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Bone tumors and the resulting complications, such as the development of infections in patients immunosup-
pressed by conventional therapies, remain an important issue, since they can cause serious problems such as bone
weakness, fractures, pain and metastases. In this work, a magnetic and antibacterial devitrified glass for bone

f:;:ftfacterial tumor treatment and infection prevention is proposed. The magnetic devitrified glass was synthesized by the
Hyperthermia melt and quenching route, while the antibacterial effect was conferred by introducing silver through the ion

exchange process, by varying silver concentration. The obtained materials were characterized from a morpho-
logical, compositional and structural point of view, evidencing the silver introduction both in metallic and ionic
form. The calorimetric test evidenced the samples’ ability to release heat, useful for hyperthermia treatment,
when subjected to an alternating magnetic field. Finally, in vitro bioactivity tests revealed that the introduced
silver did not alter the reactivity of the material, and a preliminary evaluation of the antibacterial effect
demonstrated a significant inhibition zone against S. aureus. Therefore, the developed material exhibits prom-
ising characteristics for application in hyperthermia-based bone tumor treatment, while also providing anti-

bacterial properties.

1. Introduction

Bone tumors, both malignant and benign, represent a critical branch
of oncology since they present particular epidemiological characteristics
influenced by several factors such as gender, age and genetic pre-
dispositions [1]. Although the incidence rate of bone tumors, particu-
larly primary malignant ones, is not very high (0.2% of all
malignancies), the overall survival rate is low, while recurrences are
significant [2]. The treatments currently used for bone tumors include
surgery, supported by chemotherapy and/or radiotherapy. However,
surgery often fails to completely eradicate the tumor, resulting in me-
tastases and recurrence. Radiotherapy and chemotherapy have several
side effects, such as bone death or osteoradionecrosis, cardiotoxicity,
liver damage, and suppression of bone marrow [3].

In addition to conventional therapies, several treatments are
currently being investigated in both preclinical studies and the litera-
ture, such as immunotherapy, targeted therapy and gene therapy.
Among these, biomaterial-based strategies are attracting considerable
interest because they can combine therapy with bone support and

regeneration [4,5]. Magnetic materials are deeply investigated because
they can generate localized heat when exposed to an external alternating
magnetic field and can therefore be used for hyperthermia treatments
[6,7]. Magnetic materials for hyperthermia include iron oxides, ferrites,
and metal alloys [6,8]. Magnetic devitrified glasses, particularly bioac-
tive ones, have attracted the attention of researchers for their potential
to destroy tumor cells and, at the same time, stimulate osseointegration
[9-14].

A serious complication associated with bone tumor surgery is the
development of infections [15,16], particularly in patients immuno-
suppressed by conventional therapies. To solve this issue, magnetic
materials with antibacterial properties have been proposed [17]. Some
authors have developed composite materials containing a magnetic and
an antibacterial phase; for example, Hlukhaniuk et al. [18] proposed
bifunctional PCL scaffolds containing magnetic nanoparticles and tannic
acid as an antibacterial agent. Other research works combined the
magnetic hyperthermia and the release of antineoplastic agents
[19-21].

Silver has long been studied to impart antimicrobial properties to
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bioactive glasses and glass-ceramics [22-25]. Silver can be introduced
as a reagent into glass precursors synthesized via casting and melting or
sol-gel process, or it can be introduced through ion exchange technique.
Its introduction does not affect the bioactivity of the glass; on the con-
trary It has been highlighted that it participates in the bioactivity process
with the same role as sodium [26]. However, its content must obviously
be carefully calibrated to avoid toxic effects [24,27]. The incorporation
of metal ions with antibacterial properties into bioactive magnetic glass
or glass ceramic materials is still little investigated in the literature. For
example, the work of Sharma et al. [28] reports the synthesis of mag-
netic glass ceramics containing up to 4 mol% silver via a melt quenching
process. The resulting material exhibits good antibacterial activity but is
not bioactive.

Recently, the authors proposed the introduction of silver and copper
in a bioactive and magnetic devitrified glass composition to obtain a
multifunctional material [29-31]. The introduction of the two antibac-
terial elements as starting reactants during the materials production by
the melt and quenching process did not lead to good results in terms of
antibacterial properties; furthermore, the used technique for Cu intro-
duction strongly influenced the formation of magnetite, with conse-
quent decrease in the capacity to release heat [30]. The introduction of
copper using the ion exchange technique did not affect the heating ca-
pacity of the material; however, the antibacterial properties could still
be improved [31].

In this work, the introduction via ion exchange of silver as an anti-
bacterial agent in a magnetic devitrified glass composition for the
treatment of tumors in hyperthermia and the prevention of infections
was evaluated. The material was characterized in terms of morphology,
composition, heating ability, bioactivity and preliminary antibacterial
properties. The obtained results highlight the efficacy of the adopted
technique to synthesize a multifunctional material for the treatment of
bone tumors.

2. Materials and methods
2.1. Synthesis of the bioactive devitrified glass

The material object of the present work (SC45) is a silica-based
partially devitrified glass with the following composition (wt%):
24.7% SiO2, 13.5% Ca0, 13.5% Nay0, 3.3% P50s, 31% Fex03, 14% FeO.
It was obtained by the addition of Fe;03 and FeO to the composition of
the bioactive glass 45S5 (Bioglass®) in proportions chosen to induce,
during casting of the melt, the crystallization of magnetite (ideally the
theoretical value of 45 wt%) as the only one crystalline phase inside the
residual amorphous phase, to assure both ferrimagnetic behavior (thus,
heat capacity generation) and bioactivity of the material [32-34]. High
purity raw materials were used: NapCOs (Sigma-Aldrich, >99,5%),
CaCOs (Sigma-Aldrich, >99%), SiO, (Sigma-Aldrich >99%), Ca3(PO4)2
(Fluka >96%), FeSO4*7H20 (Sigma-Aldrich, >99%) and FeyOg3 (Sig-
ma-Aldrich >99%). The powder precursors were automatically mixed
on a mixing roller for 15 min. The reactants were then heated in a
platinum crucible up to 1550 °C, using a heating rate of 10 °C/min,
inside a high temperature furnace (Nabertherm - Carbolite 1800) and
maintained in temperature for 25 min, up to complete melting. The melt
was then cooled at room temperature in air by pouring it into a brass
mold. During cooling, a partial devitrification of the amorphous phase
occurred, resulting in a high conversion of iron oxide into magnetite
crystals in the bulk samples. The bulk was then milled with a Planetary
Ball Mill (Vibratory Micro Mill PULVERISETTE O Fritsch) in a zirconia
jar. The milled powders were then sieved below 20 pm.

The ion exchange process was applied to the SC45 powders, aiming
to introduce Ag™ ions in substitution of Na* ones. The ion exchange, as
already described in Ref. [34] involves the exchange of alkali ions be-
tween a molten salt and a glass surface, followed by the interdiffusion of
ions into the glass. The reaction 1) clarifies the ion exchange process:
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Table 1
Different molar concentrations of the salts used for ion exchange and sample
identification of SC45.

Sample identification NaNO3/AgNO3; mol/mol Silver content
SC45-Ag 20 20 High
SC45-Ag 200 200 Medium
SC45-Ag 2000 2000 Low
+ } | +
Na(glass) + Ag(molten salt) - Ag(glass) + Na(molten salt) 1)

A thin layer of SC45 particles was interposed between two layers of
previously mixed salts, sodium nitrate (NaNOg, Sigma Aldrich, melting
temperature = 310 °C) and silver nitrate (AgNOs, Sigma Aldrich,
melting temperature = 210 °C), inside a silica crucible (purity >99%).
The crucible was introduced into an alumina cup and placed into an
oven (Manfredi-1200 °C). The ion exchange treatment was performed
for 30 min at 380 °C, with a heating rate of 10 °C/min. After the thermal
treatment, the crucible was removed from the oven and the melt was
quenched on a brass plate. Three washing treatments in distilled water
at room temperature were performed in ultrasound equipment to
remove residual salts, favoring the dissolution of the salts and the sep-
aration of SC45 powders. At the end of the washing treatments, residual
water was removed and the SC45 powders were filtered and dried in an
oven at 60 °C overnight. Three ion exchange conditions were investi-
gated for different Na/Ag molar ratios (20, 200, 2000) to study the effect
of silver molar concentration on SC45 properties. Table 1 summarizes
the ion exchange conditions and the corresponding sample
identification.

2.2. Characterization

2.2.1. Morphological, compositional and phase analysis

The morphology and composition of SC45 and Ag-doped SC45
powders were investigated by means of field emission electron micro-
scopy (FESEM — SUPRATM 40, Zeiss) equipped with energy dispersion
spectrometry (EDAX PV 9900) after chromium-coating of the samples.

The structure of SC45 before and after silver doping was investigated
by X-Ray diffraction (X'Pert Philips diffractometer), using the Bragg
Brentano camera geometry with Cu-Ka incident radiation, source
voltage and current set at 40 kV and 30 mA, step size A(20) = 0.02°,
fixed counting time of 1 s per step. The spectra were acquired and
analyzed with the “X'Pert High Score” program, comparing the experi-
mental data with the PCPDFWIN database (2002 JCPDS- International
Centre for Diffraction Data) and quantifying the amount of crystalline
phases by using the Reference Intensity Ratio (RIR) method in Pan-
alytical's X'Pert HighScore Plus software.

2.2.2. Calorimetric test

A calorimetric test was performed on SC45 samples using an alter-
nate magnetic field with the aim of detecting the increase in temperature
of a known volume of water containing samples of defined size, weight
and morphology. The test was developed using a magnetic induction
furnace Egma 6 (Felmi S.r.l), generating a magnetic field intensity of
22.5 mT at fixed working frequency of 220 kHz. 0.5 g of powder samples
were immersed in 16 ml of distilled water and the initial temperature
(Tjn) was measured with a thermocouple. Then, the tube containing the
samples was positioned in the middle of the coils of the inductor and
covered with a polyethylene foam thermal insulator to reduce heat
dispersion. The convective motion of the water inside the test tube
induced particle movement. A magnetic induction was applied and the
final temperature (Tg,) was measured after 2, 4, 6 and 8 min. After each
measurement, samples were cooled in air at room temperature. The
same test was repeated three times for each powder formulation to
minimize the data scattering.
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Fig. 1. FESEM-EDS analysis of SC45 (a,b) and SC45-Ag2000 (c-h).

2.2.3. Bioactivity tests

Bioactivity test was performed on SC45 samples doped with silver,
compared with the control (SC45), by immersion in simulated body fluid
(SBF) up to 4 weeks [35]. 100 mg of powder was soaked in 100 ml of SBF
and stirred in an orbital shaker (150 rpm), at the temperature of 37 °C.
The refresh of the solution was not performed to avoid particle loss. The
pH of the SBF was monitored every two days by using a digital pH meter.
After three and four weeks, powders were removed from the solution by
filtering, dehydrated in an incubator for one day at 37 °C and analyzed
using FESEM-EDS.

2.2.4. Antibacterial properties

The antibacterial properties of the samples were investigated by the
inhibition halo test, according to the National Committee for Clinical
Laboratory Standards (NCCLS) [36], using a Staphylococcus aureus

standard strain (ATCC 29213). The samples were produced using 200
mg of SC45 and silver-doped SC45 powders, uniaxially pressed at 4 tons
for 10 s in order to prepare pellets of a diameter of 1 cm and a thickness
of 0,5 mm. The pellets were placed on a Mueller Hinton agar plate,
uniformly covered with a previously prepared bacterial broth [37], and
incubated overnight at 35 °C. After 24 h, the results were evaluated by
observing and measuring the halo of inhibition formed around the
samples, which indicates the non-proliferation of bacteria.

3. Results and discussion
3.1. Morphological, compositional and phase analysis

Morphological and compositional analyses of Ag-doped SC45 pow-
ders, both on a wide area and on specific particles, were performed and
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Fig. 2. FESEM-EDS

reported below. Fig. 1(a and b) also reports for comparison a micrograph
of SC45 powders and related compositional analysis.

Fig. 1c reports a backscattering image area of SC45 particles <20 pm
after the ion exchange in molten salt with low silver conditions (SC45-
Ag2000), white arrows evidence the different brightness of precipitates
that are attributed to a silver-rich phase. Fig. 1d reports the EDS area
analysis that shows the presence of silver and chromium (the last one
comes from the metallization of the sample). Silicon, calcium, phos-
phorus, iron and oxygen are typical of the SC45 composition, while
silver is introduced during the molten salt ion exchange procedure.

Fig. 1e and g shows in more detail some SC45-Ag2000 powders in
backscattering at higher magnification. The presence of bright silver-
rich particles is clearly evident, as confirmed by the EDS analysis per-
formed on one of them, where the peak of silver is the highest of the
spectra (Fig. 1h). Ag particles have a submicron size or just over a
micron and they are not completely embedded into the glass matrix.
Fig. 1 e and f reports a morphological and compositional analysis per-
formed on a wide area of a SC45-Ag2000 particle. As it can be seen from
the EDS, the peak of silver is lower with respect to the other atomic
elements. Probably, in this area, silver ions entered into the glass matrix
without the formation of micrometric precipitate.

Fig. 2a reports the morphology of particles of SC45-Ag200; it is
possible to observe a large number of light spots, as evidenced by the
arrows, which can be attributed to silver-rich precipitates. The area EDS
(Fig. 2b) shows a higher peak of Ag than the SC45-Ag2000 sample.
While Fig. 2e reports a morphological analysis of a SC45-Ag200 particle
in which it is possible to distinguish a precipitate on the SC45 matrix, as

analysis of SC45-Ag200.

evidenced by the EDS in Fig. 2f (performed on the precipitate), which
highlights a peak of silver very sharp and high respect to the peaks of
glass elements.

Fig. 2c and d reports morphological and compositional analysis in an
area of the sample without precipitates, where the peak of silver is still
clearly visible. It could be assessed that in this area, silver has been
introduced in the glass-ceramic matrix, probably in ionic form, by ion
exchange. Moreover, a columnar crystal of magnetite of about 3 pm
embedded into the SC45 matrix is also observable.

Finally, Fig. 3 reports the morphology and the composition of the
SC45-Ag20 sample. Also in this case, some bright spots are well visible in
the image of area (Fig. 3a) and the area EDS confirms the presence of a
very high silver amount (Fig. 3b) together with the other chemical
components of SC45.

Fig. 3c and e report a magnification of SC45-Ag20 particles. Silver
seems to be entered in the vitreous network as confirmed by EDS in
Fig. 3d and, as in the other samples, precipitated as silver-rich phase as
confirmed by the EDS analysis performed on a bright precipitate, which
evidences a strong peak of Ag (Fig. 3e and f).

Table 2 resumes the semiquantitative analysis performed on top of
doped and undoped SC45 samples.

The sample SC45-Ag2000 shows a decrease of Na content of 3 %
respect to the undoped SC45 and a presence of Ag in atomic percentage
of 0,73%. This agrees with the ion exchange mechanism, since the so-
dium ions come out from the glass network (as modifier ions) and are
replaced by silver ions, which are present in the molten salt bath. In this
case, sodium ions are not completely replaced by silver ones.
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Fig. 3. FESEM-EDS analysis of SC45-Ag20.

Table 2
EDS analysis (at%) on doped and undoped SC45 samples, average values and
standard deviations.

SC45 SC45-Ag2000 SC45-Ag200 SC45-Ag20
Na 225+ 0.1 19.5 £ 0.9 16.3 +£ 0.1 1.8 £0.2
Si 21.3+0.2 22.1+0.8 20.8 £ 0.5 20.4+0.4
P 1.6+0.1 1.7+0.1 1.3 +£0.09 1.4+0.2
Cs 16.5 £ 0.1 14 £ 0.1 14.8 £ 0.3 123 £ 0.4
Fe 38+0.1 42+ 1.5 41.4+0.8 40.5 + 0.8
Ag / 0.7 £ 0.0 54+0.2 23.5+ 0.6

The atomic percentage of sodium decreases and is substituted by
silver, also in the sample SC45-Ag200. The introduced silver amount is
greater than SC45-Ag2000. Silicon and phosphorus remain constant, in
the same way calcium decreases due to the effect of the ion exchange
process, while iron remains stable.

The EDS analysis related to SC45-Ag20 evidences a very high
depletion of sodium and a clear decrease of calcium, a slight increase of
iron and the introduction of 23.5 at% of silver into the glass-ceramic.
The ionic exchange involved mainly sodium and silver. This depends
on whether silver ions possess an atomic ratio similar to sodium.

Fig. 4 reports the XRD pattern of Ag-doped SC45 samples and pristine
SC45 as a control. As previously observed by the authors [29,30], the
SC45 pattern shows magnetite (ref. 01-075-1609, 99%) as the main
crystalline phase, along with a very weak signal of hematite at 33,2° (ref.
00-013-0534, 1%). A similar result was observed by Sharma et al. in a

work concerning the synthesis of a magnetic glass-ceramics [28], even if
with a different composition. The pattern of SC45-Ag2000 is very similar
to the pristine SC45, showing magnetite as the main crystalline phase
(79%), a more intense signal of hematite (19%) and also metallic silver
(ref. 01-089-3722, 2%). Even SC45-Ag200 pattern shows magnetite as
the main crystalline phase (78%), together with metallic silver peaks
(5%) and a signal of hematite, comparable with SC45-Ag2000 (17%).
The X-ray analysis performed on SC45-Ag20 shows again magnetite as
the main crystal phase (59%) and very intense and narrow peaks of
metallic silver (17%). Hematite are always present (24%), and it is
remarkable that this phase was detected in increasing intensity as the
signals of metallic silver increased. At low diffraction angles between 20
and 35°, a halo typical of an amorphous phase is also detected.

A hypothesis on the chemical transformation observed on all SC45
doped samples with three different molar concentrations of silver nitrate
could be the possibility of a redox reaction between iron and silver on
samples surface. As already noted by the authors in another work, it can
be hypothesized that the reduction of Ag" to Ag° could be promoted by
the partial oxidation of Fe3O4 to Fe;O3 [29]. From a theoretical point of
view, silver ions in an aqueous solution tend to reduce with the
following reaction:

Ag(aq) + e"=>Ag(s) )

Silver has a higher reduction potential than iron [38], so it is more
inclined to reach a stable metallic form with a consequent oxidation of
iron. The chemical reaction developed is:

30977



M. Miola et al.

Ceramics International 52 (2026) 30973-30983

SC45-Ag20 I H o Magnetite o Hematite ¢ Silver
.
{ ! L]
LT ._JLWJH"M wo—"y ¢ A W J
SC45-Ag 200
S
©
> e ._)’__l A}k.—;:
g SC45-Ag 2000 |
£
| A A \
s e d P A o ey T A
SC45
A ', |
e T L A U | S — | »
......... S R L B e e e e A
20 30 40 50 60
2 Theta [Degrees]
Fig. 4. X ray diffraction patterns of SC45 and Ag-doped SC45.
o
g m SC45
2
g B SCA45-Ag2000
o
£ m SC45-Ag200
2
m SC45-Ag20
0 2 4 6 8
Time [min]

Fig. 5. Calorimetric test on pristine

Fe** + Ag" — Fe®* + Ag 2

Increasing the concentration of silver nitrate in the molten salt leads
to a greater formation of metallic precipitates. According to reaction (2),
the appearance of metallic silver precipitates may also be linked to the
oxidation of Fe?" ions and, consequently, to the partial conversion of
magnetite into hematite.

From these results, it is reasonable that silver has been introduced in
two different chemical forms: as metallic particles, confirmed by XRD
and morphological analysis, and as ionic specie, as verified by compo-
sitional analysis.

3.2. Calorimetric measurement

Fig. 5 shows the temperatures reached by the powders of SC45,
doped and undoped with silver, during the calorimetric test. The tem-
perature of SC45 always increases a little more than all silver-doped
samples. SC45-Ag2000 and SC45-Ag200 have similar behavior and
they maintain their temperature a few degrees (°C) below the control,
while SC45-Ag20 sample presents a slight decrease in heating at all time
points compared to the other samples. The observed slight decrease is

SC45 and SC45 doped with silver.

partially attributable to surface oxidation of Fe3O4 to Fe;Os, as well as to
the reduced fraction of the magnetic phase associated with the incor-
poration of silver nanoparticles, for the same sample mass. Overall, the
introduction of silver neither improves nor significantly degrades the
heat-generation capability. Indeed, after 8 min, the average temperature
recorded, on three repeated tests, is reported to be between 40 °C and
45 °C. This confirms the possibility of the hyperthermia application for
all the magnetic materials objects of the present investigation.

The above-mentioned results are consistent with those reported by
the authors in a previous study [29], in which silver oxide was intro-
duced as a reagent during the synthesis of SC45 glass through a mel-
ting-quenching process. In that work, the nucleation of metallic silver
nanoparticles within the bulk was observed, occurring according to re-
action (2). Accordingly, more intense hematite signals were detected in
the XRD patterns. In that system, metallic silver also promoted the
nucleation and growth of magnetite crystals, exerting a slight influence
on the magnetic properties, while not affecting the heating capability of
the silver-doped samples. This nucleation effect is not observed in the
present study, as silver is introduced by ion exchange at the surface of an
already devitrified glass.
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Fig. 7. EDS analysis of a) SC45, b) SC45-Ag2000, c) SC45-Ag200 and d) SC45-Ag20.

3.3. Bioactivity tests

To evaluate the result of the bioactivity test, the trends of the solu-
tions pH, containing samples of different compositions, have been
compared. To verify the reactivity in SBF and the possible nucleation of
silica gel or hydroxyapatite precursors, the samples were analyzed using
SEM and EDS analyses.

Any significant variation in the pH value during the test can be
noticed among the different compositions of silver-doped glass-ceramic,
if compared to the control (SC45). The pH was almost stationary and
oscillated between 7.4 (starting value, physiological pH) and 7.65
(Fig. 6). The recorded values fluctuate within the range considered
acceptable by human cells (7.0-7.8).

The reactivity of SC45 during soaking in SBF was also assessed by
evaluating the percentage of surface concentration of the elements
potentially involved in the bioactivity process, comparing the trend of
sodium, silicon, phosphorus, calcium, silver and iron before the treat-
ment (0 weeks), after 3 and 4 weeks in SBF. The obtained results are
reported in Fig. 7.

Concerning SC45 (Fig. 7a), it can be observed that sodium decreases

both after three and four weeks in SBF, silicon is slightly reduced after
three weeks and then returns to a value close to the starting point,
phosphorus increases in time, calcium is slightly reduced but it is stable
at three and four weeks, while iron increases after three weeks, then
slightly decreases at four. This trend is in agreement with the bioactivity
process: sodium is typically released in SBF solution and replaced with
H30™" ions and silicon increases at 4 weeks due to the presence of silica
gel formation. The phosphorus’ increase is justifiable according to the
process of bioactivity, which provides precipitation of phosphates on the
surface of the sample. The EDS analysis of area shows more iron in the
exposed glass particles at 3 weeks because the development of ionic
exchange-glass solution has partially dissolved the glassy matrix. The
reduction at 4 weeks can be related to the formation of a phosphate-rich
silica gel layer that partially covered the magnetite particles previously
exposed.

The trend of the elements for the samples containing Ag (Fig. 7b,c
and d) does not significantly differ from what was observed for the
control sample. In particular, it can always be noticed an increase in P
and a decrease in Na, except for the SC45-Ag 20 sample, in which the
decrease in Na is hardly detectable due to its low content following the
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Fig. 8. SEM micrographs and EDS analyses of SC45 (a, b), SC45- Ag 2000 (c, d), SC45 Ag 200 (e, f) and SC45- Ag 20 (g, h) after 3 weeks of immersion in SBF solution.

ion exchange with Ag. However, it was verified that silver ions can hydroxyapatite [39].
participate in the bioactivity process with the same role as sodium [26].
When they are released, the non-bridging oxygen atoms create the
conditions for silica gel formation, which will subsequently evolve into

Fig. 8 reports a morphological and compositional analysis of SC45
undoped and doped with silver, after 3 weeks in SBF. The results do not
indicate the presence of apatite, but rather a flat surface composed of
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Fig. 9. SEM micrographs and EDS analyses of SC45 (a, b), SC45- Ag 2000 (c, d), SC45- Ag 200 (e, f) and SC45- Ag 20 (g, h) after 4 weeks of immersion in
SBF solution.
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Fig. 10. Inhibition halo test of a) SC45, b) SC45-Ag2000, c) SC45-Ag200 and d) SC45-Ag20.

Table 3
Mean value of the inhibition halo diameter.

Sample Inhibition halo diameter [mm]
SC45 0

SC45-Ag2000 5

SC45-Ag200 5,7

SC45-Ag20 6,7

silica enriched in Ca and P, as confirmed by local EDS analysis, which
shows high peaks of silicon, along with calcium and phosphorus. The
cracks observed in the pictures (evidenced with dotted red circles) are a
common morphological feature for silica-gel grown on bioactive
material.

Fig. 9 reports the morphology and compositional analysis of undoped
and Ag-doped SC45 particles after 4 weeks of soaking in SBF. As in the
previous case, the precipitates with the typical morphology of hy-
droxyapatite were not observed; however, Si, Ca and P rich areas were
noticed, highlighting a certain degree of reactivity of the material. As
observed in previous works [33], the bioactivity kinetics of SC45 are
slow; however, the presence of silver does not seem to have interfered
with the bioactivity mechanism, since, as previously underlined [26],
silver plays the same role as sodium in the bioactivity process. Indeed,
other works evidenced a maintained or even enhanced bioactivity for
silver-doped bioactive glasses [25,40], highlighting that the incorpora-
tion of silver is fully compatible with the mechanisms governing
bioactivity.

3.4. Antibacterial properties

Fig. 10 shows the results of the inhibition halo test performed on Ag-
doped and undoped SC45 samples. All samples containing Ag produced
a significant inhibition halo between 5 and 6.7 mm. SC45-Ag2000 and
SC45-Ag200 samples show the presence of a double halo: a first well-
defined halo in direct contact with the sample surface and a second
one (more peripheral) in which some colonies begin to proliferate. On
the contrary, SC45-Ag20 sample produced a uniform halo. In fact, the
silver concentration decreases away from the sample until reaching, for
Ag 200 and 2000, a value for which some bacterial colonies begin to
survive and proliferate. With respect to the melting and quenching
techniques previously investigated by the authors [22], the SC45 doped
with silver by ion exchange in molten salts produced a very wide anti-
bacterial effect due to the preponderance of ionic form and metallic
particles.

Table 3 reports the mean values of the inhibition halo produced by
SC45 samples undoped and doped with silver. As expected, increasing
the silver concentration the diameter of the halo increases. The anti-
bacterial effect obtained for these samples indicates a contribution of
both the silver ions present in the glassy network and the nanometric
precipitates that were observed in all three formulations by FESEM-EDS
and XRD. In fact, even if the concentrations of silver in the samples are
very different from each other, all of them produced very wide and sharp

halos; this indicates that a large contribution to the antibacterial effect
was given by silver present in all samples in its different forms. For
example, SC45-Ag 2000 does not contain a particularly high amount of
silver within the glass network; however, it exhibits several precipitates
of metallic silver, which contribute to the formation of the halo.

4. Conclusions

Three different molar concentrations were used to prepare a silica-
based devitrified glass containing magnetite (SC45) doped with silver
(SC45Ag2000, SC45Ag200, SC45Ag20). The morphological and
compositional analysis evidenced on all samples the presence of silver
sub-micrometric metallic precipitates in different amounts, as well as
the presence of ionic silver in the amorphous matrix.

X-ray diffraction investigations confirmed the presence of metallic
silver in all samples. No additional crystalline phases were detected,
apart from magnetite and, in some cases, traces of hematite, whose in-
tensity increases with the increasing amount of metallic silver. The
calorimetric measurements presented a linear increasing trend with
time for all samples. A slight decrease relative to the control was
observed only for SC45Ag2000.

Bioactivity characterization was performed on the samples after
three and four weeks of soaking in SBF. The reaction kinetics of these
materials were relatively slow, and even after four weeks of treatment,
no crystalline hydroxyapatite was detected on the sample surfaces; only
a thin silica gel layer was observed. However, the introduction of silver
did not affect the reactivity of the material. The presence of a thin silica
gel layer was detected in several samples. This result was confirmed by
compositional analysis, which revealed a local increase in phosphorus
compared with the control sample, although no structural modification
of the surface was observed. Encouraging results came even from the
antibacterial characterization for all silver-doped samples, which pre-
sented a wide inhibition zone, where no bacteria grew and proliferated,
highlighting a contribution of silver in both metallic and ionic form.

Since the formation of metallic silver particles could partially affect
the reproducibility of the synthesis outcome, future studies should
investigate the optimization of process parameters (temperature, salt
concentration, and time) and the use of treatments under controlled
atmosphere to achieve improved control of the redox chemistry between
iron and silver ions.
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