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A B S T R A C T   

In this work, the ion-exchange technique in molten salts was investigated to introduce copper ions in a bioactive 
and ferrimagnetic devitrified glass. This approach aimed to develop a magnetic and bioactive material for 
oncologic bone implants, able to join the ability to promote bone bonding to hyperthermic therapy while 
simultaneously lowering the risk of developing post-surgery infections. The ion-exchange approach was devel
oped in order to overcome experimental critical issues related to the influence of copper introduction as a 
starting reagent, during the material synthesis, on magnetite nucleation. 

The magnetic devitrified glass was prepared by melt and quenching route, followed by ion exchange in a 
mixture of molten sodium and copper nitrates, in three different Na/Cu molar ratios (20, 200, 2000). The ob
tained samples were analysed in terms of morphology, composition, ability to release heat, bioactivity and 
antibacterial properties. The results revealed that copper ion-exchange involved both sodium and calcium ions 
and the precipitation of few amounts of copper oxide aggregates occurred. The crystalline nature of the starting 
material and its ability to reach the temperature needed for hyperthermia, under exposition to an alternating 
magnetic field, were not affected. A bacteriostatic effect was obtained by samples with the highest copper 
amount and the copper doping did not affect the bioactivity of the glass ceramic.   

1. Introduction 

Bioactive glasses and glass-ceramics have been studied for decades 
for their ability to chemically bind to bone tissue and promote its 
regeneration [1–4]. The versatility of bioactive glasses has prompted 
researchers to modify the composition of these materials to improve 
their biological activity, by introducing therapeutic elements in their 
composition or inducing the formation of second phases [5–7]. In 
particular, the nucleation of magnetic phases inside a bioactive glass 
matrix gained great interest in producing glass-ceramic/devitrified 
materials for treating tumors through hyperthermia [7,8]. 

Despite the low incidence of malignant bone tumors, the degree of 
mortality connected to this pathology is extremely high [9]. Actually, 
bone tumors are surgically treated by performing a wide and invasive 
local excision or an amputation. Surgery is often combined with 
chemotherapy and radiotherapy, which remain the main therapies 
applied in the clinical setting. However, these treatments often imply 
side effects and are not completely determined. Alternative therapies, 
such as photodynamic therapy, hyperthermia, immunotherapy, gene 

therapy, and hormone therapy have been proposed and are being 
studied. Among them, hyperthermia has been recognized as an effective 
treatment of solid tumors [10], and its effectiveness, when applied in 
combination with chemo and radiotherapy, has been widely demon
strated [11,12]. In particular, magnetic hyperthermia attracted the 
attention of researchers; magnetic materials (such as iron oxides, fer
rites, metal alloys) can be implanted in the cavity originating from the 
removal of the tumor and release heat when subjected using an external 
alternating magnetic field [7,8,13,14] selectively killing tumor cells. 

Magnetic hyperthermia has also several advantages: it can be 
repeated according to the patient’s needs (for example in case of re
lapses, without resorting to invasive procedures; moreover, the therapy 
is targeted at the tumor site, it has no adverse effects on healthy tissues 
and can be used for both superficial and deep tumors [15]. 

For bone tumor treatment, the research has as focused on the 
development of magnetic and bioactive material, in particular bioactive 
glasses/glass-ceramics, to join the hyperthermic therapy and the ability 
to promote bone bonding (bioactivity) and to regenerate both hard and 
soft tissues, thanks to the release of therapeutic ions. In recent years, 
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various magnetic and bioactive glass/glass-ceramic compositions have 
therefore been proposed [7,8]. Magnetic and bioactive glasses/ceramics 
can be produced by means of melt and quenching technique [16–25] or 
via sol-gel [26–30], and the magnetic phase can be added to a bioactive 
composition or can nucleate during the material synthesis. Moreover, 
bioactive and magnetic glasses/glass-ceramics can be functionalized 
with antineoplastic drugs [31] to join chemotherapy and hyperthermia 
and can be used, in powder form, as fillers in polymethyl methacrylate 
(PMMA)-based cement [32–34]. 

Since one of the common issues connected to bone tumor surgery is 
the risk of developing infections, especially in patients already immu
nocompromised due to chemo and radiotherapies, magnetic and 
bioactive glasses/glass-ceramics have been also doped with antibacte
rial elements [35–37]. In particular, the authors investigated the mag
netic and antibacterial properties of silver or copper doped 
ferrimagnetic and bioactive devitrified glass containing magnetite 
crystals (SC45), synthesized by melt and quenching process. The ob
tained results evidenced the ability to produce heat and good antibac
terial properties for silver-doped samples; while the copper introduction 
as starting reagent during the material synthesis influenced the forma
tion of magnetite and induced the nucleation of different crystalline 
phases, which in turn affected its ability to release heat. Moreover, the 
evaluation of antibacterial properties evidenced a limited copper 

diffusion, useless to inhibit bacteria proliferation. However, different 
studies highlight important antimicrobial properties of copper and evi
dence that Cu shows no difference in sensitivity between Gram-positive 
and Gram-negative microorganisms [38,39]. 

For these reasons, in this work, the authors investigated a different 
approach to introduce copper ions in the 45S5 bioactive and ferrimag
netic composition. The ion-exchange technique in molten salts was 
explored, and the obtained samples were analysed in terms of 
morphology, composition, ability to release heat, bioactive and anti
bacterial properties. 

2. Materials and method 

2.1. Materials synthesis 

The bioactive ferrimagnetic devitrified glass (SC45) with the 
following composition: 24.7 % SiO2-13.5 % CaO-13.5 % Na2O-3.3 % 
P2O5-31 % Fe2O3-14 % FeO (wt%) was produced by melt and quenching 
technique. As previously reported [35], the reactants were mechanically 
mixed, placed in a Pt crucible and melted at 1550 ◦C (Naber
therm-Carbolite 1800) for 25 min, using a heating rate of 10 ◦C/min. 
The melt was poured into a brass mold and subsequently milled (using a 
tungsten carbide grinding jar) and sieved to obtain powders with 

Fig. 1. FESEM-EDS analysis of SC45_Cu, using a NaNO3/Cu(NO3)*3H2O molar ratio 2000 (a, b), 200 (c, d) and 20 (e, f).  
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particle sizes below 20 μm. In order to introduce copper in the SC45 
composition, the ion exchange technique in molten salts has been used. 
The ion exchange process was carried out with a silica crucible, 1 g of 
SC45 and 20 g of mixture of sodium nitrate (NaNO3) and copper nitrate 
(Cu(NO3)2*3H2O), in three different Na/Cu molar ratios (20, 200, 
2000). The ion exchange in molten salt was performed at 380 ◦C for 30 
min with a heating rate of 10 ◦C/min, then powders were cooled at room 
temperature and washed with bi-distilled water in ultrasounds two 
times. Finally, the copper-doped powders (SC45_Cu) were filtered and 
dried in an oven at 60 ◦C overnight. All reagents for materials prepa
ration were purchased by Sigma Aldrich. 

2.2. Materials characterization 

The morphology and composition of SC45_Cu were investigated by 
means of field emission electron microscopy (FESEM – SUPRATM 40, 
Zeiss) equipped with energy dispersion spectrometry (EDAX PV 9900) 
after chromium-coating of the samples. 

The effect of copper doping in the structure of the 45S5 was inves
tigated by X-Ray diffraction (X’Pert Philips diffractometer), using the 
Bragg Brentano camera geometry with Cu-Kα incident radiation, source 
voltage and current set at 40 kV and 30 mA, step size Δ(2θ) = 0.02◦, 
fixed counting time of 1 s per step. The acquired spectra were analysed 
using the “X’Pert High Score” program, with the PCPDFWIN database 
(2002 JCPDS- International Centre for Diffraction Data). 

The heat generation of materials under exposition to an alternating 
magnetic field was evaluated by means of a magnetic induction furnace 
(Egma 6 - Felmi S.r.l) using a 220 kHz working frequency and 22.6 mT 
magnetic field. The measurements were performed on 0.5 g of devitri
fied glass powders placed in a glass tube containing 16 ml of distilled 
water, covered with a polyethylene foam thermal insulator to reduce the 
heat dispersion. The test was performed in triplicate and the tempera
ture increase was measured after 2, 4, 6 and 8 min of treatment using a 
digital thermocouple. 

The bioactivity of the samples doped with copper was investigated 
by immersion in simulated body fluid (SBF) for up to 4 weeks, 
employing morphological analysis, in order to detect eventual calcium 

phosphate precipitates on their surface, and EDS analysis, for the eval
uation of the compositional modification on the sample surface during 
soaking time. The pH of the solution was monitored during the whole 
test. 

The antibacterial properties were investigated on copper-doped 
SC45 pellets through the inhibition halo test, in accordance with the 
National Committee for Clinical Laboratory Standard [40], using a 
standard strain of Staphylococcus aureus (ATCC 29213). The pellets were 
prepared by pressing 200 mg of powders at 4 tons for 10 s in an auto
matic press (Graseby-Specac T-40). The inhibition halo test was per
formed by preparing a 0.5 McFarland solution (Phoenix Spec BD 
McFarland), containing approximately 1*108 colony forming units 
(CFU)/ml, as described in Ref. [41]. The 0.5 McFarland suspension was 
homogeneously spread on Mueller Hinton agar plate; the samples were 
placed in contact with the agar and incubated overnight at 35 ◦C. Sub
sequently, the inhibition zone was observed and measured. 

3. Results and discussion 

3.1. Morphology and composition 

Fig. 1 reports the FESEM-EDS analysis of SC45_Cu using different 
ion-exchange conditions. The EDS spectra demonstrated an increasing 
copper amount with the decrease of NaNO3/Cu(NO3)2*3H2O molar 
ratio: SC45_Cu2000 showed a Cu at% of 2 ± 0.3, SC45_Cu200 of 5.1 ±
0.3 and SC45_Cu20 of 59.9 ± 4. The increase in Cu amount is accom
panied by a strong decrease in Na and a slight decrease in Ca, suggesting 
that the ion-exchange process involved probably both Na+ and Ca2+

ions, as already highlighted in other studies, in particular with high 
copper concentrations [41–43]. FESEM micrographs of samples after ion 
exchange evidenced the formation of small aggregates with morphology 
different from the devitrified glass particles (evidenced by circles). 

Fig. 2 shows the FESEM-EDS analysis at a higher magnification of 
SC45_Cu samples. In all samples, small aggregates rich in copper are 
detectable, most likely generated during the ion exchange process, as 
previously observed by the authors with other glass compositions [43]. 
The EDS analysis in areas without precipitates evidenced small amounts 

Fig. 2. FESEM-EDS analysis of SC45_Cu, using a NaNO3/Cu(NO3)2*3H2O molar ratio 2000 (a-c), 200 (d-f) and 20 (g- i).  
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of Cu in the SC45 particles (Fig. 2c–f and i). The presence of copper in 
ionic form, which can be easily released from the material, is useful for 
imparting important antibacterial properties. As already reported by 
other authors [44,45], the bactericidal activity of copper is mainly 
ascribed to the release of copper ions, which damage the bacterial cell 
membrane and produce oxidative stress, resulting in the microorgan
isms’ death. 

3.2. Phase analysis 

The XRD analysis of SC45_Cu is reported in Fig. 3. As it can be 
observed, in addition to magnetite, a small amount of hematite and 
copper oxide, in greater amount as the concentration of copper in the 
ion-exchange conditions is increased, can be detected. Mainly for 
SC45_Cu20 (Fig. 3c), well-defined copper oxide (CuO) peaks can be 
detected at about 2 theta = 35 (covered by magnetite peak), 39, 48, 66, 

Fig. 3. XRD spectra of SC45_Cu2000 (a), SC45_Cu200 (b) and SC45_Cu20 (c). M = magnetite, H = hematite, CO = copper oxide.  
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68 (reference code 01-089-5898), together with magnetite (ref. code 01- 
089-3854) and a small amount of hematite (ref. code 01-073-0603). 
These results are in agreement with the FESEM observations, support
ing the hypothesis that, during the ion-exchange process, the precipi
tation of copper oxide aggregates occurred beyond the exchange of 
copper with sodium and calcium ions, particularly as the Cu concen
tration increases. 

3.3. Calorimetric characterization 

Fig. 4 reports the results of the calorimetric measurements on 
SC45_Cu samples. 

The temperature increments of the copper-doped SC45 were slightly 
lower than the pure SC45, except for the SC45_Cu200 samples that 
exceeded 4.7 % SC45 at 8 min. However, at times lower than 8 min, 
SC45_Cu200 has the same heating behavior as SC45. Nevertheless, the 
differences among the samples do not appear to be of concern; consid
ering the obtained delta and the body temperature (about 37 ◦C), all 
samples are able to reach in few minutes the temperature useful for 
hyperthermia (42-43 ◦C). Moreover, the obtained results evidenced that 
the ion-exchange process allowed to introduce copper in the devitrified 
glass composition, without affecting its ability to release heat, as instead 
observed by introducing copper as a starting reagent in the melt and 
quenching technique [36]. 

3.4. Antibacterial properties 

The results of the antibacterial test (samples on Mueller Hinton agar 
plate after the incubation at 35 ◦C for 24 h) are shown in Fig. 5. Only the 
sample SC45_Cu20 reveals a small inhibition halo of about 1 mm (evi
denced by a circle in Fig. 5), which is correlated to a bacteriostatic effect 
[40] and a blue diffusion halo, most likely owing to the release of free 
Cu++ ions from the amorphous network [46]. On the other hand, no 
inhibition nor diffusion halo was noticed for SC45_Cu200 and 
SC45_Cu2000 samples. As evidenced by the FESEM-EDS analyses, 
SC45_Cu2000 and Cu200 contain a low amount of Cu; moreover, as 
observed in Fig. 2 c,f,i, all samples contain CuO precipitates, which have 
demonstrated a poor antibacterial effect [46,47]. As highlighted by the 
authors in other works [36,41,46], the presence of Cu-containing crys
talline phases or Cu in metallic form reduces the antibacterial effect of 
the materials, confirming once again that the bacteriostatic effect is 
mainly related to the presence of free copper ions in the residual glassy 
phase, able to be released and interact with the bacterial cell membrane. 
Despite the presence of CuO precipitates, the SC45_Cu20 sample still 
contains a substantial amount of Cu in ionic form (Cu++), which diffuses 
in the agar and, as previously discussed [44,45], it is responsible for the 
formation of the inhibition halo and thus for the antibacterial action. 

Therefore, this preliminary result is encouraging because it demon
strates that ion exchange is a useful technique to impart antibacterial 
properties to a ferrimagnetic devitrified glass, potentially beneficial for 
the treatment of tumor in hyperthermia, using Cu as antimicrobial 
agent. The ion exchange process, unlike the melt and quenching tech
nique previously evaluated by the authors [36], limits the formation of 
crystalline phases and allows the introduction of a useful amount of 
copper ions, available to be released and to implement their antibacte
rial effect. 

In a previous work [35], the authors evaluated the introduction of Ag 
in the same composition, assessing its antibacterial efficacy. The com
parison between the effectiveness of different elements with antibacte
rial action is widely debated in the literature, with sometimes conflicting 
results; however, several studies report a higher antimicrobial efficacy 
of copper and no difference in sensitivity between Gram-positive and 
Gram-negative microorganisms, unlike what is observed for example for 
Ag and Zn [38,39]. 

3.5. Bioactivity 

Fig. 6 a-d report the EDS surface analysis of copper-doped SC45 

Fig. 4. Temperature increment registered during the calorimetric test on SC45, SC45_Cu2000, SC45_Cu200 and SC45_Cu20.  

Fig. 5. images of SC45, SC45_Cu2000, SC45_Cu200 and SC45_Cu20 samples on 
Mueller Hinton agar plate after the incubation at 35 ◦C for 24 h. 
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compared to the control (SC45) at 0, 3 and 4 weeks in SBF. The reported 
values are a mean of three analyses performed on different surface 
points of each sample. 

The trend is quite similar in all formulations: sodium (Na) concen
tration decreases at 3 and 4 weeks, which confirms the activation of the 
bioactivity mechanism. Silicon (Si) concentration decreases for 
SC45_Cu2000 and SC45_Cu200, while it remains almost stable for 
SC45_Cu20. Phosphorus (P) concentration increases for all formulations, 
probably due to the presence of a phosphate amorphous layer that can 
be identified as a precursor of hydroxyapatite. Calcium (Ca) concen
tration remains almost stable at each time point, revealing the slow 
reactivity of this material, already observed in previous works for 
undoped SC45 [48]. Iron (Fe) concentration increases gradually at 3 and 
4 weeks for all devitrified glasses. The trend is influenced by the gradual 
dissolution of the amorphous matrix which allows the exposition of 
magnetite on the sample surface. Copper does not undergo significant 
variations in any sample, except for SC45_Cu20, where a sensible 
decrease is seen from 0 to three weeks, evidencing the release of copper 
ions, as also observed in the antibacterial test. 

The trends of pH of the soaking solutions (data not reported) are 
quite similar for the various compositions and they oscillate in the 
physiological range between 7.4 and 7.8 at different time points. It can 
be assumed that the fluctuation is connected to the bioactivity of the 
amorphous phase of the material. 

Fig. 7 reports a morphology and compositional analysis of copper- 
doped particles after 3 weeks in SBF, partially covered by some 
precipitates. 

The morphological analysis of SC45_Cu20 after 3 weeks in SBF 
(Fig. 7a) shows the crystals of octahedral magnetite organized in a 
columnar shape embedded into the glass matrix. The EDS analysis dis
plays high peaks of silicon, calcium and phosphorous, confirming the 
presence of calcium phosphate rich silica gel on the particle. Fig. 7b 
reports the morphology SC45_Cu200 after 3 weeks in SBF: the analysis 
shows a reaction layer that coated glass particle, ascribable to a calcium 
phosphate rich silica gel, as confirmed by the EDS analysis, that shows a 

high peak of silicon, calcium ad phosphorous. As previously observed for 
other samples, the surface of SC45_Cu2000 particles (Fig. 7c) shows 
some precipitates. The ratio comparison of the peaks of silicon, calcium 
and phosphorus detected in the local EDS, with respect to the same 
peaks of the EDS of area performed on the same sample before soaking in 
SBF (Fig. 1), evidences some differences probably due to the formation 
of a silica gel rich in calcium phosphates correlated to the intermediate 
steps of bioactivity [1,2] such as the precipitation of calcium phosphate 
precursors of HAp. 

XRD investigation (not reported) did not detect any characteristic 
peaks of calcium phosphate crystalline phase, supporting the hypothesis 
that all the samples are characterized by a low bioactivity index. 

Fig. 8 reports the morphology of copper-doped particles after 4 
weeks in SBF, where some precipitates are evidenced. The local EDS of 
the particle shows a variation in silicon, phosphorus and calcium peaks 
ratio. Even in this case, we can assume that a calcium-rich silica gel 
precipitated on the particle without producing crystalline hydroxyapa
tite. In particular, the local EDS analysis of SC45_Cu2000 sample after 4 
weeks in SBF (Fig. 8c) presents higher peaks of calcium and 
phosphorous. 

However, also in this case, the XRD investigation on SC45_Cu2000, 
SC45_Cu200 and SC4_Cu20 after one month in SBF (data not reported) 
did not evidence any crystalline calcium phosphate phase. 

In conclusion, the bioactivity investigation performed on SC45 
doped with copper by ion exchange molten salt technique confirmed 
that the copper doping did not modify the reactivity of the SC45 which 
remains in any case quite low, comparable with that of undoped glass- 
ceramic [48]. 

4. Conclusions 

Copper ions have been introduced, with different concentrations, in 
a bioactive and ferrimagnetic devitrified glass by the ion-exchange 
technique in molten salts, aiming to develop a magnetic, bioactive and 
antibacterial material for oncologic bone substitutions. Compositional 

Fig. 6. Concentrations (at.%) of elements on the surface of SC45 (a) with respect to SC45_Cu2000 (b), SC45_Cu200 (c) and SC45_Cu20 (d) before and after in vitro 
bioactivity test. 
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and morphological analyses, supported by XRD, showed that the ion- 
exchange of copper involved both sodium and calcium ions and the 
precipitation of few amounts of copper oxide aggregates occurred, 
without affecting the SC45 nature of the starting material. The ion- 
exchange process allowed the copper introduction mostly in ionic 
form in the bioactive and ferrimagnetic composition, maintaining its 
ability to reach the temperature useful for hyperthermia under exposi
tion to an alternating magnetic field. Samples with the highest copper 
amount revealed an inhibition halo correlated to a bacteriostatic effect, 
due to the release of copper ions, and the bioactivity test confirmed that 
the copper doping did not modify the reactivity of the pristine SC45. 

Therefore, the obtained material, combining ferrimagnetic, bioactive 
and bacteriostatic properties, is promising for the treatment of bone 
tumor by hyperthermia and its complications (i.e. infection develop
ment). Future research will assess the material biocompatibility and its 

properties in a relevant biological environment in view of the final 
application. 
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