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HIGHLIGHTS

e Novel Zn/Mg bioactive glasses with tunable composition were developed.

e Small compositional changes strongly affected glass reactivity and ion release.

e Zn-rich glasses exhibited enhanced antibacterial activity through sustained ion release.

e One composition (Roma2) effectively inhibited both Gram-negative and Gram-positive bacteria.
e Roma2 emerged as the most promising multifunctional bioactive glass formulation.

ARTICLE INFO ABSTRACT
Keywords: Bioactive glasses (BGs) are widely studied for their ability to bond with tissues, release biologically active ions,
Bioactive glasses (BGs) and exhibit antimicrobial activity. In this study, a series of Zn- and Mg-containing BGs were synthesized via the

Zinc doping
Magnesium doping
Antibacterial properties

melt-quench method, varying the relative contents of ZnO and MgO. Structural and thermal properties were
characterized using X-ray diffraction, differential thermal analysis, and heating microscopy, while their in vitro
bioactivity was preliminarily assessed through immersion in Simulated Body Fluid. Ion release was quantified by
Inductively Coupled Plasma Mass Spectrometry with Triple Quadrupole, and antimicrobial activity was tested
against Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus). The results demonstrate that compositional
variations influence the physicochemical behavior, ion-release characteristics, in vitro bioactivity, and anti-
bacterial performance of BGs. In particular, Zn content played a key role: glasses in which Zn acted mainly as a
network modifier showed enhanced reactivity, sustained Zn** release, and strong alkalinization of the medium,
which correlated with improved antibacterial activity. Notably, one of the developed formulations (Roma2)
exhibited a highly favorable combination of structural stability, ion-release behavior, in vitro bioactivity, and
antibacterial efficacy against both Gram-negative and Gram-positive bacteria. Overall, these findings highlight
the potential of Zn- and Mg-doped BGs as multifunctional biomaterials for bone-related applications requiring
antibacterial functionality.

1. Introduction release biologically active ions. Since their introduction by Larry L.
Hench in 1969 with the composition of 45S5 Bioglass® (46.1 mol%

Bioactive glasses (BGs) are a class of biomaterials known for their Si0,, 26.9 mol% CaO, 24.4 mol% Na,0, and 2.6 mol% P5,0s5), BGs have
ability to bond with bone and soft tissues, stimulate regeneration, and been extensively studied and applied in orthopedics, dentistry, and
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tissue engineering [1]. According to their chemical composition, BGs
can be broadly classified into silicate-, borate-, and phosphate-based
systems, each characterized by distinct dissolution behavior, bioac-
tivity, and ion-release profiles that make them suitable for different
biomedical applications [2,3]. Among these, silicate-based BGs are by
far the most widely investigated owing to their high bioactivity,
compositional flexibility, and proven clinical success.

Biomaterials are typically classified into three generations [4]. The
first generation was developed with the aim of producing bioinert and
biocompatible materials that minimized adverse tissue reactions. A
decisive breakthrough occurred in the late 1960s, when Hench
demonstrated that a synthetic material could bond directly with living
bone, paving the way for second-generation biomaterials characterized
by bioactivity and controlled biodegradability. Subsequently, the
concept of third-generation biomaterials emerged from the convergence
of bioactive and resorbable systems. Molecularly tailored biomaterials —
including BGs, composites, hybrid systems, and macroporous foams —
are designed to interact at the molecular level, activate genes, guide cell
behavior, and promote tissue regeneration [1]. Although BGs are
considered an emblematic example of second-generation biomaterials,
they can also be engineered to function as third-generation biomaterials
when processed in specific forms, such as powders, with properties
tailored for particular applications, including angiogenic, osteogenic, or
antibacterial activity [5]. Besides composition, the synthesis route,
including conventional melt-quench and sol-gel processing, plays a key
role in determining the glass structure, homogeneity, porosity,
ion-release behavior, and ultimately its biological performance. Conse-
quently, both composition and processing must be carefully tailored to
the intended biomedical application [6].

Two main strategies have been developed to achieve antibacterial
performance [7], a key property for biomedical materials. The first in-
volves incorporating metallic or alkaline ions with antimicrobial activ-
ity, while the second focuses on designing BGs with high dissolution
rates of alkali and alkaline-earth ions, which locally raise the pH and
create an environment hostile to many pathogens. Several studies have
reported a correlation between the antibacterial properties of BGs and
their corresponding pH levels [8]. A major milestone in this field was the
development of the composition S53P4, commercially known as BonA-
live® (53.8 mol% SiO5, 21.8 mol% CaO, 22.7 mol% Na,O, 1.7 mol%
P,05), the first BG with proven antibacterial properties [9]. S53P4 has
demonstrated broad-spectrum efficacy against both aerobic and anaer-
obic bacteria [9]. More recently, the development of multifunctional
antibacterial biomaterials has attracted increasing attention, with anti-
microbial efficacy being attributed to the synergistic contribution of
multiple mechanisms, including therapeutic ion release, local pH in-
crease, inhibition of bacterial adhesion, and prevention of biofilm for-
mation [10].

Several therapeutic ions, including strontium (Sr), copper (Cu), sil-
ver (Ag), zinc (Zn), and magnesium (Mg), have been incorporated into
BGs to confer specific biological functionalities, such as osteogenic,
angiogenic, or antibacterial activity [11]. Among these, zinc [12,13]
and magnesium [14] are two of the most extensively investigated, since
both ions are naturally present in the human body and play essential
physiological roles. However, several studies report that the antimi-
crobial property of Mg is still debated and, in some cases, inconsistent,
whereas Zn has been consistently associated with higher inhibition of
E. coli and S. aureus [15-17]. Besides their antibacterial relevance, both
ions have been extensively investigated for their beneficial effects on
bone metabolism, as demonstrated by numerous in vitro and in vivo
studies. Zn has been reported to: (i) stimulate osteoblast proliferation
and differentiation; (ii) upregulate genes involved in angiogenesis and
anti-inflammatory processes [18]; (iii) stimulate alkaline phosphatase
(ALP) production [18]; (iv) inhibit osteoclast activity [19]; and (v) exert
a broad-spectrum antibacterial effect against Gram-negative and
Gram-positive bacteria [20,21]. Zn contributes to the antibacterial ac-
tivity of BGs through multiple mechanisms [22-24], including reducing
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the ability of bacteria to tolerate acidic by-products generated during
glycolysis [25,26]. In addition, Zn can disrupt bacterial metal homeo-
stasis, leading to increased oxidative stress via reactive oxygen species
(ROS) generation [20,24]. Beyond its biological and antibacterial
functions, Zn also influences the structural organization and dissolution
behaviour of BGs [12,13]. Literature suggests that when ZnO is incor-
porated into the composition of the BGs, it acts primarily as a network
modifier, decreasing the silicate network connectivity (NC) and
increasing the number of non-bridging oxygens [27]. This structural
effect enhances the early dissolution rate and the release of Zn and Ca
ions, thereby influencing the nucleation of Ca-P phases and the local
changes in pH [27].

On the other hand, the impact of Zn on the formation of a hy-
droxyapatite (HAp) layer on the surface of BGs — one of the most widely
used indicators of their in vitro bioactivity — remains debated [14,28].
Conflicting findings have been reported, particularly regarding Zn
content: several studies have indicated that Zn concentrations above 10
mol% can negatively affect glass bioactivity by slowing HAp formation
[14,22,29]. Unlike calcium, which in HAp is typically octahedrally co-
ordinated with relatively long Ca—O bonds, Zn often exhibits shorter
Zn-O bonds and preferential tetrahedral coordination within silicate
glass networks [27]. These structural characteristics may favor the for-
mation of stable zinc phosphate species, which are structurally incom-
patible with the HAp lattice [27]. Consequently, Zn may compete with
calcium and interfere with phosphate incorporation into HAp, thereby
delaying its nucleation and growth on the BG surface [27].

Magnesium (Mg), the fourth most abundant cation in the human
body, is also essential for bone health [14]. It contributes to bone
mineralization, supports osteoblast activity, and stabilizes newly formed
bone tissue [14]. When incorporated into BGs, Mg enhances biocom-
patibility, promotes osteogenesis, and supports cellular differentiation
[30]. Moreover, Mg-doped BGs exhibit improved dissolution behavior in
physiological environments, facilitating ion exchange and enhancing
biological responsiveness [14]. At the same time, Mg has also been re-
ported to retard the crystallization of the initially formed amorphous
calcium-phosphate layer, thereby delaying the formation of crystalline
HAp during the early stages of immersion in physiological media [31].

When combined, Zn and Mg can provide synergistic effects [32-34]:
for example, in co-doped systems, the simultaneous incorporation has
been shown to stimulate osteogenesis, preserve zinc's antibacterial
properties, and maintain controlled degradation rates [14].

Based on these considerations, we hypothesized that small variations
in the Zn/Mg ratio would significantly influence the structural charac-
teristics, thermal behavior, ion-release profile, in vitro bioactivity, and
antibacterial performance of melt-derived bioactive glasses. Accord-
ingly, the aims of the present study were to (i) synthesize a series of Zn/
Mg-containing bioactive glasses with different compositions, (ii) inves-
tigate the influence of composition on their structural and thermal
properties, (iii) evaluate their ion-release behavior and in vitro bioac-
tivity in SBF, and (iv) assess their antibacterial activity against both
Gram-positive and Gram-negative bacteria. The results demonstrate that
even small compositional variations, particularly in Zn content, signif-
icantly affect these properties and the overall antibacterial performance
of the investigated glasses.

2. Materials and methods
2.1. Preparation of the bioactive glasses (BGs)

Six novel BGs were produced using the melt-quench technique, a
method previously employed for the synthesis of other BGs [35]. Finely
powdered raw materials (SiO3, Ca3(PO4)2, CaCO3, NayCOs3, MgCOs,
ZnO, all reagent grade - Carlo Erba Reagenti, Rodano-Milano, Italy)
were weighed and mixed in a laboratory rotary mixer (M63a4-Motori
Elettrici Carpanelli, Bologna, Italy) for 4 h to ensure homogeneity. The
mixture was then transferred into a platinum crucible and subjected to
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the following thermal treatment: heating from room temperature to
1100 °C at 10 °C/min; decarbonation at 1100 °C for 1.5 h to ensure the
complete decomposition of the carbonate precursors before melting;
heating from 1100 °C to 1450 °C at 10 °C/min; and holding at 1450 °C
for 1 h to obtain a homogeneous melt. The molten material was then
rapidly quenched in water to form a glass frit, which was subsequently
dried at 110 °C for 12 h, finely ground for 40 min in a porcelain jar, and
sieved to obtain particles smaller than 63 pm. The compositions of the
BGs, expressed in mol%, are reported in Table 1.

2.2. Particle size analysis

To determine the particle size distribution, diluted sample suspen-
sions (0.1% w/v) of the glass powders were prepared and analyzed using
a Split-flow Thin Cell Field-Flow Fractionation (SdFFF) system. A 50 mL
Rheodyne loop valve was used for sample injection, while a PN1121
HPLC pump (Postnova Analytics, Germany) was used to deliver the
eluent. The fractionated particles were monitored by a UV/Vis detector
(Spectra SERIES UV100, Thermo Separation Products) operating at a
fixed wavelength of 254 nm. Instrument control and data acquisition
were managed using the SPIN 1409 software, with subsequent data
processing performed via the FFF ANALYSIS program — both provided
by Postnova Analytics. The mobile phase consisted of a 0.01% (w/v)
solution of Triton X-100 in Milli-Q water (Millipore S.p.A., Vimodrone,
Milan, Italy), flowing at 2 mL/min. The obtained fractograms were
converted into particle size distribution, assuming a bulk density of 1.3
g/mL for all samples.

2.3. Analysis of the crystalline phases

X-ray diffraction (XRD) analysis was carried out to investigate the
presence and nature of the crystalline phases developing in the produced
samples and after exposure to SBF (see the next paragraphs). The mea-
surements were performed using an X-Ray Diffractometry (XRD: X'Pert
PRO; Panalytical, Almelo, the Netherlands) equipped with a Cu-ka X-ray
source (A = 1.5406 1°\), operating at 40 kV and 40 mA. Data were
collected in the 26 range of 10° to 70°, with a step size of 0.017°. The
scan was performed in continuous mode using a PIXcel3D detector.
Samples were finely ground and deposited on a sample holder to ensure
a flat and homogeneous surface. In order to investigate which crystalline
phases form following prolonged heat treatment, the glasses Romal,
Roma2, and Roma5 - i.e., those found to be most interesting in terms of
antibacterial activity — were treated at 700 °C and 750 °C for 3 h, with a
heating rate of 10 °C/min. In this case as well, the development of
crystalline phases was studied by XRD.

2.4. Thermal analysis

The thermal properties of the BG powders were investigated using
Differential Thermal Analysis (DTA). For this purpose, ~30 mg of each
sample were placed in a platinum crucible and heated from room tem-
perature up to 1200 °C at a constant rate of 20 °C/min using a STA 429
CD analyzer (Netzsch-Garatebau GmbH, Selb, Germany). The resulting
DTA curves were used to identify characteristic temperatures of the BGs,
including: glass transition temperature (Tg), onset crystallization

Table 1

Composition in mol% of the six BGs produced in the present study.
Sample Si0, P,0s5 CaO Na,O MgO Zn0O
Romal 47.2 2.6 25.6 14.6 5 5
Roma2 47.2 2.6 20.6 14.6 5 10
Roma3 47.2 2.6 20.6 19.6 5 5
Roma4 47.2 2.6 20.6 9.6 5 15
Roma5 53.8 1.7 16.8 17.7 5 5
Roma6 53.8 1.7 16.8 12.7 5 10
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temperature (Tc onset), and peak crystallization temperature (T¢).

Additionally, a heating microscope (HM) was used to monitor the
behavior of the glass powders over a wider temperature range, from
room temperature to 1600 °C, with a heating rate of 10 °C/min. This
analysis was conducted using a Misura 3.32 equipment (Expert System
Solutions, Modena, Italy). The results allowed the determination of the
sintering temperature (Ts) and the melting temperature (Tyy) of the BGs.

The combined use of DTA and HM was specifically selected because
these complementary techniques provide the characteristic tempera-
tures relevant to glass processing and sintering, which were the primary
focus of the present thermal investigation.

2.5. In vitro bioactivity evaluation in SBF

To evaluate the bioactivity of the BG powders, an in vitro semi-
dynamic test was carried out by soaking them in Simulated Body Fluid
(SBF), following the procedure established by Kokubo et al. [36]. Spe-
cifically, 0.3 g of glass powders were added to 20 mL of SBF and incu-
bated at 37 °C for different time intervals (1, 3 and 7 days). The
solid-liquid ratio was selected according to the protocol reported by
Jones et al. [37]. The pH of the solution was regularly monitored at the
same temperature, and the entire volume of SBF was refreshed every 48
h to maintain consistent conditions. The initial pH was 7.4, in accor-
dance with the Kokubo protocol. At each interval, the powders were
collected, washed with distilled water, and dried at room temperature
for ~48 h. The surface morphology and elemental composition of the
treated samples were then analyzed using SEM-FEG (SEM, Scanning
Electron Microscopy) with a Field Emission Gun (FEG) (Nova NanoSEM
450, FEI-ThermoFisher Scientific, Eindhoven, The Netherlands) and
X-ray energy dispersive spectroscopy (EDX) (Quantax-200, Bruker Nano
GmbH, Berlin, Germany). Moreover, the powders after 7 days of im-
mersion were studied by means of XRD to identify the possible presence
of crystalline precipitates.

2.6. Measurement of ion release

To evaluate the release of ionic species from the BGs powders, an in
vitro dissolution test was conducted in Milli-Q distilled water. This
medium was selected instead of physiological solutions (e.g., SBF or
DMEM) to evaluate the intrinsic dissolution behavior of the glasses
under controlled conditions, minimizing precipitation phenomena and
interactions with ions already present in the surrounding solution. In
each test, 0.4 g of powder was suspended in 25 mL of water and main-
tained at 37 °C under static conditions. This solid-to-liquid ratio (16 mg/
mL) was selected to be consistent with that adopted for the SBF tests (15
mg/mL), ensuring comparable experimental conditions. After the pre-
defined immersion period, the suspensions were filtered using 0.45 pm
pore size membranes to remove any residual nanoparticles from the
solution. The resulting filtrates were analyzed using Inductively Coupled
Plasma Mass Spectrometry with Triple Quadrupole (iCAP TQ ICP-MS,
Thermo Fisher Scientific, Bremen, Germany).

To minimize non-spectral interferences and ensure accurate quanti-
fication, the method incorporated internal standardization with scan-
dium. A calibration curve was constructed using certified ionic reference
standards, and the filtered sample solutions were analyzed. All mea-
surements were performed in triplicate, and the ion concentrations are
reported as mean values.

2.7. Antimicrobial study

2.7.1. Bacterial strains

To evaluate the antimicrobial activity of the BG powders, tests were
conducted on both Gram-negative and Gram-positive bacterial strains.
Freeze-dried Escherichia coli (Migula) Castellani and Chalmers, used as
the Gram-negative model strain (ATCC 25922), was obtained from
ATCC (Manassas, VA, USA). Freeze-dried Staphylococcus aureus (ATCC
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25923), used as the Gram-positive model strain, was also obtained from
ATCC (Manassas, VA, USA). Each bacterial strain was revived by over-
night incubation in Luria-Bertani (LB) medium at 37 °C under agitation
at 75 rpm. After revival, the cultures were further enriched by trans-
ferring the bacterial suspension into 25 mL of fresh liquid LB medium
and incubating at 37 °C for 12 h. Before the antimicrobial assay, bac-
terial suspensions were adjusted to an initial concentration of about 1 x
103 CFU/mL using sterile LB medium. The inoculum concentration was
verified by serial dilution and colony counting on LB agar plates.

2.7.2. Preparation of the eluate for antimicrobial testing

Prior to testing, all BG samples were placed in Petri dishes and
sterilized under UV light for 1 h on each side to ensure sterility. Extracts
were prepared by immersing the sterilized materials in centrifuge tubes
containing LB culture medium at a final concentration of 200 mg/mL,
following the ISO 10993-12 guidelines. The samples were incubated at
37 °C for 72 h under gentle agitation to allow ion release. The resulting
eluates were centrifuged at 1,200 x g for 15 min and the supernatant
was collected and stored at 4 °C until use.

2.7.3. Antimicrobial testing

For the antimicrobial test, bacterial suspensions were exposed to
eluates obtained from BGs with different compositions and dopant
concentrations, as reported in Table 1. The bacterial suspension and
each BG extract were mixed at a ratio of 1:9 and then a volume of 500 pL
was plated onto LB agar using the spread plate method. Appropriate
controls were also included in each experiment. A bacterial growth
control consisted of bacterial suspension incubated with sterile LB me-
dium without BG extract. A sterility control consisted of sterile LB me-
dium and/or BG extract without bacterial inoculum. Plates were
incubated at 37 °C for 18 h, after which visible colonies were counted.
The number of viable bacteria was expressed as colony-forming units per
millilitre (CFU/mL) according to the following equation:

NxD
14

CFU/m.L:

where N is the number of colonies counted, D is the dilution factor, and
V is the plated volume in millilitres.

The antibacterial activity of each BG extract was calculated relative
to the bacterial growth control as:
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CFUsampte
Antibacterial efficacy (%)= (1 — ——2% ) » 100
CFU, control

where CFU,yo1 represents the viable bacterial count obtained from the
growth control and CFUjqpy. represents the viable bacterial count after
exposure to the BG extract.

All experiments were performed in duplicate to ensure reproduc-
ibility and reliability of the results. Data were expressed as mean +
standard deviation.

3. Results and discussion
3.1. Particle size analysis

The graph in Fig. 1 shows, as an example, the particle size distri-
bution of the Roma5 sample, which was analyzed after the melt-quench
process, followed by grinding and sieving to a size below 63 pm.

All the investigated glasses exhibited comparable particle size dis-
tributions because they were processed using the same grinding and
sieving procedure; therefore, only one representative distribution is re-
ported for brevity. The results show a unimodal distribution, with most
particles ranging from approximately 2 to 40 pm. The characteristic
diameters D10, D50, and D90 were also determined. D10 = 2.735 pm
indicates that 10% of the particles have a diameter smaller than 2.735
pm. D50 = 9.328 pm represents the median particle size, meaning that
half of the particles are smaller than this value. D90 = 33.083 pm in-
dicates that 90% of the particles have a diameter below 33.083 pm. The
peak of the distribution is close to D50, at around 9-10 pm, confirming
that this is the most frequent particle size in the sample. The volume
percentage gradually decreases on both sides of the peak, forming a
nearly symmetrical, bell-shaped curve. This confirms that the sieving
step was effective in removing larger particles and producing a relatively
narrow and controlled size distribution.

3.2. Thermal analysis

HM analysis provided the characteristic thermal events of the
glasses, including sintering, softening (onset of sample collapse), and
melting temperatures. In some cases, hemispherical and/or spherical
temperatures were also recorded. As a representative example, Fig. 2

0.5

1
001 002 0.06 001 031 072 1.68

396 930 21.86 51.37 120.72 283.70 666.71 1566.79
Particle size (um)

Fig. 1. Particle size distribution in the Roma5 sample.
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T sintering = 613 °C

T softening = 804 °C

T hemispherical = 1064 °C

T melting = 1072 °C

Fig. 2. HM analysis of the Romal sample, shown here as a representative example of the results obtained for the different samples.

shows the HM images obtained for the Romal sample. The sequence of
morphological changes during heating was qualitatively similar for all
the investigated compositions; therefore, only one set of images is re-
ported, whereas the characteristic temperatures determined for all the
glasses are summarized in Table 2. However, HM mainly indicates the
onset of shrinkage and does not fully determine the optimal sintering
conditions, which depend on viscosity and crystallization kinetics.
Further studies are needed to better define the sintering window of the
produced BGs. Among these, Roma6 exhibited the highest sintering
temperature. The melting temperatures (Ty,) of the studied BGs (~1029-
1101 °C) were slightly lower than that of 45S5 (1165-1193 °C) [23,33].
This effect can be attributed to the specific proportions of Ca, Mg, Zn,
and Na, which promote network depolymerization, thereby lowering Ty,
and shifting crystallization to higher temperatures, ultimately broad-
ening the processing window.

Fig. 3 shows the results of the DTA analysis. The DTA curves of the
glass powders show the onset crystallization temperatures (T onset) be-
tween 620 °C and 790 °C, with the main exothermic peaks associated
with crystallization appearing in the range 680-850 °C. The glass
transition temperatures (Tg) generally occurred between 520 °C and
570 °C. For comparison (see Table 2), 45S5 Bioglass® typically shows
Tg ~ 520-549 °C and T, in the interval 600-750 °C, a value that varies
depending on the particle size distribution and the applied thermal
treatment [23,33], while the glasses investigated here display similar Tg
values but higher T, leading to wider processing windows (T, — Tg)
[38-40].

In 4585, crystallization is usually influenced by the mobility of
modifier cations and by the ability of oxides to promote the nucleation of
ordered phases [41]. The presence of phosphorus in significant amounts
contributes to the early onset of crystallization. In the Mg-Zn containing
BGs, the structural role of these ions modifies the crystallization
pathway. As reported by Wetzel et al. [42], Mg and Zn can partially
substitute Ca in the network, generating random substitutional mixing
among divalent cations. This substitution is driven by entropic stabili-
zation and alters the balance between modifier and network formers. Mg
and Zn primarily act as modifiers, and this can be related to the distinct
bonding characteristics of Mg-O, which, compared with Ca-O, may
facilitate a higher disruption of Si-O-Si and P-O-P bridges, thereby
increasing the fraction of non-bridging oxygens [43,44]. In particular,
Zn may act as either an intermediate [45] or a modifier [46]. In

Table 2

- Comparison of glass transition (Tg), crystallization onset (T onset), crystalli-
zation (Tc¢), melting (Ty,), and sintering (Ts) temperatures between 45S5 Bio-
glass® [23] and the novel BGs produced in this study.

Rate (°C/ To Tc onset Te Tm Ts
min) [§9) [§9) (9] °0) Q)
4585 20 520 560 638 1193 594
Bioglass®
Romal 20 553 688 763 1072 613
Roma2 20 524 629 684 1092 581
Roma3 20 550 730 800 1101 617
Roma4 20 570 769 819 1101 614
Roma5 20 540 695 770 1029 611
Roma6 20 564 789 844 1034 631

tetrahedral coordination, Zn typically behaves as a weak network
modifier; in this configuration, its bonding promotes network depoly-
merization, an effect that is generally more pronounced than that
induced by Ca but depends on the overall glass composition [41].
However, the literature is not always consistent on the effect of Zn and
Mg. In some studies, ZnO and MgO have been shown to reduce Tg and
T,. This effect may be attributed to the weaker network-forming ability
of Mg and Zn [43,47]. On the other hand, some works report that partial
substitution of Ca with Zn or Mg can increase the processing window and
improve sintering behavior [25,40]. These discrepancies are related to
the dual structural role of Zn and Mg, which can act differently
depending on their concentration and the presence of other network
modifiers or formers. A wider window for these BGs (Romal-Roma6)
indicates a reduced tendency for early crystallization and improved
workability during viscous-flow sintering [28]. The comparison of
temperatures between 45S5 Bioglass® and the novel BGs produced in
this study is reported in Table 2.

3.3. Phase analysis

Fig. 4 presents the XRD analysis results of the as-produced BGs. As
expected, all spectra show a diffuse halo in the range of 20-35° 26,
confirming that the samples are essentially amorphous and lack long-
range crystalline order. Besides the amorphous halo, very small recur-
rent peaks can be observed (e.g., around 27°, 35°, 43°, and 57° 20);
however, their intensity is extremely low and close to the background
noise level. As a result, no crystalline phases were detected, indicating
that the addition of Mg and Zn, as well as the variations in Ca and Na
content, did not promote crystallization under the present melting and
quenching conditions. Preserving an amorphous structure is particularly
relevant for bioactivity, as it enhances ion release and accelerates the
formation of a HAp layer upon exposure to physiological environments.

Romal, Roma2, and Roma5 - the BGs that exhibited the most
promising antibacterial responses (see Section 3.6) — were treated at
700 °C and 750 °C for 3 h, in order to investigate which crystalline
phases form following prolonged heat treatment. The treatment tem-
peratures were chosen based on the DTA results, being not too far from
the T or Tc onset Of the three glasses. The results are reported in Fig. 5.

The analysis reveals that the main crystalline phase formed is com-
beite (Na4CaySigO18, JCPDS no. 01-079-1086). This is consistent with
the crystallization behavior of 45S5 Bioglass®, in which combeite also
forms as the primary crystalline phase, typically appearing above 600 °C
[48]; additional crystalline phases may also form depending on the glass
composition and the thermal treatment conditions [49]. Glass-ceramics
containing crystalline phases may retain bioactivity, but the kinetics and
uniformity of dissolution are altered. Crystallized 45S5 has been shown
to remain bioactive, although it exhibits slower ion-release kinetics
compared with the amorphous counterpart [50]. The relative pro-
portions of the amorphous and crystalline fractions must be carefully
considered and assessed when evaluating these glass-ceramics for
biomedical applications [51].

3.4. In vitro bioactivity evaluation in SBF

Based on the antimicrobial results and considering that the main
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Fig. 3. DTA analysis of: a) Romal, b) Roma2, ¢) Roma3, d) Roma4, e) Roma5, f) Roma6. The characteristic temperatures Tg, T¢ onset and T¢ are shown on the curves.

objective of this study was to identify the BG composition with the most
effective antibacterial properties against both Gram-positive and Gram-
negative strains, subsequent experiments on bioactivity focused exclu-
sively on the best-performing candidates: Romal, Roma2, and Roma5.

Although in vitro SBF tests are relatively simple and have limitations,
they provide a useful preliminary indication of a material's potential to
bond with bone tissue in vivo. The principle of the test is based on
immersing the sample in a solution that mimics the ionic composition of
human blood plasma. In this context, bioactivity is assessed by exam-
ining the precipitation of HAp — analogous to the mineral phase of bone
— on the surface of the biomaterial after immersion in SBF for various
periods of time [52]. A crucial intermediate in the bioactivity mecha-
nism of silicate-based BGs is the formation of hydrated silica gel [53],
resulting from network dissolution and ion release. This porous, hy-
droxylated surface can act as a template for HAp nucleation. The

negatively charged silanol groups (Si—~OH) within this gel interact with
Ca?* and PO}~ ions from the surrounding medium, locally concen-
trating them and promoting the precipitation of calcium—phosphate
species (Ca-P) that eventually crystallize into HAp [53]. Upon drying
after SBF extraction, this silica-rich layer undergoes shrinkage and
dehydration, producing the characteristic cracked morphology [53].

In vitro immersion tests in SBF of the three glass compositions
showed a pronounced pH increase during each 48-h incubation period
(Fig. 6). At each time point, after the SBF was refreshed, the pH returned
to 7.4, and then gradually increased again over the next 48 h. Refreshing
the fluid every 48 h is a commonly used procedure to roughly simulate
the fluid turnover that would occur in vivo [54]. Roma2 consistently
produced the highest change of pH (~8.6), followed by Romal (~8.4),
and Roma5 showing the lowest pH excursion (~8.2). The cyclic increase
reflects (i) rapid ion-exchange between the glass network (e.g. Na™,
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Fig. 5. XRD spectra of Romal, Roma2, and Roma5 after heat treatment at
700 °C or 750 °C for 3 h.

Ca2*, Mg?*, Zn?") and the SBF protons (H"), and (ii) subsequent partial
dissolution of the silicate network, increasing the concentration of hy-
droxide ions (OH ") in solution [55].

Overall, these data indicate that Roma2 has the most pronounced
alkalizing effect in SBF, which may correlate with its antibacterial
effectiveness (see section 3.6).

The morphology of the BG powders was examined by SEM before
SBF immersion. Representative micrographs of Romal, Roma2, and
Roma5 are reported in Supplementary Fig. S1, showing no appreciable
differences among the investigated compositions. As expected, the
morphology of the powders was primarily governed by the common
grinding and sieving procedure rather than by glass composition.
Following 7 days of immersion in SBF, the sample surfaces were
analyzed by SEM and their elemental composition was determined by
EDX. The results are reported in Fig. 7 for representative samples:
Romal (a), Roma2 (b), and Roma5 (c). The SEM micrographs show
sparse spherical aggregates with a cauliflower-like morphology, which
has frequently been associated with the early precipitation of calcium-
phosphate phases during in vitro bioactivity tests [56]. These deposits
are not homogeneously distributed but confined to isolated areas of the
sample surface. This observation is consistent with the limited surface

reactivity of the investigated compositions under the adopted test con-
ditions. The fine and localized nature of the precipitates is further sup-
ported by XRD analysis of the samples after 7 days of immersion: the
resulting spectra (reported in Fig. S2) closely resemble those of the
as-prepared glasses (Fig. 4) and do not show diffraction peaks attribut-
able to newly formed crystalline calcium-phosphate phases.

This behavior is consistent with previous studies showing that Zn-
containing BGs generally exhibit reduced in vitro bioactivity
compared with conventional bioactive glasses, primarily because Zn>*
and Mg?" delay the nucleation and growth of hydroxyapatite. Both ions
are reported to delay HAp formation during the early stages of immer-
sion in SBF [43,57,58]. In particular: (i) Zn?>* can compete with Ca?* at
the glass—solution interface and form stable complexes with phosphate
ions, thereby reducing the degree of supersaturation with respect to HAp
[58]; and (ii) the substitution of Ca®>" with Mg?*, which has a smaller
ionic radius, increases the compactness of the glass network and the
local oxygen density, leading to a reduced dissolution rate of the glass
matrix [43]. Since the nucleation and growth rate of HAp is directly
related to the supersaturation of the SBF, the lower Ca?* availability and
slower ion release caused by these substitutions result in delayed HAp
precipitation. Therefore, the limited surface reactivity observed in these
BG compositions during the first 7 days of SBF immersion is consistent
with the presence of Zn*" and Mg?" in the glass network. However, the
incorporation of these ions was not primarily intended to enhance the in
vitro bioactivity of the glasses, but rather to combine the biological
benefits of magnesium with the antibacterial properties of zinc, while
simultaneously investigating their influence on the characteristic tem-
peratures of the glasses and their tendency to crystallize upon heat
treatment.

The EDX spectra (Fig. 8a and b) provide further insight into the
surface reactions. A pronounced silicon signal is consistently detected,
suggesting the likely formation of a silica-rich layer at the glass-SBF
interface. Moreover, the EDX analysis shows an increase in phosphorus
content compared with the original BG, indicating the accumulation of
calcium- and phosphorus-rich surface deposits. The semi-quantitative
EDX analysis further indicates that the Ca/P ratios of these deposits
deviate from the stoichiometric value of hydroxyapatite (Ca/P = 1.67).
Together with the absence of diffraction peaks attributable to HAp in the
XRD patterns after 7 days of immersion (Fig. S2), this suggests that the
observed deposits may correspond to non-stoichiometric calcium-
phosphate-rich precipitates, possibly related to amorphous calcium
phosphate (ACP)-like precursor phases, rather than crystalline HAp.
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These findings are consistent with the initial stages of the well-
established bioactivity mechanism of silicate-based BGs, involving sil-
ica gel formation and the precipitation of calcium-phosphate-rich sur-
face layers.

3.5. Measurement of ion release

Figs. 9-14 (a-c) present the results of ion release measurements
performed on Romal, Roma2, and Roma5 samples, analyzed by ICPMS/
TQ. The experiments were carried out in Milli-Q water (blank) over
immersion periods of 1, 3, and 7 days. Ion concentrations, expressed in
parts per million (ppm), are shown relative to the corresponding values
in the blank solution. The limited variation shown by the error bars
reflects good reproducibility of the measurements.

Looking more closely at the ion release trends, the data reveal
distinct release behaviors among the different ions:

(i) calcium (Ca") showed an increasing release into solution for all
samples except Roma2. In this case, the lower Ca®" concentration
may be linked to its incorporation into Ca-P surface layers,
reducing its availability in the medium;

(i) magnesium (Mg2+) concentrations tended to decrease with time,
suggesting that part of the released Mg?" may reprecipitate on
the glass surface;

(iii) sodium (Na™) generally exhibited an increasing release profile in
all samples (except for a slight decrease after 3 days in Roma2);

(iv) phosphorus release, extracted in the solution as phosphate ions
(PO3), also decreased over time, supporting the hypothesis of
precipitation processes involving calcium-phosphate phases;

(v) silicon (Si‘”), the primary glass network former, consistently
increased throughout the test period, indicating depolymeriza-
tion of the glass network;

(vi) zinc (Zn") release increased over time for Romal and Roma2,
while the trend is less clear for Romab5.

Among the detected ions, Zn>" release is probably one of the main
contributors to the antibacterial properties of these BGs. Together with
the alkalinization observed during the SBF tests, Zn?" release is expected

to contribute significantly to the antimicrobial performance of the
investigated compositions [59]. However, the release of other ions may
also contribute to the observed antimicrobial activity. In particular,
Mg+ may exert an antibacterial effect by slightly increasing the local pH
and influencing the membrane stability of bacteria [60,61]. Similarly,
the release of Na* and Si*" — both showing an increasing release over
time in most cases — may contribute to antibacterial effects, with Na™
creating a less favorable environment for microbial growth through
osmotic and pH changes, and Si*" possibly influencing bacterial meta-
bolism and adhesion indirectly [62]. Although these contributions are
less pronounced than that of Zn?*, they may act synergistically,
enhancing the overall antibacterial performance of the produced BGs. It
should be noted that the present ion-release measurements were per-
formed in Milli-Q water to evaluate the intrinsic dissolution behavior of
the investigated glasses under controlled conditions. Consequently, the
measured concentrations should not be considered directly representa-
tive of ion release under physiological conditions, where the presence of
dissolved ions, proteins, and precipitation phenomena may significantly
influence dissolution kinetics. Accordingly, the present results should
primarily be interpreted as a comparative assessment of the intrinsic
dissolution behavior of the investigated formulations rather than as a
direct prediction of the in vivo ion-release profile of the investigated
glasses. Future work will therefore investigate ion release in physio-
logically relevant media, such as SBF and DMEM, to evaluate whether
the comparative dissolution trends observed under simplified conditions
are maintained under conditions more closely resembling the physio-
logical environment.

3.6. Antibacterial properties

The antimicrobial performance of the tested BGs varied markedly
across both materials and bacterial species (see Figs. 15 and 16). Against
Escherichia coli, Roma2 and Roma5 exhibited the highest efficacy,
achieving nearly complete growth inhibition. Romal and Roma3
showed intermediate activity, reducing bacterial proliferation by
approximately 80%, whereas Roma4 displayed the weakest effect,
limiting growth by about 60%. Roma6 performed slightly better than
Roma4 but did not reach the inhibitory levels of the top-performing



D. Bellucci et al.

Fig. 7. SEM-FEG micrographs of samples after 7 days of soaking in SBF: (a)
Romal; (b) Roma2; (¢) Romas.

formulations. The variability among replicates, reflected in the error
bars, suggests that intrinsic physicochemical features of the BGs - such
as particle size, surface charge, or interactions with the bacterial enve-
lope — likely account for their distinct activities.

Comparable differences were observed against Staphylococcus aureus.
Roma2 again emerged as the most effective, almost completely sup-
pressing bacterial growth. Romal, Roma5, and Roma6 produced mod-
erate inhibition (65%-75%), while Roma3 and Roma4 showed lower
suppression levels (50%-60%). The reproducible variation among for-
mulations highlights that even small structural or compositional dif-
ferences can strongly influence antimicrobial potency. Overall, these
findings indicate that the tested BGs exhibit formulation-dependent and
species-specific antibacterial effects. The superior and consistent
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efficacy of Roma2 against both Gram-negative and Gram-positive bac-
teria suggests that this formulation possesses optimal physicochemical
characteristics for antimicrobial performance [63].

The antibacterial trends observed in the present study are generally
consistent with previous investigations reporting enhanced antimicro-
bial activity in Zn-containing bioactive glasses, particularly against
E. coli and S. aureus [7,8,11,52]. Increasing Zn content has been shown
to improve the antibacterial efficacy of both melt-derived and
sol-gel-derived BGs against Gram-positive and Gram-negative bacteria
[64-66].

However, the antibacterial activity of the investigated Zn/Mg-
containing BGs should be interpreted as the result of multiple concur-
rent mechanisms rather than as the effect of a single released species.
Upon contact with the aqueous medium, BG dissolution promotes ion
exchange and the release of soluble ionic species, including Zn?*, Na*,
Mg?" and silicate species, together with an increase in medium pH. Such
alkalinization may disturb bacterial homeostasis, alter membrane
transport, and create an unfavorable environment for bacterial prolif-
eration. This interpretation is consistent with the general design prin-
ciples of antimicrobial biomaterials, for which recent literature
emphasizes that efficient antibacterial performance often relies on the
combination of multiple mechanisms, including active bactericidal ac-
tion, modulation of bacterial adhesion, and interference with biofilm
development [10,17]. In parallel, Zn?" release is expected to play a
major role because zinc-containing materials have been reported to
exhibit broad-spectrum antibacterial effects against both Gram-negative
and Gram-positive bacteria, including E. coli and S. aureus [10,17]. Zn2*
can interfere with bacterial metal homeostasis, promote oxidative stress
through reactive oxygen species generation, and impair membrane and
intracellular functions.

The higher and more consistent antibacterial efficacy of Roma2
against both bacterial strains can therefore be tentatively attributed to
the combined effect of sustained Zn?*' release and stronger medium
alkalinization. However, the contribution of other ions should not be
neglected. Na™ release may contribute to osmotic and pH-related stress,
while Mg?" and soluble silicate species may indirectly affect bacterial
membrane stability, adhesion, and metabolism. The different responses
observed for E. coli and S. aureus may also reflect their distinct cell-
envelope architectures, with the outer membrane of Gram-negative
bacteria and the thicker peptidoglycan layer of Gram-positive bacteria
modulating their susceptibility to ionic and alkaline stress. Since the
present assay was based on BG-derived eluates, soluble ion release and
pH variation are likely the dominant mechanisms, whereas direct par-
ticle-bacteria contact effects should not be considered, since there were
no residual particles present in the eluates.

Moreover, other factors can contribute to the observed differences in
antimicrobial activity, and further studies are warranted to clarify the
underlying mechanisms, besides the Zn content, including particle—cell
wall interactions, penetration efficiency, and stability under physio-
logical conditions. One of these factors is the dissolution behavior of the
BG, which depends on its composition. Although directly correlating the
dissolution behavior of a BG with the specific content of network-
forming and network-modifying ions is challenging, useful insights
can be obtained from calculating the network connectivity (NC), which
reflects the degree of polymerization of the silicate network and can help
predict the glass's reactivity and ion-release profile. The NC, which
represents the average number of bridging oxygen atoms per silicon
atom, is widely used in the literature as an indicator of how a BG's oxide
composition affects its reactivity and bioactivity [67,68]. Following
Blochberger et al. [32] and Brauer [69], Table 3 reports NC values
calculated assuming that Mg and Zn behave as typical network modi-
fiers, using the formula proposed by Hill and Brauer (2011) [67], and
later discussed by Jones (2015) [68]:

c 4[SiO;] — 2[M;0 + M"0] + 6[P;0s]
N [Si0y]
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Fig. 8. (a) SEM-FEG micrograph of Romal sample after 7 days of soaking in SBF, with EDX analysis of the highlighted (red) area. (b) SEM-FEG micrograph of Roma2
sample after 7 days of soaking in SBF, and EDX analysis of the highlighted (red) area.
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Fig. 9. Calcium ion concentrations measured by ICP-MS/TQ in Milli-Q water (blank) for (a) Romal, (b) Roma2, and (c) Roma5. Orange, green, and purple bars

represent ion release after 1, 3, and 7 days of immersion, respectively.

where M"O and M5O are the mono- and divalent modifier oxides in the
glass. This approach is widely adopted in the literature for comparative
purposes, although it represents a simplified description of the glass
structure, since Zn may also act as an intermediate species depending on
its local coordination environment and the overall glass composition.
The NC obtained for these BGs confirms the values commonly re-
ported in the literature [13,14,32,43,69], supporting the adopted
structural interpretation within the limitations of the NC model. As
extensively highlighted by Brauer [69], BGs with a higher degree of
cross-linking — typically those with NC values above 2.4 — tend to exhibit
reduced dissolution and ion release due to their more polymerized

10

network. Conversely, lower NC values indicate increased network
depolymerization and therefore faster dissolution kinetics, which can
enhance the release of biologically relevant ions contributing to anti-
bacterial action [67,68]. Importantly, the substitution of different
modifier cations can significantly influence physical properties such as
density, hardness, or Tc, even when NC remains constant [69].

In this study, NC provides a useful qualitative framework for inter-
preting the antimicrobial trends. Romal and Roma2 have the same NC
(2.20), which is lower than that of Roma5 (2.53). Lower NC values (e.g.,
Romal and Roma2 compared with Roma5) indicate a less cross-linked
network, a higher susceptibility to hydrolysis and a more rapid release
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Fig. 10. Magnesium ion concentrations measured by ICP-MS/TQ in Milli-Q water (blank) for (a) Romal, (b) Roma2, and (c) Roma5. Orange, green, and purple bars

represent ion release after 1, 3, and 7 days of immersion, respectively.
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Fig. 11. Sodium ion concentrations measured by ICP-MS/TQ in Milli-Q water (blank) for (a) Romal, (b) Roma2, and (c) Roma5. Orange, green, and purple bars

represent ion release after 1, 3, and 7 days of immersion, respectively.
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Fig. 12. Phosphate ion concentrations measured by ICP-MS/TQ in Milli-Q water (blank) for (a) Romal, (b) Roma2, and (c) Roma5. Orange, green, and purple bars

represent ion release after 1, 3, and 7 days of immersion, respectively.
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Fig. 13. Silicon ion concentrations measured by ICP-MS/TQ in Milli-Q water (blank) for (a) Romal, (b) Roma2, and (c) Roma5. Orange, green, and purple bars
represent ion release after 1, 3, and 7 days of immersion, respectively.

of soluble ionic species, promoting stronger antibacterial effects; at the
same time, Roma2 contains and releases more zinc than Romal (see
Fig. 14). Therefore, the superior antibacterial performance of Roma2 is

likely to result from the combined effects of multiple factors, such as
glass network connectivity, Zn release coupled with the contribution of
other ions, and other compositional factors, rather than from NC alone.
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Fig. 14. Zinc ion concentrations measured by ICP-MS/TQ in Milli-Q water (blank) for (a) Romal, (b) Roma2, and (c) Roma5. Orange, green, and purple bars
represent ion release after 1, 3, and 7 days of immersion, respectively.
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Fig. 15. Antimicrobial efficacy of the produced BGs against E. coli. Efficacy was expressed as the percentage reduction in colony-forming units (CFUs) relative to
untreated controls. Error bars denote standard deviations from duplicate experiments.
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Fig. 16. Antimicrobial efficacy of the produced BGs against S. aureus. Efficacy was expressed as the percentage reduction in CFUs relative to untreated controls. Error
bars denote standard deviations from duplicate experiments.
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Table 3
— Network connectivity (NC) calculated assuming Zn/Mg to act as network modifiers and compared with the NC of 45S5 Bioglass® and S53P4 [69].
Sample Romal Roma2 Roma3 Roma4 Roma5 Roma6 4585 Bioglass® S53P4
NC 2.20 2.20 2.20 2.20 2.53 2.53 2.12 2.54
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