(v} providing an electrolytic cell comprising a receplacle (1) confaining the elecirolytic
solution {2} obtained in step (i), the substrate (3) of step (iii) or, optionally, the substrate
(3) oblained in step (iv) and a cathode
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{(vi) connecting the substrate and the cathode respectively o the posilive and negative

poles of the cell and proceeding to treat the substrale by anodic spark deposition (ASD).

in a preferred embodiment of the invention, the process for preparing a subsirate of a
metal, preterably titanium or a titanium alloy, having at least one surface coated with an
oxide layer of the metal itself, wherein said coated surface is modified and enviched with
Ca, P, Ga and 5Sr ions by means of a morphological and chemical modification of said
oxide layer with the anodic spark deposition {ASD) technique comprises the steps of:

(i} making up an agueous solution comprising gallium nitrate hydrate (Ga(NQOs)s*H20) at
a concentration comprised from 0.0071 to 0.008, preferably from 0.002 {0 0.004 M and L-
cysieine (HSCH2CH{(NH2)CO2H) at a concentration comprised from 0.002 (o 0.01 M,
preferably from 0.004 to 0.008 M (solution A) and an agueous solution comprising
strontium acetate ((CHaCO225r) al a concentration comprised from 0.01 to 0.3 M,
preferably from 0.05 to 0.15 M, B-glycerophosphate disodium salt pentahydrate (B-GP)
{CaH7Nax0OsP*5H20) at a concentration comprised from 0.02 to 0.2, preferably from
0.03 to 0.05 M, and calcium acetate monchydrate (CA) {CiHsCaO4'H20) at a
concentration comprised from 0.05 to 0.6 M, preferably from 0.2 10 0.3 M (solution B);
(i} mixing sclution A with solution B o obtain an electrolytic solution;

(i) providing a substrate of a metal, preferably titanium or a fitanium alloy, said metal
preferably being passivated or non-passivaled;

{iv) optionally pre-treating at least one surface of the substrate of step (i} until obtaining
a surface with a modified morphology;

{(v) providing an eleclrolytic cell comprising a receptacle (1) containing the electrolytic
solution {2} obtained in step (i), the substrate (3) of step (iii) or, optionally, the substrate
(3) oblained in step (iv) and a cathode

(vi) connecting the substrate and the cathode respectively to the positive and negative
poles of the cell and proceeding 1o treal the substrate by anodic spark deposition (ASD).

in one embodiment of the invention, the process for preparing a subsirate of a metal,
preferably fitanium or a titanium alloy, having at least one surface coated with an oxide
layer of the melal itself, wherein said coated surface is modified and enriched with Ca,
P, Ga and Sr ions, and, furthermore, Ag ions by means of a morphological and chemical
maodification of said oxide layer with the anodic spark deposition (ASD) technique,
comprises the steps of:
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(i} making up an aqueous solution comprising: a Ga salt al a conceniration comprised
from 0.000%1 1o 0.002 M, preferably from 0.0003 o 0001 M, an Ag salt al a
concentration comprised from 0.001 o 0.015 M, preferably from 0.002 1o 0.010 M, and
a chelating agent at a concentration comprised from 0.002 to 0.01 M, preferably from
0.004 to 0.008 M {solution A’);

and an agueous solution comprising: an Sr salt at a concentration comprised from 0.01
to 0.3 M, preferably from 0.05 to 0.15 M, g phosphate at a concentration comprised
from 0.02 10 0.2 M, preferably from 0.03 {0 0.05 M, and a calcium salt at a concentration
comprised from 0.05 {0 0.6 M, preferably from 0.2 to 0.3 M (sclution B);

(i} mixing solution A’ with solution B to obtain an electrolyiic solution;

{iify providing a substrate of a metal, preferably titanium or a fitanium alloy, said metal
preferably being passivated or non-passivated;

{iv} optionally pre-treating at least one surface of the substrate of step (iii} until obtaining
a surface with a modified morphology;

(v} providing an electrolvtic cell comprising a receptacle (1) containing the electrolytic
solution (2) obtained in step (i}, the substrate (3) of step (iii) or, optionally, the subsirate
(3) obtained in step (iv) and a cathode;

{(vi} connecting the substrale and the cathode respectively o the positive and negative
poles of the cell and proceeding o treat the substrate by anodic spark deposition (ASD).

in a preferred embodiment of the invention, the process for preparing a substraite of a
metal, preferably tilanium or a titanium alloy, having at least one surface coated with an
oxide layer of the metal itself, wherein said coated surface is modified and enriched with
Ca, P, Ga and Sr ions, and, furthermore, Ag ions by means of a morphological and
chemical modification of said oxide layer with the anodic spark deposition (ASD)
technique comprises the steps of:

(i} making up an agueous solution comprising gallium nitrate hydrate (Ga(NQOs)s*H20) at
a concentration comprised from 0.0001 to 0.002 M, preterably from 0.0003 1o 0.001 M,
sitver nitrate (Ag(NQs)} at a concentration comprised from 0.001 to 0.015 M, preferably
from 0.002 to 0.010 M, and L-cysteine (HSCH2CH(NH2)CO:H) at a concentration
comprised from 0.002 {0 0.01 M, preferably from 0.004 1o 0.008 M (solution A');

and an agueous solution comprising strontium acetate ({CHaCO2)25r) at a concentration
comprised from 0.01 to 0.3 M, preferably from 0.05 to 0.15 M, B-glycerophosphate
disodium salt pentahydrate (B-GP) (CsH7/Na:0sP*5H20) at a concentration comprised
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from 0.02 o 0.2, preferably from 0.03 1o 0.05 M, and calcium acelate monchydrate (CA)}
{CaHsCa04™H20) at a concentration comprised from 0.05 to 0.6 M, preferably from 0.2
to 0.3 M (solution B);

(i} mixing solution A’ with solution B to obtain an electrolylic solution;

{iii) providing a substraie of a metal, preferably fitanium or a titanium alloy, said metal
preferably being passivated or non-passivated;

{iv) optionally pre-tregting at least one surface of the substraie of step (iii} until obtaining
a surface with a modified morphology;

(v} providing an electrolytic cell comprising a receplacle (1) confaining the elecirolytic
solution (2) obtained in step {ii}, the substrate (3) of step (iii) or, optionally, the substrate
{3} obtained in step (iv) and a cathode

(vi) connecting the substrate and the cathode respectively to the posilive and negative
poles of the cell and proceeding 1o treal the substrate by anodic spark deposition (ASD).

Advantageously, the concentrations of the components of the electrolytic solution are
such as to avoid spontaneous precipitation of the elements in the solution, in order to
permit the reuse thereof {with a consequent economic advantage). Furthermore, these
concentrations are such as o take account of the fact thal, when working at higher
concentrations, the ASD treaiment could give rise o coatings that have breaks or
discontinuities in the oxide layer, in particular at the interface between the oxide and the
substrate, thus impairing performance in terms of adhesion to bone tissues and

consequently also reducing osteciniegration.

feay

preferably a subsirate obtained by means of the “additive manufaciuring” technique.
Advantageously, this technique makes if possible to obtain a substrate that has, on at
least one surface, preferably on all the surfaces of said subsirate, macroporous
structures with open or closed pores, these being structures which further favour
performance in terms of long-term osteointegration of the substrate of the invention.
With regard 1o step (iv), the pre-treatment of the at least one surface of the subsirate
enables the al least one surface of the substrate 1o be modified from a morphological
viewpoint.

Said pre-treatment is preferably carried out by means of a surface modification
technique selected in the group consisting of: sandblasting, coating with metaliic
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titanium by plasma spraying, coating with fitanium microspheres sintered onio the
surface, coating with titanium fragments, coating with rough or porous tilanium and
combinations thereof.

Without wishing to be bound by a specific theory, the Applicant has found that said pre-
treatment makes it possible 1o increase the roughness of the at least one surface of the
substrate and thus obtain a substrate exhibiting a surface roughening, this characteristic
enabling performance to be further improved in terms of long-term osteointegration of
the substrate of the invention.

With regard to step (v), said cathode is preferably a cathode made of metallic or non-
metallic material, more preferably, said cathode is a metallic cathode, even more
preferably, said cathode is a cathode made of itanium.

In a preferred embodiment of the invention, the receptacle (1) of the electrolylic cell of
step (v} is a double-walled refrigerating receptacle comprising a liquid refrigerant (7) in
the space inlerposed belween the inner wall (5) and the outer wall (6).

in a preferred embodiment of the invention, the metallic cathode contained inside the
electrolylic cell of siep (v) is a metal mesh (4), preferably made of titanium, preferably
subjected to a pickling process, applied as a coating of the inner walls (5) of the
recepiacle (1).

In one embodiment, the process according 1o the present invention envisages that the
step of treatment by anodic spark deposition (step (vi})) is carried out al g temperature
comprised from -5 to +5 °C, preferably at a temperature comprised from -1 to +1 °C.
This temperalure serves o avoid a possible inhibilion of the current between the anode
and cathode of the circuil. Furthermore, this temperature also plays a role in ensuring
that the capacity of adhesion between the oxide layer and the substrate is maintained, a
capacity which would otherwise decrease at higher temperatures.

in one embodiment of the invention, the process {or preparing a substrate as previously
described, that is, a subsirate of a metal, preferably titanium or a titanium alloy, having
at least one surface coated with an oxide layer of the metal, wherein said coated
surface is modified and enriched with Ca, P, Ga, Sr and, optionally, Ag ions by means
of a morphological and chemical modification of said oxide layer of the metal with the
anodic spark deposition (ASD) technique, envisages that the step of treatment by
means of said ASD lechnique is performed working with direct current at a first current
density comprised from 5 to 50 mA/cm?, preferably from 10 to 30 mA/em?, with a
potential that increases independently up (o a value comprised from 210 to 330 V,
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preferably from 260 to 310 V, for a period of time necassary to reach that final potential
value, and al a second current density comprised from 50% to 5% of the value of the
first current density.

in one embodiment, the process for preparing a substrale as previously described
envisages that the step of treatment by means of the ASD technique is performed
working with pulsed current. The possibility of being able o work with pulsed current not
only brings advantages in terms of homogeneity of the trealment, bul also makes it
possible to obtain better control of the temperature inside the electrolytic cell as well as
increasing the reproducibility of the process.

Advantageously, the process of the present invention makes it possible to obtain a
subsirate of g metal, preferably fitanium or a titanium alloy, having at least one surface
coated with an oxide layer of the metal, wherein said coated suriace is modified and
enriched with Ca, P, Ga, Sr, and, optionally, Ag ions by means of a morphological and
chemical modification of said oxide layer of the metal with the anodic spark deposition
(ASD)} technigue, with characteristics that are ideal for applications in the medical-
surgical realm, such ags, for example, in orthopaedic prosthetic implaniology operations.
The process of the present invention in fact makes it possible o modulate,
simultaneously and in g single step, the morphological and chemical characteristics of
the oxide layer coating the at least one surface of the ireated substrate, thus enabling a
subsirate with poth antibacierial and ostacintegralive properties {0 be obtained.

The Applicant has demonstrated that the simultaneous presence of Ga and Sr or of Ga,
Ag and St in the electrolytic solution oblained according o steps (i) and (i) leads 1o an
efficient co-doping {(or multiple doping) of the oxide layer, since said ions are
incorporated into the oxide layer during the ASD process.

Advantageously, thanks precisely io the simulianeous morphological and chemical
modification of the oxide layer, it is possible to obtain a substrate with the desired
antibacterial and osteointegrative properties.

in one embodiment of the invention, the pores formed by means of the ASD process
can be loaded with ions, molecules and/or drugs which are then released, once
introduced into the substrate of the present invention, within the patient’s bone tissue.
Said loading of the pores formed by means of the process ASD with ions, molecules
and/or drugs preferably takes place by immersing the subsirate of the present invention
in a solution confaining said ions, molecules and/or drugs, such as, for example,

antibictics.
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The present invention further relates o a prosthesis comprising the substrate as
previously described.

in a preferred embodiment of the invention, said prosthesis is entirely produced with
said substraie.

in one embodiment of the invention, said prosthesis is an orthopaedic prosthesis
selected in the group consisting of: upper limb prostheses and lower limb prostheses.
Finally, the present invention also relates 10 a surgical implant comprising the substrate
as previously described.

in a preferred embodiment of the invention said implant is entirely produced with said
subsirate.

in one embodiment of the invention, said implant is an orthopaedic implant selected in
the group consisting of: hip prostheses, knee prostheses, shoulder and ankle joint
prostheses, osteosynthesis means, interveriebral fusion cages, spinal prostheses,
devices for filling bone lacunae and bone fixaling systems for exiernal fixators.

The subject matter of the present invention further relates to a prosthesis or a surgical
implant as previcusly described for use in the prevention of bacterial colonisation, the
reduction of bacterial biolilm adhesion or the promotion of ostecintegration in
implantology operations, preferably orthopaedic implaniclogy.

Advantageously, in fact, the prosthesis or the surgical implant comprising or preferably
entirely produced with the substrale of the present invention make it possible to combat
bacterial adhesion and proliferation on the suriaces thereof without inducing any
harmiul effect on eukaryotic cells and at the same time they promole the adhesion,
differentiation and growth of osteoblasts, thus enhancing ostecintegration into the

patient’s bone tissue.

EXAMPLES

Example 1 — Materials and methods

1.7 Type of samples

The samples used in the following experiments are disc-shaped samples with a
diameter of 1 cm and thickness of 0.2 cm, made of titanium alloy TisAlzNb conforming (o
standard 18O 5832-3, supplied by the company Medacta International SA. The samples
were subjecied to a surface finishing pre-freatment by sandblasting with white
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corundum F 36 on one side of the sample. The samples thus obtained are indicated as

“‘untreated” samples (NT).

1.2 ASD trealment
A part of the samples (NT) obtained as previously described was subjected to the ASD

R

treatment, whilst another part was stored in the “untreated” state in order {0 be able to
conduct appropriate comparative experiments.
The electrolytic solutions used were prepared using an agueous solution containing
calcium acetate monchydrate (CA) and B-glycerophosphate disodium salt pentahydrate
10 (B-GP) as described by /Ishizawa et al. ("H. Ishizawa, “Formation and characterization of
anodic titanium oxide films containing Ca and P, Joumnal of Biomedical Materials
Hesearch, Vol. 28, 6572 (1995)), modified by adding a solution containing a strontium
salt as an element for favouring osteciniegration and/or a sclution containing a gallium
salt as an antibacterial agent.
15 In order 1o prevent the precipitation of the gallium ions in the solution, L-cysteine was
also added as a chelating agent for that ion.
The electrolytic solutions were prepared by joining two different solutions: the first
containing galiium and L-cysteine (solution A}, and the second containing the remaining
elements (solution B). The reason for this preparation lies in the presence of the
20 chelating agent, which must advaniageocusly bind solely to the gallium and not o the
other ions. Once chelation has taken place, solutions A and B can be combined to
obtain the electrolytic solutions 1o be used in the ASD treatment.
The reagents present in the various electrolytic solutions, along with the associated

specifications and the molarities used, are shown in the table below {Table 1):

D
n

Table 1
Reagents Chemical formula Molecular Molarity (M)
weight
{g/mol)
B-GP CaH7NazOeP"5H20 306.12 0.04
{Glycerophosph

ate disodium
salt
pentahydrate




10

WO 2021/014291 PCT/IB2020/056688
23

(Sigma-Aldrich,
50020)
Calcium acetate | CaHeCal4s HO 15817 (.25
(CA) (Sigma-
Aldrich, 25011)
Strontium (CHaCO2)25r 205.71 0.05%/0.08Y/
acetate 0.12¢/0.15¢
(Sigma-Aldrich,
388548)
Gallium nitrate Ga(NOs)s*"H20 225.74 0.002-0.004
{Sigma-Aldrich,
S56506)

L-cysteine HSCH2CH(NH2)COH | 121,16 0.006
{Sigma-Aldrich,
W326305)

As indicated in the table, the elecirolylic solutions were tested by varying the
concentration of strontium {a, b, ¢, d} in order to determine the best electrolytic solution
for the purposes of the present invention.

The ASD treatment was performed in the galvanostatic mode; a voltage of 300 V and a
current density of 20 mA/cm? were set.

For the treatment, irrespective of the ions present in the solution, the average
anodisation time was approximately 5 minutes.

The experimental set up used entails preparing first of all an electrolvlic cell as
schematically fllustrated in Figure 1, comprising a double-walled receptacle in which the
space interposed between the inner wall and the outer wall is occupied by a refrigerant
iquid whose temperature is regulated by an automalic refrigerator (Julabo F32-HL
refrigerated/heating circuit with a temperature range -35 to +200 °C). This enables the
electrolytic solution contained inside the receptacle to gradually reach and maintain a
constant temperature of 0 1 °C during the trealment. A magnetic stirrer is positioned
on the botiom of the receptacle and produces a vortex that keeps the elecirolytic
sclution under continuous stirring.

For the purpose of conducting experimental {ests, the sample to be treated (i.e. the

titanium alloy sample as previously described), which corresponds to the anode of the



R

10

15

D
n

WO 2021/014291 PCT/IB2020/056688
24

electrochemical circuit, was immersed in the solution. It was kept suspended thanks o a
sample holder, likewise made of titanium, which was connected {0 the positive pole of
the cell, whereas the negative pole was connected o a metal mesh, also made of
titanium {previously subjected o a pickling process), which covers the inner walls of the
recepiacle and acts as the cathode. The instrument used tor the freatment is a
programmable DC current generator (NS772A, Agilent Technologies, Everett, WA,
USA) with a full-scale value of 600 V and maximum current intensity of 2.4 A.

The samples obtained and subsequently characterised and used for the experimenis
described below are classified as:

- “Ga” samples, obtained following the ASD treatment with electrolytic solutions as
described in Table 1, in the absence of strontium ions;

- “BrGa” sampies, obtained following the ASD treatment with electrolytic solutions
containing gallium and  strontium  ions, the lalter present in  different
concentrations (see solutions a, b, ¢, d shown in Table 1).

As shown in Figure 2, it is possible to appreciate a change, which is also visible to the
naked eye, in the surface of untrealed samples (NT) versus the samples subjected to
the ASD treatment, since the surface of the latler appears o take on specific colours.

1.3 Statistical analysis

The stalistical analyses were performed using GraphPad Prism 7.0 software; a p-value
<0.05 was identified as the level of significance.

After the normal distribution of variance was verified, one-way ANOVA tesis were
performed, followed by appropriate post-hoc tests and Student’s t-test for independent
samples in order o measure the contact angle and cell and bacterial viability, as
described in the Examples below.

Two-way ANOVA tests were performed for the microbiological and biclogical tests, as
described in the Examples below (see, in particular, Examples 6 and 7).

Example 2 — Chemical characterisation

2.1 Inductively coupled plasma - optical emission spectrometry (ICP-OES)
The chemical characierisation was carried out for the purpose of verifying and
gquantifying the presence of strontium and gallium ions incorporated into the titanium

oxide layer coating the treated samples.
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In particular, in order o verify the effectiveness of the method of the present invention
as regards the incorporation of ions into the titanium oxide, a chemical characterisation
by means of inductively coupled plasma - optical emission spectrometry (ICP-OES) was
carried out. This type of analysis makes it possible 10 measure the concentration of the
elements, in particular strontium and gallium, incorporated into the litanium oxide layer
present on the surface of the sample, in terms of ug/cm?.

The analyses were performed with a Perkin Elmer Optima 8300 spectrometer.

The ICP-OES analysis was performed first of all on samples treated with the electrolytic
solutions as described in Table 1, in the absence of gallium ions and containing
strontium ions in different concentrations (0.05M - solution a, 0.08M - solution b, 0.12M
- solution ¢, and 0.15M — solution d}, in order 1o quantify the strontium present in the
titanium oxide layer and identify any relationship between the amount of sall in the
solution and of ions present on the sample. As shown in the graph in Figure 3, there is
good linearity in the interval of concentrations used; it is therefore possible to predict
the amount of strontium deposition on the sample, based on the amount thereot in the
sclution.

A solution containing the gallium salt and the chelating agent was subsequently added
to each of these solutions and it was then verified by means of further ICP-OES
analyses that the amount of strontium ions deposited did not vary and the amount of
gallium ions deposited was also verified.

At first, two solutions were prepared, with strontium molarities as described above and
two different gallium molarities: 0.002M and 0.004M. The ICP-OES analysis showed
that the amount of gallium deposited, irrespective of the molarity of the solution, was
within a range of values comprised from 5.7 to 18 yg/em?. Consequently, the solutions
containing gallium were considered (o be comparable in {erms of the ireaiment

obtained.

Example 3 — Morphological characterisation

Different morphological analyses were performed in order to characterise the structure
of the oxides deposited on the surface of the litanium alloy TisAlzNb.

The morphological characterisation was carried out in order to evaluate the surface
marphology imparted 1o the samples by the ASD treatment and compare it with that of
an untreated sampile, i.e. one subjected solely to a surface finishing by sandblasiing.



R

10

15

D
n

WO 2021/014291 PCT/IB2020/056688
26

The characterisation was carried out by means of scanning electron microscopy (SEM).
The samples analysed were the following:

- an unireated sample {NT) subjected solely to a surface finishing by sandbiasting,
and not to the ASD treatment;

- a sample subjected to surface sandblasting and the ASD treatment with an
electrolytic solution as described in Table 1, in the absence of strontium ions and
with a Ga ion concentration of 0.004 M (Ga);

- a sample subjected to surface sandblasting and the ASD treatment with an
electrolytic solution as described in Table 1 containing gallium and stronfium
iong, the latter present at a concentration of 0.08 M, whereas the gallium ions
were present at a concentration of 0.002 M (SrGa).

3.1 Analysis with a scanning eleciron microscope (SEM)

The SEM analyses were performed with two different scanning electron microscopes:
SEM Cambridge — Stereoscan 360 and SEM EVO5Q, the latter also provided with an
energy dispersive X-ray spectrometer (EDS probe).

The three samples are shown by way of comparison in Figure 4. As may be observed,
the NT sample has a homogeneously “rough” surface due to the surface finishing
process by sandblasting. Howeaver, as regards the SrGa and Ga samples, both exhibit a
surface porosity having a morphology characteristic of the “spark phenomenon”, with g
homogeneous pore distribution and little presence of cracks in the oxide. The
morphology and size of the pores shows 1o be slightly irregular, a phenomenon
probably tied to the surface finishing pre-treatment periormed on the samples.

By using the EDS probe present in the SEM, it was further possible o obtain the
spectrum of the SrGa sample shown in Figure 5. From this spectrum it is possible to
see the presence of alloy elements, such as titanium, aluminium and nicbium, and also
of elements deposited within the oxide by means of the ASD treatment, namely, galiium

and strontium, as well, however, as calcium and phosphorus.

3.2 Evaluation of pore size

it was possible to measure the diameter of the pores oblainaed thanks o the acquisition
of SEM images of the titanium oxide layer, as noted above. In Figure 6 it is possible to
observe the surface morphology of a Ga sample at a 5000X magnification.
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Nine measurements were performed on different pores, whose average size was 1.066
.

As regards the SrGa sample, in this case as well the size analysis of the pores — the
morphologies of the two samples being comparable — provided resulis consisient with

the value given above.

3.3 Evaluation of oxide thickness

The thickness of the titanium oxide present on the surface of the samples was
evaluated by means of standard metallographic techniques, viewed under an optical
microscope and measured by means of Leica LAS — Camera Leica DFC 290 software.
For this analysis, two SrGa samples as described previcusly were prepared and two
metallographic cross sections were prepared from them by sectioning the samples
using a diamond-coated copper blade. The samples thus cut were subseguently
embedded in a heat-curing epoxy resin by means of a hot press (160 °C). In order to
obtain smooth, homogeneous surfaces, the samples were polished using abrasive
papers with a different particle size, from 120 - 150 grit 1o 1500 - 2000 grit. A final
lapping was also performed using an adjustable speed rotating-disc lapping machine
with an initial particle size of 5 - 6 uwm and g final one of 0.20 - 0,10 pym. Following this
freatment the surface of the samples showed o be completely smooth. Finally, the
samples were rinsed (o remove the excess resin and dried; they were then polished
with aluming paste (0.3 um alumina powder).

Five measurements were performed with an optical microscope for each sample and
the mean was then calculated; it turmed out 1o be 7.59:2.56 um. Figure 7 shows the
optical microscope image of the section of one of the two samples of SrGa where it is
possible to appreciate the titanium oxide layer.

Example 4 — Physical characterisation

Physical analyses were carried out with the aim of characterising the titanium oxide
layer of the samples treated with ASD from a structural and physical viewpoint.
The samples analysed are the following:
- an untreated sample (NT) subjected solely to a surface finishing treatment by
sandblasting, and not the ASD treatment;
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- a sample subjecled to surface sandblasting and the ASD treatment with an
electrolytic solution as described in Table 1, in the absence of strontium ions and
with a Ga ion concentration of 0.004 M (Ga);

- a sample subjected to surface sandblasting and the ASD treatment with an
electrolytic solution as described in Table 1 containing gallium and strontium
ions, the latter present at a concentration of 0.08 M, whereas the gallium ions
were present at a concentration of 0.002 M (5rGa).

4.1 Evaluation of the contact angle

Wettability is a parameter that conditions the body’s biological response {0 an implanted
device.

in order to guantitatively evaluate the wettability of the samples, which depends on the
degree of hydrophobicity or hydrophilicity of the surfaces, a measurement was made of
the contact angle between the fiquid and surface which, in turn, is tied to the suriace
tension that is established between the liquid molecules.

The contact angle was measured using the sessile drop technique. This technigue
requires the use of an instrument provided with a syringe dispenser for depositing drops
of Millipore water, which expand on the surface of the sample positioned on a movable
rest surface. The expansion of the drops continues until an equilibrium is reached
between the cohesive forces within the liguid and the gravitational adhesive forces that
tend to make the drop spread.

A video system (Allied Vision iechnologies) consisting of a high-resolution camera
connected to a computer captures the images and projects them onto the screen, whilst
the Shape Analysis (DSA) (Kruss, Germany) software imposes the baseline for
determining the interface between liquid and solid, generates an automatic profile of the
drop and provides measurements of the mean contact angle between the values of the
two angles identified by the intersection between the profile and baseline.

in order to make the analyses more repeatable and standardised it was necessary (o
define a protocol thal was applied (o every sample subjected to analysis. All of the
samples were washed with Millipore water on a slir plate for 5 minutes, dried for 15
minutes in an oven at a temperature of 37 °C and allowed to cool to room temperature
(25 °C) in a closed container. The samples analysed are two NT samples and two 5rGa
samples as described in paragraph 4.
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Four drops of Millipore water were deposited on every sample and analysed in
sequence. The value of the contact angle obtained is the result of the arithmetic mean
of the values obtained for every test. The mean values of the angle © for the NT sample
and for the SrGa sample were 81.14°48.85° and 76.48°+5.15°, respectively.

From Figure 8 it is moreover possible to gualitatively appreciate the behaviour of the
samples in terms of wettability. One observes, in fact, similar drop morphologies of an
NT sample and an SrGa sample, confirming the measurements of the contact angles,

which show comparable values {p>0.05).

Example 5 — Helease tesis

in order to examine the release of strontium and gallium ions from the titanium oxide
layer, each sample prepared was inserted intc a 15 mi conical bottom tube and
immersed in 10 mi of phosphate saline buffer solution (D-PSB) (Sigma Aldrich D8537)
at 37 °C. The release tests were performed also 1o assess the dissolution, if any, of part
of the titanium oxide coating the surface of the samples, with a consequent release of
ions incorporated therein.

The samples analysed were SrGa samples, that is, samples subjected to surface
sandblasting and an ASD treatment with an electrolytic solution, as described in Table
1, containing gallium and strontium ions, the latter present at a concentration of 0.08 M,
whereas the gallium ions were present at a concentration of 0.002 M (SrGa).

The tests were conducied by immersing 12 of these SrGa samples in PBS solution.
Four time points were considered: 1 day, 7 days, 14 days and 21 days. Three SrGa
samples were prepared for every time point. The test started at the same time for all the
samples considered and was inferrupted at the previously described time points. At this
point ten mi of solution were drawn from two tubes, the third being maintained as a
control, and analysed by ICP-OES.

On the twenty-first day the ICP-OES analysis regarded both the solution present in the
tube and the samples themselves.

Table 2 shows the mean amounts of strontium and gallium released in PBS at three of

the four time points, in terms of mg/L

Table 2
time point Sr[mg/] Ga [mg/l]
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Day 1 0.62+0.17 0.05+0.005
Day 7 0.57+0.12 0.03+0.007
Day 14 0.67+0.03 0.03+0.003

Example 6 — Microbiological characterisation

in order to assess the effectiveness of the antibacterial treatment on the samples
reated with ASD, the following microbiological analyses were performed, using the two
main bacterial strains involved in orthopaedic infections: Staphviococcus epidermidis
and Staphylococcus aureus, both belonging to the category of gram-positive multidrug-
resistant (MDR) strains. The bacterial viability of both sitrains used for the
microbiological tests was evaluated by means of an XTT assay. The resulis oblained in
terms of optical density {0.D.}) were normalised with respect to the values detected for
the untreated sample (NT) at every time point of the test (day 1, day 3, day 5, day 7).
The samples analysed are the following:

- an unireated sample (NT) subjecied solely to surface finishing by sandbliasting,

and not to the ASD treatment;

a sample subjected to surface sandblasting and the ASD treatment with an
elecirolytic solution as described in Table 1, in the absence of both strontium ions
and gallium ions, i.e. in the presence sclely of P and Ca ions (matrix);

- a sample subjected to surface sandblasting and the ASD treatment with an
electrolytic solution as described in Table 1, in the absence of strontium ions and
with a Ga ion concentration equal to 0.004 M (Ga);

- a sample subjected to surface sandblasting and the ASD trealment with an
elecirolytic solution as described in Table 1, in the absence of gallium ions and
with an Sr ion concentration equal 1o 0.08 M (Sr);

- a sample subjected to surface sandblasting and the ASD treatment with an

elecirolytic solution as described in Table 1, containing gallium and strontium

ions, the latter present at a concentration of 0.08 M, whereas the gallium ions

were prasent at a concentration of 0.002 M (8rGa).

6.1 Prokaryotic cell culiure conditions
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The strain Staphylococcus epidermidis was obtained from a clinical isolate and supplied
by the baclericlogy and virclogy unit of the "Azienda Ospedaliero-Universitaria
Maggiore della Carita” (Novara, italy), whilst the strain Slaphylococcus aureus (ATCC
43300, distributed by LGC Standards, Sesto San Giovanni, Milan, ftaly) is commercially
available. Both strains were used 1o assess bacterial adhesion o the samples of
titanium alloy according to the present invention. The bacteria were cultured in mannitol
agar medium (M8052, Sigma Aldrich) at 37 °C under aerobic conditions for 48 h uniil
the appearance of individual colonies. The plates were kept at 4 °C until the time of use.
Beiore every experiment, 20 mi of fresh bacterial culiure were prepared by inoculating
about 2-3 individual colonies into Luria Bertani liquid medium solution (LB, Sigma-
Aldrich, Milan, Haly). These colonies were cultured at 37 °C in an orbital shaker
incubator at 120 rpm for 80 minutes in order to prevent the formation of bacterial
precipitates. In order to infect the sample with bactera in the exponential growth phase,
the bacterial suspensions were diluted in PBS s0 as to reach a final concentration of 1 x
10° cells/ml. This concentration was determined by comparing the optical density of the
suspensions at 600 nm with a standard curve which correlates optical density (A = 600
nm) with the number of cells. The value of the final bacterial concentration was
determined on the basis of the conient of bacleria present in a severe orthopaedic
implant infection (about 1 x 102 cells/mi), such as to require removal of the prosthesis.
During the iest, the aim was to simulate the worst case of infection: it was estimated
that the maximum level of infection present in an operating room is about 1 x 10°
celis/mi, so the actual antimicrobial effectiveness of the samples of the present
invention was verified by subjecling the sample {0 even more severe conditions of

infection (final bacterial concentration equal to 1 x 10° cells /mi).

6.2 Sterilisation of the samples

The samples were sterilised by immersion in 1 mi of ethanol (Sigm-Aldrich Milan Code
R3154) at 70% (v/v) in PBS for two hours and subsequently rinsed in PBS (1 mi each);
they were then placed in a 12-well culture plate (Thermo Scientific TM Nunc TM, code
142485).

6.3 Infection of the samples and biofilm formation
In order to infect the samples, one millilitre of bacterial solution containing 1x10°
bacteria was deposited on the surface. The cells were left in an incubator for 80 minules
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at 37 °C, under shaking at 120 rpm, to allow uniform adhesion {adhesion step). The
suspension containing the plankionic cells was subsequently removed, whereas the
samples with the bacteria adhering to the surface were submerged in 1 mi of LB
medium and incubated for 24 hours at 37 °C in a moist atmosphere. The biofilm was
allowed to grow at 37 °C for 1,3,5,7 days prior to the evaluation.

The procedure described was {ollowed for both of the bacterial strains on six SrGa
samples for every treatment and six untreated samples (NT).

6.4 — Evaluation of the antibacterial activity of the alloy TisAlzND

The antibacterial activity was evaluated 1, 3, 5 and 7 days after the bacterial intection by
means of an XTT assay, comparing the samples trealed with ASD (malrix, Sr, Ga and
SrGa) to the untreated ones (NT) used as a control.

6.4.1 XTT assay

The XTT assay (2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazoliym-5-
Carboxanilide) is a colorimelric assay used to assess cell viability. The XTT salt (Sigma,
St Louis, MO, USA) was used o determine the activity of the enzyme dehydrogenase
as an indicator of the metabolic state of the viable bacterial cells, which convert the XTT
vellow fetrazolium salt into a water-soluble brown formazan salt, thus imparting an
orange colour (o the substance.

The XTT sall was dissolved in acetone (3 mg/mi) and the solution was then diluted to
10% (v/v) with PBS. At every time of evaluation, 100 il of this solution were deposited
on each sample present in the wells of the multiwell plate. The samples were then left {o
incubate at 37 °C in the dark for 5 hours. Subsequently, 100 ul from every well were
centrifuged for 2 minutes a 1200 rpm and then removed and introduced inio a new 96-
well plate. The optical density (0.D.}) thereof was measured by means of a
spectrophotometer (Victor, Packardbell, Lainate, ltaly) set at 490 nm.

The XTT assay was performed on 6 preparations for every ASD treatment (matrix, Ga,
Srand SrGa) and 6 untrealed samples (NT) for both bacterial strains, Staphylococcus
epidermidis and Staphylococcus aureus.

The values of microbial viability relating to the treatments were normalised with respect

to the values of untreated titanium.
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Figure 9 and Figure 10 show the trend in the antibacterial activity of the samples treated
with the various solutions at every lime point of the test and for both bacterial strains,
respectively for &. epidermidis and S. aureus.

it can be observed thal, in the case of S. epidermidis, the NT samples show a greater
optical density compared {o the samples treated with ASD, with the exception of the
samples subjected to the ASD treatment with an electrolytic solution in the absence of
both strontium ions and gallium ions, Le. in the presence solely of P and Ca ions
{("matrix” samples}, whose optical density values are comparable to those of the NT
samples. The differences belween the Sr and SrGa samples in terms of cell viability are
significant {p<0.05) for this strain, except on day 1 and on day 5 (p>0.05).

With regard o S, aureus, the NT samples show higher optical density values than the
samples treated with ASD, always with significant differences (p<0.05) except for the
“matrix” samples on day 3 (p=0.06). The Sr and “malrix” samples subjected o g lest
with &. aureus show similar optical density values, not having any antibacterial {i.e.
gallium ions) deposited on them.

As regards the Ga sampiles, it is possible to observe that in the case of infection both
with 8. epidermidis and with S. aureus, very low bacterial viability values are oblained.
in the Sr(Ga samples a greater bacterial activily, in terms of optical density, is noted with
both bacterial strains compared 1o the NT samples, thus confirming the presence of the
antibacterial, whereas compared to the Ga samples, the antibacierial activily shows to
be lower, though in any case acceptable.

This result could be due to the lower amount of gallium ions present on the SrGa
sample as opposed to the Ga sample.

Example 7 — Biclogical characterisation

in viiro tests were performed using two commercial cell lines: human foetal osteoblastic
progenitor cells (hFOB 1.19, ATCC CRL-11372) and mature human osteoblasts
originating from ostecsarcoma (U-2 O&, ATCC HTB-96).
The samples analysed are the following:

- an unireated sample (NT) subjected solely o surface finishing by sandbiasling,

and not to the ASD treatment;



R

10

15

D
n

WO 2021/014291 PCT/IB2020/056688
34

a sample subjected to surface sandblasting and the ASD treatment with an
elecirolytic solution as described in Table 1, in the absence of both strontium ions
and gallium ions, that is, in the presence solely of P and Ca ions (matrix);

- a sample subjected to surface sandblasting and the ASD treatment with an
electrolytic solution as described in Table 1, in the absence of strontium ions and
with a Ga ion concentration equal to 0.004 M (Ga);

- a sample subjected to surface sandblasting and the ASD trealment with an
electrolytic solution as described in Table 1, in the absence of gallium ions and
with an Sr ion concentration equal to 0.08 M (Sr);

- a sample subjected to surface sandblasting and the ASD treatment with an

elecirolytic solution as described in Table 1, containing gallium and strontium

ions, the latter present at a concentration of 0.08 M, whereas the gallium ions
were prasent at a concentration of 0.002 M (SrGa).

7.1 Sterilisation of the samples

The samples were initiglly sterilised by gamma rays, a technigue known for its efficiency
and ability not to damage titanium alioys.

The samples were subseguently sierilised by immersion with 1 mi of ethano! (Sigma-
Aldrich Milan Code R3154) at 70% (v/v} and then washed in PBS. The samples were
then placed in a 12-well cell culture plate (Thermo Scientific TM Nunc, code 142485).

7.2 Cell cutiure

Gulture of U-2 OS cells
The U-2 OS cells were cultured as per the instructions of the supplier (ATCC) in a
commercial medium, fresh Dulbecco’s Modified Eagle Medium (DMEM, Sigma-Aldrich
Milan) supplemented with antibiotics {penicillin/streptomycin, Code P0781, 1% v/v) and
foetal bovine serum (FBS, Sigma-Aldrich Milan, Code F7524, 10% v/v} in an incubator
at 37°C, 5% COq,

Culture of the hFOB cells
The hFOB cells were cultured as per the instructions of the supplier (ATCC) in a
commercial medium, fresh Modified Eagle Medium/F12 mix (MEM/F12, Sigma-Aldrich
Milan) supplemenied with antibictics {penicillin/streptomycin, Code P0O781, 1% v/v) and
foetal bovine serum {(FBS, Sigma-Aldrich Milan, Code F7524, 10% v/v) and selected by
means of neomycin (salt G418, Sigma-Aldrich Milan) in an incubator at 34°C, 5% CO..
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7.3 Evaluation of direct cytocompatibilily

in order to evaluate the cytocompatibility of the ireated samples compared to the
original titanium alloy, the cells were cultured directly in contact with the treated surface
of the samples. Once 70-80% confluence was reached in the plate, the celis (hFOB and
U-2 OS) were detached by enzymatic digestion with trypsin (37°C, 5 minutes),
centrifuged (5 minutes, 900 rpm) and counied by means of trypan blue staining and a
Blrker chamber. On the surface of every sample, 1x10% cells were seeded in a volume
of 50 microlitres of medium; the cells were allowed to adhere for 2 hours at 37°C, 5%
CO2, after which the samples were submerged in 1 mi/sample of fresh medium for
direct culiuring. The viability of the cells cultured directly on the surfaces of the samples
was verified by means of an XTT colorimetric metabolic assay after 1-2-3 days of direct
contact as detailed in Example 6 in paragraph 6.4.1.

The viability values are represenied in terms of optical density and normalised with
respect io the values of untreated titanium alloy (NT) for every time of evaluation: day 1,
day 2 and day 3. In Figure 11 and Figure 22 it is possible {0 see the trend over time, in
terms of optical density, of the cell proliferation of both lines, hFOB and U-2 OS5,
raspectively.

For both cell lines it was possible 10 nole a comparable optical density value among the
various treatments and the NT samples, with the exception of Sr, which, for the cell line
U-2 OS5, shows an increase over time in the proliferation of ostecblasts.

This leads one to suppose that strontium may have a positive action on cell proliferation
and thus that it actually has an active role in the process of ostesintegration.
Furthermore, the numerousness of such cells in vilro” leads one to suppose that, once
“in vivo”, they may result in a greater deposition of new bone, with consequent benefits
in terms of bone siability.

Finally, based on these resulls, there does not appear to be any cylotoxic effect deriving
from the ASD trealments performed on the titanium alloy.

in particular, both on day 2 and on day 3 an increase in the optical density was noted for
every sample, thus suggesting an increase in cells on the samples. This increase in

optical densily was smaller in the case of the NT sampiles.

These experiments make it possible to conclude that the ASD treatment performed with
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an electrolytic solution containing gallium shows excellent antibacterial properties but,
as it does not include strontium, it does not significantly influence ostecintegration,
despite not showing any cytotoxic effects. Furthermore, the samples that have a co-
deposition of strontium and gallium, though they show slightly less antibacierial activity
than the samples with gallium alone, appear {0 be a good compromise between

osteointegrative and antibacterial effectiveness.
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CLAIMS

1. A prosthesis or a surgical implant comprising a substrate of a metal having at least
one surface coaled with an oxide layer of the metal itself, wherein said coaled surface is
modified and enriched with Ca, P, Ga and Sr ions by means of a morphological and
chemical moditication of said oxide layer with the anodic spark deposition (ASD)
technique; said prosthesis or said surgical implant being preferably entirely produced
with said substrate.

2. The prosthesis or surgical implant according to claim 1, wherein said coated surface

is modified and further enriched with the Ag ion.

3. The prosthesis or surgical implant according to claim 1 or 2, wherein said metal is
selected in the group consisting of titanium and a titanium alloy, preferably TisAlzNb.

4. The prosthesis or surgical implant according to any one of the preceding claims,
wherein said oxide layer of the metal has a thickness comprised from 1 to 20 um,
preferably from 2 to 15 pum, even more preferably from 3 16 8 um.

5. The prosthesis or surgical implant according to any one of the preceding claims,
wherein said oxide layer of the metal is a microporous layer, characterised by having
pores of dimensions comprised from 50 nm {o 5 wm, preferably from 100 nm to 3 pum,
said pores being homogeneously distributed over the layer.

6. The prosthesis or surgical implant according to any one of the preceding claims,
wherein said oxide layer of the metal is enriched with an amount of Ga comprised from
0.01 to 30 ug/em?, preferably from 2 to 30 ug/om?, more preferably from 0.02 to 8
ug/em?, more preferably from 3 fo 8 pg/cm?, even more preferably from 0.03 io 6

ug/cm?, even more preferably from 4 to 6 pg/em?,
7. The prosthesis or surgical implant according to any one of claims 2 to 6, wherein said
oxide layer of the metal is enriched with an amount of Ag comprised rom 0.05 10 5

ug/em®, preferably from 0.10 fo 3 yg/cm?, more preferably from 0.25 1o 2 pg/om?.

8. The prosthesis or surgical implant according to any one of the preceding claims,
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wherein said oxide layer of the metal is enriched with an amount of Sr comprised from
10 to 250 ug/om?, preferably from 50 to 350 ug/cm?, more preferably from 30 to 120
ug/em?, more preferably from 70 to 250 ug/om?, even more preferably from 40 to 70

ug/em?, even more preferably from 100 to 150 ug/om?.

9. A process for preparing a prosthesis or a surgical implant according o any one of
claims 1 or 3-8, comprising the steps of:

(i} making up an agueous solution comprising a Ga salt and a chelating agent (solution
Ay and an aqueous solution comprising an Sr salt, a phosphate and a calcium salt
{solution B);

(i} mixing solution A with solution B to obtain an electrolytic solution;

(iii) providing a substrate of a metal, preferably titanium or a fitanium alloy, said metal
preferably being passivaled or non-passivated;

{iv} optionally pre-treating at least one surface of the substrate of step (iii} until obtaining
a surface with a modified morphology;

(v} providing an electrolytic cell comprising a receptacle (1) containing the electrolytic
solution (2} obtained in step (i}, the substrate (3) of step (iii} or the substrate (3)
obtained in step (iv) and a cathode.

{(vi) connecting the substrate and the cathode respectively o the posilive and negative

poles of the cell and proceeding to treat the substrale by anodic spark deposition (ASD).

10. The process according o claim 9 for preparing a prosthesis or a surgical implant
according to any one of claims 2-8, wherein said step (i) is a step of making up an
agueous solution comprising a Ga salt, a chelating agent and further also comprising an
Ag salt (solution A" and wherein said step (i) is a step of mixing said solution A” with

solution B to obtain an electrolytic solution.

11. The process according to claim 8, wherein the electrolytic solution obtained in step
(i} comprises said Ga salt at a concentration comprised from 0.001 to 0.008 M,
preferably from 0.002 {0 0.004 M.

12. The process according to claim 10, wherein the electrolylic solution obtained in step
(i} comprises said Ga salt at a concentration comprised from 0.0001 to 0.002 M,
preferably from 0.0003 to 0.001 M and said Ag sali at a concentration comprised from
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0.001 to 0.015 M, preferably from 0.002 10 0.010 M.

13. The process according to any one of claims 8 (o 12, wherein the elecirolytic solution
obtained in step (i) comprises said Sr salt at a concentration comprised from 0.01 10 0.3
M, preferably from 0.05 10 0.15 M.

14. The process according to any one of claims 9 to 13, wherein the elecirolylic solution
obhtained in step (i} comprises said chelating agent at a concentration comprised from
0.002 to 0.01 M, preferably from 0.004 to 0.008 M, said phosphate at a concentration
comprised from 0.02 to 0.2 M, preferably from 0.03 to 0.05 M, and said calcium sali at a
concentration comprised from 0.05 1o 0.6 M, preferably rom 0.2 i0 0.3 M.

15. The process according to any one of claims 9 o 14, wherein the surface with a
modified morphology obtained in step (iv) is obtained with a pre-treatment performed by
means of a surface modification technigue selected in the group consisting of
sandblasting, coating with metallic titanium by plasma spraying, coaling with titanium
microspheres sintered onto the surface, coating with titanium fragments, coaling with

rough or porous titanium and combinations thereof.

16. The process according to any one of claims 9 to 15, wherein said Ga salt is selected
in the group consisting of: gallium nitrate (Ga(NQOs)a), gallium nitrate hydrate
(Ga(NOs)a*H20) and gallium acetate Ga(CaHa0z)s.

17. The process according to any one of claims 10 or 12-16, wherein said Ag salt is
selected in the group consisting of: silver nilrale (AgNOs) and silver acetate
(AgC2Ha02).

18. The process according to any one of claims 9 to 17, wherein said Sr salt is selected
in the group consisting of: strontium acetate ((CHsCO2)2Sr) and strontium nilrate
Sr{NQOs)z.

19. The process according 10 any one of claims 9 io 18, wherein said chelating agent is
selected in the group consisting of; L-cysteine (HSCHCH(NH2)CO:H), oxalic acid and
ethylenediaminetetraacetic acid (EDTA).
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20. The process according o any one of claims 9 to 19, wherein said phosphate is
glycerophosphate disodium salt pentahydrate (B-GP).

R

21. The process according fo any one of claims 8 to 20, wherein said calcium salt is

calcium acetate monghydrate (CA) (CaHsCal4a™Ho(O).

22. The process according to any one of claims 9 o 21, wherein said cathode is a
metallic cathode; said cathode is preferably a titanium cathode.

10
23. The process according o any one of claims 9 to 22, wherein the step of ireaiment
by anodic spark deposition (step (vi}} is performed al a temperature comprised from -5
to +5 °C, preferably from -1 to +1 °C.

15 24, The process according to any one of claims 9 to 23, wherein the step of treatment
by anodic spark deposition is performed working with direct current at a first current
density comprised from 5 to 50 mA/cm?, preferably from 10 to 30 mA/om?, with a
poteniial that increases independently up 10 a value comprised from 210 to 330 V,
preferably from 260 to 310 V, for a period of time necessary 1o reach said potential

20 value, and at a second current density comprised from 50% 10 5% of the value of the
first current density.

25. The process according o any one of claims 9 {o 24, wherein the step of treatment

by anodic spark deposition is performed working with pulsed current.

D
n

26. A prosthesis or a surgical implant according to any one of claims 1 to 8 for use in
the prevention of bacterial colonisation, the reduction of bacterial biofilm adhesion or the
promotion of osteocintegration in implaniclogy operations, preferably orthopaedic

prosthetic implaniology.
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