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PROCESS FOR THE PRODUCTION OF SILVER-CONTAINING PROSTHETIC DEVICES

The present invention refers to a process for the production
of prosthetic devices or medical implants with antibacterial
action, due to silver ions release, and to prosthetic devices

thus obtained.

One of the most common post-operative complications rising as
a consequence of prostheses insertion is represented by in-
fections onset [1]. This kind of problem can be solved by
systemic supply of antibiotics, or by the antibacterial
agents’ aid, as for example silver ions, that being released
gradually and in a controlled way directly on the implant
site, can defeat the colonization by most common bacteria

stocks of the surfaces of the implanted devices [2-8].

In respect of the commonly used antibiotics, silver has the
advantage to be antibacterial in a wide range, can be sup-
plied locally rather than orally, thus avoiding common anti-
biotics’ side effects (as for example the development of re-
sistant bacteria populations, intestinal flora impoverish-
ment..) . Polymeric devices coated with silver or containing
silver ions and having antibacterial behaviour [9-13] are al-
ready commercialized (catheters, dressings for burn wound
healing, toothbrushes (Silvercare®), filtering and purifying
systems for drinking water or swimming pools, textiles fibres
(X-Static®, Eastlon®, Amicor®...) to realize antibacterial

(Atisorb®) and anti-fungi tissues, plasters..).

Those products are successfully used, but for devices that

are not designed to be implanted, or for devices that come in
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contact with human body only for short time periods (dispos-

able).

Some studies to produce implantable devices, suitable for
silver ions release, have been performed in the field of me-
tallic materials for orthopaedics (pins for external bone-
fracture fixation devices) [14-17]; the only clinical tests,
performed on steel orthopaedic screws, subjected to silver
ion implantation [17], have not led to the routine applica-
tion of the studied devices because it was impossible to
dose, with the required accuracy, the contained silver, thus
producing toxic effects on surrounding tissues and silver

concentrations higher than allowed level for human being.

Studies in the field of glass, ceramic and glass-ceramic ma-
terials are actually in progress [18-22]. These studies gen-
erally regard synthesis techniques which modify the composi-
tion of all material body with the disadvantages above men-
tioned. Such obtained materials demonstrated an expected an-
tibacterial activity, but they have never been used or tested

clinically, nor is their cytotoxic behaviour known.

Preliminary studies of ion exchange treatments in molten
salts mixtures, performed by the research group of the inven-
tors of the present patent [32] have demonstrated the possi-
bility to enrich with silver ions the biomaterial surface
only, but reaching a too high concentration which provokes,
after ions release in physiological fluids, the surface pre-

cipitation of AgCl in amounts not safe for human beings.

Silver ions have an oligodynamic effect, that means, depend-
ing on their concentration, together with the dimensions of

cells with they interact, they could provide bacteriostatic,
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antiseptic or even cytotoxic activity [23-25], thus rising
the importance of an accurate silver ions measuring on im-

plants’ surface [26].

The primary aim of this invention is to provide implantable
prosthetic devices, temporary or definitive, which could come
in contact with human beings for medium or prolonged times
(for example months, years), able to release the adequate
silver amounts to provide antibacterial action without caus-

ing systemic cytotoxicity.

At this purpose the main object of the present invention is a
functionalization process with silver ions on glass, glass-
ceramic and ceramic surfaces for the production of implant-
able devices having an antibacterial action, as defined in

the following claims.

An other object of the present invention is represented by
implantable or prosthetic devices, obtainable through the ap-

plication of the invention process.

The proposed process allows introducing silver ions solely
into the very first surface layers of a glass, glass-ceramic
or ceramic material, shaped as a bulk material or as a coat-

ing, thus conferring the required antibacterial properties.

The prosthetic devices can thus have a body constituted by
the above mentioned materials, or the main part formed by a
substrate of any type of material, partially or totally pro-
vided with a coating of a glass, glass-ceramic or ceramic ma-
terial. Such device is afterwards subjected to the mentioned
treatment, without the necessity for further manufacturing

processes.
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Materials to be used within the scope of the invention are
preferably biocactive materials, and in particular bioactive
glasses. Bioactive glasses are widely used as massive materi-
als for small bone substitutions or as coatings on metallic
or ceramic implants (artro-prostheses, dental implants). They
are able to induce a real chemical bond with bone tissues be-
cause of their capability to interact with biological fluids
[27] forming on their surface a layer of hydroxylapatite,
which is the mineral constituent of calcified tissues. Bioac-
tivity can be verified in vitro by the observation of hy-
droxylapatite growing on a material’s surface after soaking

it in a simulated body fluid.

Nevertheless, the process can be applied generally to biocom-
patible glassy, ceramic or glass-ceramic materials, and not

necessarily to biocactive ones.

The application of ion-exchange process, in conformity with
the invention, to a biocompatible but not biocactive material,
is in fact desirable and advantageous as it allows conferring
antibacterial properties also to temporary or definitive de-
vices which are expected to provide, depending on the implant
site, besides the interaction with deep tissues, also an ac-
cess to external environment through soft tissues (for exam-
ple dental implant devices, orthopaedic devices for external
fixation). In fact in the zone of transition from deep tis-
sues to external ones is not necessary nor desirable to ob-
tain a strong bond with tissues, but it becomes sufficient to
guarantee biocompatibility properties and to control infec-

tions risks powerfully.

The only tie concerning the materials to be used in the in-

vention ambit is represented by the necessary presence in
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such material of cations available to be exchanged with Ag'
cations. So, the employed materials contain modifiers ions,
whose cations are susceptible to ion-exchange with silver
ion, in particular from alkaline metals oxides (for example

sodium or potassium) and alkaline-earth metals oxides.

It is also possible to use biocompatible glasses containing
aluminium oxide. Employed glasses can be either based on sil-

ica systems or on phosphate ones.

The process object of the invention is carried out by the im-
mersion of the device, or a part of its bulk, in an aqueous
solution of a water-soluble silver salt. Preferably, the sil-

ver salt should be silver nitrate.

Water-soluble silver salt concentration can be varied in a
wide range, but is generally lower than 0,5 M; the solution
temperature is generally lower than 100°C, preferably between
80°C and 100°C; nevertheless, thermal treatment in high pres-
sure conditions and at temperatures higher than 100°C can be

also performed.

Time of treatment is not particularly critical and it is
function of the temperature. Typically used process times are

included between 15 and 240 minutes.

As the amount of introduced silver ions into the glassy mate-
rial is as higher as higher is the amount of oxides contain-
ing exchangeable ions, is preferable to use glassy materials
having a moderate content of exchangeable modifying ions; for
example silica glasses, having sodium and/or potassium oxide

content lower than 25% molar, are preferable.
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The material obtained after applying the ion-exchange proc-
ess, {(here defined for conciseness as “exchanged” material)
presents a thin surface layer concerned with silver ion func-
tionalization, which typically has a thickness lower than 50
pm, better if lower than 1 pm. Exchanged material, after be-
ing immersed in simulated body fluid solutions or during time
of implant in the body, can itself release silver ions, in a
gradual and controlled manner during time, thus performing a

local antibacterial action.

During some experimental tests, a bioactive glass composi-
tion, belonging to the system S$i0,-Ca0-Na,0, has been used;
it has been synthesized by melting the starting compounds
that are precursors of the constituent oxides of the glass

and it is capable to exchange sodium ions with silver ions.

Exchanged glass has been characterized by means of morpho-
logical and compositional analyses (through electron micros-
copy — SEM - accompanied by EDS analysis), structural evalua-
tions (X-Ray diffraction - XRD), spectroscopy (infra-red
spectroscopy - FTIR ATR) and in vitro tests both to verify
exchanged material’s biocactivity and to study silver ions re-
lease during time in simulated body fluid solutions. Such
tests consisted in soaking the materials in a simulated body
fluid, having the same composition of the blood plasma inor-
ganic phase, and then observing both ion release trend and

sample surface modifications during time.

After two months soaking in simulated body fluid, maintained
at 37°C, the exchanged glass showed an unvaried bioactivity
respect to untreated glass, as can be deduced by observing

the growing of a thick layer of hydroxylapatite.
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Silver ion release, evaluated during time by chemical analy-
ses, of solutions that come in contact with the material, al-
ready occurs in the first hours after immersion, being this
result perfectly compatible with antibacterial needs, which
have to be performed especially during the first hours after
the surgical operation. Moreover the release level is per-
fectly compatible with critical values for cells prolifera-
tion found out in literature and it prolongs for a sufficient
time to maintain the antibacterial activity during the device

employment.

Finally cytotoxicity tests on osteoblast-like cells have been
performed, to verify biocompatibility of the modified mate-
rial and bone cells. The same tests, for comparison purposes,
have been also performed on samples of untreated glass and of
glass exchanged in molten salts mixtures. The glass exchanged
in aqueous solution has demonstrated compatibility towards
cells comparable to the un-exchanged glass, while molten

salts ion-exchanged glass resulted cytotoxic.

From these results we can deduce that the introduced silver
amount by aqueous solution ion-exchange, and consequently re-
leased from the glass, has to be maintained under the limit
of precipitation of AgCl to guarantee the non-toxicity of the

surface.

On the base of these results, aqueous solutions ion-exchange
process has been applied to another glass belonging to the
same system, but selected for its lower surface reactivity
respect to the previous one (the composition has been modi-
fyed adding a small amount of Al,0; that confer stability to
the glass thus inhibiting its biocactivity).
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In this way the exchange process applicability has been
evaluated also for a non-bioactive glass, useful for applica-
tions where the formation of strong bonds with tissues is not

necessarily required.

Also for this glass composition similar and in-depth biologi-
cal characterizations have been performed (protein adsorp-
tion, adhesion and proliferation of fibroblasts) and also in

this case the material resulted to be non-cytotoxic.

Further characteristics of the process relative to the inven-

tion are shown in the following example of application.

In the enclosed drawings:

- fig.l is a XRD plot relative to the glass used in the
example of application and of a crystalline phase - wollas-
tonite - obtained by thermal treatment at 950°C of the same
glass;

- fig.2 is a SEM micrograph of a TigAl,V sample coated
with SCNA glass, used in the example, and then subjected to
aqueous solution ion-exchange process;

- fig.3 shows a graph in which Ag' ions release data, col-
lected by GFAAS in simulated body fluid, are compared for two
glass samples series, one exchange by the process object of
the present invention and the other by the exchange in molten
salts mixture;

- fig.4 is a histogram representing the adhered (6 hours)
and proliferated (24 hours) cells number, collected on the
surface of a glass exchanged by the process object of the
present invention (Ag-SCNA) in comparison with the untreated
glass (SCNA) and the PS control; and

- fig.5 is composed by some SEM micrographs of cells ad-

hered (6 hours) and proliferated (24 hours) on SCNA and Ag-
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SCNA samples surfaces.

Example

Selected glass: SCNA
Molar composition: 57% Si0, - 34% Ca0 - 6% Nay0 - 3% Al,0;

Produced by melting at 1450-1550°C and pouring:
- on brass sheet to obtain massive samples;

- in water to obtain powders.

Massive samples have been subjected to annealing thermal

treatment at 600°C for 10 hours.

The powder has been ground and sieved to a size between 30um

and 75pm to be sprayed by plasma-spray technique on a metal-

lic substrate.

Structural properties (XRD):

The glass obtained by melting and pouring is completely amor-
phous; with a thermal treatment at 950°C the crystalline
phase named wollastonite (that is a bioactive ceramic) enu-

cleates (fig.1)

With SCNA powder plasma spray coatings on TigAlsV (which is a

Ti alloy usually used for dental implants and orthopaedic de-

vices) tablets; coating thickness is about 100 pm.

Ton-exchange in aqueous solution:

Both massive and coated samples have been subjected to the
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same ion-exchange process, being the conditions:
T = 100°C

[AgNO3] = 0,05M

t = 457

SEM observation of coated samples has shown that both the
coating morphology and the substrate one remain unvaried af-
ter the aqueous solution ion-exchange process. It must be un-
derlined that the metallic substrate does not reveal corro-

sion pits due to ion-exchange treatment (fig.2).

Release tests (GFAAS):

Release tests provide lower values of ion release respect to
data collected on samples of the same glass exchanged in
molten salts mixture or having a different glass composition
(60% mol Si0; - 30% mol Ca0 - 10% mol NaQ) (fig.3). XRD and
EDS analyses performed on Ag-SCNA samples after 28 days soak-
ing in simulated body fluid have not evidenced the presence
of AgCl or other Ag salts on the sample surface. This point
is very important as is known that AgCl has a cytotoxic be-

haviour.

Biological properties {cell coltures):

The glass behaviour has been non-cytotoxic (figg.4 and 5): in
particular, by comparing micrographs in fig.5, it is clearly
evident that Ag introduction in the glass does not signifi-

cantly change neither the number, or the cells morphology.

The technique of the present invention, in respect of other
processes described in literature [28-31] to obtain similar

effects, shows some advantages, connected with many factors:
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the proposed technique is economic, easy to transfer on a
large scale, versatile, and allows maintaining unchanged, ex-
cept for the first surface layers, the structure and the
chemical-physical characteristics of the glass. The presence
of the antibacterial agent limited only to the surface, and
not diffused in all the material’s body, moreover allows to
accurately tune the released silver, providing great material
saving thus effectively maintaining its amount well below
toxicity levels found out for silver ions when released in
the human body in excessive doses. Moreover, silver ions re-
lease is limited to the first hours after the implant, when
it is strictly recommended to guarantee the antibacterial ac-
tion. Finally, the functionalization by the introduction of
silver ions can be limited to small areas of a prosthetic de-
vice, and not necessarily applied to the all surface, thus
allowing realizing a multi-functional device. Such prosthetic
devices, temporary or definitive, can be used in all those
applications that can be realized with the before mentioned
materials and that require an antiseptic action after their
implant. Applications in the orthopaedic surgery, maxillo-
facial surgery and devices for the controlled release in drug

delivery systems are to take into consideration.
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CLAIMS

1. Process for the preparation of a prosthetic device or im-
plant, adapted to release silver ions in the implant site,
thus providing an antibacterial but non-cytotoxic action,
characterized in that it comprises the operation of subject-
ing said device, at least partially comprising a glassy, ce-
ramic or glass-ceramic material, which contains metal ions
that can be exchanged with silver ions, to an ion-exchange

process in a silver containing aqueous solution.

2. Process according to claim 1, characterized in that said
ion-exchange process is performed by the device immersion in

a soluble silver salt aqueous solution.

3. Process according to claims 1 or 2, characterized in that
said solution <contains silver nitrate 1in a concentration

smaller than 0,5 M.

4. Process according to any of claims 1 to 3, characterized
in that the ion-exchange process is performed at temperature
lower than 100°C, preferably between 80°C and 100°C for peri-
ods from 15" to 240’.

5. Process according to any of claims 1 to 4, characterized
in that the glass, ceramic or glass-ceramic material is a
biocompatible material containing modifying oxides of metals
that can be exchanged with silver, belonging to the group of

alkaline or alkaline-earth metals.

6. Process according to claim 5, characterized in that said

material is a bioactive glass.
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7. Process according to any of claims 1 to 6, characterized
in that said material is a glass containing silica, calcium

oxide, sodium oxide and optionally aluminium oxide.

8. Process according to any of the previous claims, charac-
terized in that said material contains an amount of sodium

oxide not exceeding 25% molar.

9. Prosthetic device or implant comprising at least a surface
portion or a coated area of glass, ceramic or glass ceramic
material, functionalized with silver ions, having an antibac-
terial and non-cytotoxic action due to silver ions release in
the site of implant, as obtainable by a process according to

any of claims 1 to 8.

10. Prosthetic device according to claim 9, characterized in
that it has a thin surface layer with a thickness lower than
50 pm, better if lower than 1 pm,functionalized with silver

ions.

11. Device according to any of claims 9 or 10, characterized
in that said material is a biocompatible or biocactive glass
containing alkaline or alkaline-earth metals’ oxides, the

ions of which are exchangeable with silver ions.
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