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SYNTHESIS AND CHARACTERIZATION OF COBALT,
COPPER AND ZINC SUBSTITUTED BIOGLASSES
OBTAINED BY THE SOL-GEL METHOD

Ana-Maria-Raluca MUSAT!, Gabriela-Olimpia ISOPENCU?,
Cristina BUSUIOC?

The purpose of the work is to obtain innovative bioglasses suitable for
biomedical applications. The sol-gel method was used to synthesize bioglasses with
four different compositions, where CaO was partially substituted with 1 mol% CoO,
and 5 mol% CuO or ZnO, respectively. The bioglass samples were characterized by
thermal analysis (TA), X-ray diffraction (XRD), Fourier-transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM), and energy-dispersive
X-ray spectroscopy (EDX). The thermal analysis revealed three main mass loss
stages a total weight loss of approximately 46 %, confirming that the chosen
calcination temperature of 600 °C is appropriate. XRD indicated an insignificant
crystallization tendency for the substituted bioglasses, with broad halos around 26
value of 25-35 °, validating their amorphous nature. FTIR showed the structural
evolution of bioglass compositions during processing, highlighting the removal of
residual nitrates and organic groups and the formation of Si—-O-Si and Si—O-Ca
bonds above 600 °C. SEM illustrated the morphological differences induced by the
substituents, with BGCu showing a more compact and homogenous microstructure.
EDX confirmed the incorporation of Co, Cu and Zn elements in the bioglass
matrices, according with the nominal compositions. Antibacterial activity was also
assessed using the disk diffusion method against Bacillus subtilis and Escherichia
coli, with considerable inhibition zones especially for BGCu, demonstrating the
enhanced antimicrobial potential of substituted bioglasses in the medical field.
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1. Introduction

The discovery of bioglass by Professor Hench in the 1970s revolutionized
the field of biomaterials, marking the beginning of a new generation of bioactive
materials for clinical applications. Unlike the early generations of biomaterials,
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which focused on minimizing adverse tissue reactions, bioglasses were designed
to foster active interactions between the material and tissue, thereby promoting
tissue regeneration and integration. Bioglass is characterized by the formation of a
hydroxycarbonate apatite (HCA) layer at the interface with the biological
environment, which is chemically and structurally equivalent to the mineral phase
of bone [1]. The versatility of bioglasses in biomedical applications, including
their use as implant coatings [2] and regenerative materials, has been extensively
studied, emphasizing their bioactivity, osseointegration and antimicrobial
properties [3, 4]. For instance, 45S5 bioglass coatings have demonstrated efficacy
in inhibiting bacterial growth, including Staphylococcus aureus and Escherichia
coli, through mechanisms such as increasing the local pH and releasing bioactive
ions, which disrupt bacterial biofilms [5, 6]. Furthermore, noble metal-containing
bioglasses, including those with silver and gold nanoparticles, have shown
significant promise in bone tissue engineering, enhancing both osteogenic and
antibacterial outcomes, with promising results in vitro for promoting cell
proliferation and apatite formation [7, 8]. The integration of gold-silver nanocages
into bioglasses was shown to enhance the antibacterial properties through unique
mechanisms of biofilm disruption [9]. Silver-substituted bioglasses exhibit not
only antibacterial activity, but also osteogenic potential, making them suitable for
advanced implant technologies [10]. These findings underscore the potential of
bioglass coatings, both simple and substituted, in advancing implant technology
and preventing post-surgical complications [11, 12].

The composition of bioglass is adapted to facilitate the formation of this
interface, and the addition of metal oxides, such as CoO, CuO, and ZnO, was
shown to enhance its bioactive properties and suitability for both hard and soft
tissue applications.

Baino ef al. [13] highlighted cobalt as a promising substituent due to its
dual role in promoting osteogenesis and angiogenesis. Cobalt-substituted bioglass
releases osteoinductive ions, creating microenvironments favourable to bone
growth and vascularization. Studies indicate that cobalt allows for a slower
dissolution rate and controlled ion release, which is particularly advantageous for
scaffolds requiring prolonged bioactivity. Solanki et al. [14] further emphasized
its ability to stimulate blood vessel formation and enhance regenerative
conditions, making it suitable for both bone repair and wound healing with
confirmed formation of HCA and antibacterial effects in samarium-doped systems
[15]. Additionally, structural characterization studies performed by Jones et al.
[16] revealed the hypoxia-mimicking effects of cobalt-substituted bioactive
glasses, providing insights into their role in angiogenesis and cellular response.
However, higher concentrations of cobalt can lead to toxicity, several studies
showing reduced cell viability at levels above 10 ppm. Therefore, cobalt must be
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used in controlled amounts to balance its therapeutic benefits and minimize
potential cytotoxic effects [14, 16].

Hammami et al. [17] reported that CuO-substituted 45S5 bioglass
significantly enhances antibacterial properties and bioactivity, even at low
concentrations, such as 0.5 mol%. Copper ions play a vital role in collagen
synthesis, wound healing, and vascularization during bone repair. Furthermore,
Tiire [18] demonstrated that copper-substituted bioglass supports osteointegration
and exhibits notable antioxidant and pro-angiogenic properties. Additionally,
copper-substituted bioglasses showed promising results in dental applications,
combining their regenerative properties with effective antimicrobial activity [17].
These findings emphasize the potential of copper-containing bioglass for implant
coatings, particularly in applications requiring enhanced antibacterial activity and
improved vascularization.

Zinc-substituted bioglasses synthesized via the sol-gel method
demonstrated significant biological properties, particularly in promoting bone
tissue engineering and antimicrobial effects [19, 20]. The addition of ZnO was
shown to enhance bioactivity [21] and osteoconductivity, with controlled
degradation and ion release playing a crucial role in its performance [22, 23].
Babu ef al. [24] demonstrated that ZnO-substituted bioglass promotes bone
growth and enhances antibacterial properties. Specifically, the incorporation of
ZnO enables controlled degradation of the glass in synthetic body fluid, with
optimal antibacterial activity against E. coli and S. aureus observed at 8§ mol%
ZnO. Additionally, Nescakova et al. [25] reported that ZnO incorporation
supports osteoblast differentiation and protein adsorption, creating favourable
conditions for cellular attachment and proliferation. Structural analysis of ZnO-
substituted bioglasses using FTIR and XRD [26] confirmed the reinforcement of
Si—O and P-O bonds, contributing to enhanced thermal stability and resistance to
crystallization [22]. However, higher levels of zinc release, exceeding the
therapeutic limits, may lead to cytotoxic effects, as observed in studies indicating
reduced cell viability at elevated ZnO concentrations. These findings underscore
the importance of optimizing zinc content in bioglass to balance bioactivity and
biocompatibility, making ZnO-containing bioglass a suitable candidate for
resorbable implants.

Modern synthesis methods like sol-gel enable precise control over the
composition and ion release of bioglasses, broadening their applications in
medical implants and tissue engineering, and facilitate integration into coating
processes such as pulsed laser deposition and spin coating [8]. In this study, the
structural and morphological characterization of both unsubstituted and
substituted bioglasses was performed to evaluate their suitability for thin-film
deposition applications [27]. Advanced characterization techniques revealed the
structural stability of substituted bioglasses, with particular emphasis on their
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amorphous nature and robust Si—O bonding [14, 24, 28]. These findings align
with previous reports on sol-gel-derived bioactive glasses exhibiting high thermal
stability and minimal crystallization tendency.

2. Experimental procedure

In the laboratory, were prepared powders of both unsubstituted and
substituted bioglass with cobalt, copper and zinc, using the following
compositions (mol%):

60 % Si02 — 4 % P20s5 — 36 % CaO (BG);

60 % SiO2 — 4 % P20s5 — 35 % CaO — 1 % CoO (BGCo).

60 % Si02 — 4 % P20s — 31 % CaO — 5 % CuO (BGCu);

60 % Si02 — 4 % P20s5 — 31 % CaO — 5 % ZnO (BGZn);

For cobalt, a lower concentration (I mol%) was selected due to the
demonstrated toxicity of cobalt in higher amounts, ensuring that the substituted
bioglass remains biocompatible.

The preparation process began with the calculation of precise quantities
for each reagent required to achieve the desired compositions. Tetraethyl
orthosilicate (Si(OC>Hs)s, TEOS) was used as the silicon source, while triethyl
phosphate ((C2Hs)3PO4, TEP) and calcium nitrate tetrahydrate (Ca(NO3)2-4H20)
served as sources for phosphorus and calcium, respectively. The substituted
bioglasses incorporated additional precursors specific to each element: cobalt
nitrate hexahydrate (Co(NO3)2:-6H>0), copper nitrate trihydrate (Cu(NOs3)2-3H>0),
and zinc nitrate hexahydrate (Zn(NO3),:6H20). These precursors were carefully
selected for their high solubility and compatibility with the sol-gel synthesis
process.

The synthesis of all the bioglass samples was performed using the sol-gel
method, as outlined in Fig. 1. This method involves the sequential preparation and
mixing of precursors, followed by thermal treatments to achieve the desired
bioglass composition and structure.

TEOS was dissolved in ethanol, while TEP and the nitrates (used as
precursors for Ca, Co, Cu, and Zn) were dissolved in distilled water. During the
mixing of TEOS, nitric acid was added to adjust the pH to 1-2, a critical step for
the hydrolysis and condensation reactions that form the silica network. The
individual components were mixed in the following order: nitrates, TEP, and
finally TEOS. This mixture was then left to homogenize further under magnetic
stirring for 1 h at room temperature. The homogeneous solution was transferred to
an oven at 70 °C for a minimum of 48 h to form a gel. After gelation and aging,
the resulting material was left to dry for an additional 48 h at the same
temperature, producing a fully dried gel. The dried gel was then calcined at 600
°C for 48 h to remove all residues and ensure the formation of the glass structure.
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Fig. 1. Synthesis of bioglass using the sol-gel method.

The resulting material was a coarse powder of calcined bioglass. To
finalize the preparation, the calcined powder was ground into a fine powder using
a mortar and pestle. The stepwise synthesis process is further illustrated in Fig. 2,
which presents images of the bioglass powder synthesis stages captured during the
laboratory procedures:

Fig. 2. Stages of bioglass powder synthesis: (a) initial solutions, (b) gels formation, (c) dried gels, and
(d) calcined powders for unsubstituted and Co-, Cu-, and Zn-substituted bioglasses.



218 Ana-Maria-Raluca Musat, Gabriela-Olimpia Isopencu, Cristina Busuioc

The thermal analysis was carried out using a Netzsch STA 449 F3 Jupiter
equipment. The dried sample was placed in an alumina crucible and heated from
20 to 900 °C at a constant rate of 10 °C/min, in air. The X-Ray Diffraction (XRD)
was performed with a Shimadzu XRD 6000 diffractometer equipped with a Cu X-
ray tub operating at 40 kV and 30 mA. The scan was carried out in continuous
mode over a 26 range of 10 to 70 °, with a step size of 0.02 °, at a scan speed of 2
°/min and a preset time of 0.6 s. The Fourier Transform Infrared Spectroscopy
was conducted in the Attenuated Total Reflectance (ATR) mode on a Thermo
Scientific Nicolet iS50 spectrophotometer. The wavenumber was ranged between
400 and 4000 cm™, with a 4 cm™ resolution and 32 scans/sample. Scanning
Electron Microscopy (SEM) coupled with Energy-Dispersive X-Ray
Spectroscopy (EDX) were achieved employing a FEI Quanta Inspect F50
microscope operated at 30 kV accelerating voltage and equipped with an EDX
probe. The working distance was set at 10 mm, and the samples were previously
gold coated by DC magnetron sputtering for 60 s.

3. Results and discussion

Thermal analysis (TA) was performed to assess the thermal stability and
decomposition behaviour of the obtained unsubstituted gel (Fig. 3a). The mass
loss curve indicated a significant reduction in mass, approximately 47 %,
occurring up to 600 °C. This observation was supported by the derivative
thermogravimetry (DTG) and differential scanning calorimetry (DSC) curves,
which revealed three large stages of mass loss and several thermal effects: (i)
around 200 °C, the evaporation of residual water associated with an endothermic
process; (ii) at approximately 400 °C, the first stage of nitrates decomposition
corresponding to an area of complex thermal effects since secondary processes
could occur, like organic components burning or incipient crystallization; (iii)
beyond 500 °C, the total elimination of nitrates attributed to an endothermic
effect. These findings confirm that a calcination temperature of 600 °C is optimal,
ensuring the removal of volatile components while preserving the structural
integrity of the bioglass.

The X-ray diffraction (XRD) analysis was employed to evaluate the
structural properties of the bioglasses (Fig. 3b). The XRD patterns of all samples
displayed a broad band between 15 and 35 °, characteristic of glassy materials.
Notably, the calcination temperature of 600 °C maintained the amorphous
structure of the basic composition, with no significant crystallization detected.
However, the substituted bioglasses containing Co, Cu, and Zn exhibited a slight
tendency toward crystallization, suggesting potential interactions between the
additional ions and the glass network. When correlating with the thermal analysis,
the absence of diffraction peaks after thermally treating at 600 °C aligns with the
removal of unwanted components below this temperature, as observed in the TA



Synthesis and characterization of cobalt, copper and zinc substituted bioglasses obtained by... 219

data. The slight crystallization tendency in substituted samples may arise from
localized structural rearrangements occurring during calcination [29]. Ion
substitution has been shown to influence crystallization behavior by modifying the
sintering window and promoting rearrangements within the glass network, which
can act as nucleation sites for crystalline phase formation. As discussed by Peitl et
al., crystallization does not necessarily inhibit bioactivity but can slow down
hydroxyapatite formation, affecting the material’s biological response in vivo
[29].
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Fig. 3. (a) Thermal analysis and (b) XRD patterns of bioglasses calcined at 600 °C.

The Fourier-transform infrared (FTIR) spectra of the bioglass samples
provide insights into their structural evolution during processing. Fig. 4a
illustrates the spectrum of the gels dried at 100 °C, which reveals several
characteristic vibrational bands. The broad band around 3,500 cm™! corresponds to
hydroxyl (OH") groups, indicating the presence of residual water and hydrogen-
bonded species. The peaks near 1,380 and 1,450 cm™! are associated with nitrate
(NO3") groups, likely originating from precursors used during synthesis, while the
bands at approximately 1,000 and 1,100 cm™! are attributed to silicate (Si—O) and
phosphate (P—O) bonds, practically the units on which the glass network is built.
Additionally, the bands around 870 cm™' suggest the presence of carbonate
(COs*) impurities caused by reaction with carbon dioxide from air. These
features indicate an intermediate stage of bioglass formation, where residual by-
products and incomplete reactions are still present.

After calcination at 600 °C, the FTIR spectra demonstrates significant
changes (Fig. 4b). The disappearance of the broad hydroxyl band confirms the
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removal of residual water and OH™ groups, while the elimination of nitrate and
carbonate peaks indicates the decomposition of precursors and impurities during
the heat treatment. The remaining vibrational bands are dominated by those
associated with silicate (Si—O) and phosphate (P—O) bonds, reflecting the
characteristic network structure of bioglass. The most intense Si—O band observed
around 1040 cm™ is assigned to the asymmetric stretching (Si—O_as), while the
band near 460 cm™ corresponds to the bending vibrations of the Si—O bonds
(Si—O_b), confirming the polymerization of the silicate network after calcination.
The absence of impurity-related bands and the sharpening of the silicate and
phosphate peaks suggest a more stable and homogeneous structure in the calcined
powders.
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Fig. 4. FTIR spectra of: (a) gels dried at 100 °C and (b) powders calcined at 600 °C. The Si—O
bands are labelled as: Si—O_as for asymmetric stretching mode and Si—O_b for bending mode.

The comparison between the FTIR spectra for the dried gels (Fig. 4a) and
the calcined powders (Fig. 4b) highlights the structural evolution of bioglass
during the thermal treatment. While the dried gel retains a complex spectrum
indicative of residues and an intermediate structure, the calcined powder presents
a purer profile dominated by the intrinsic bonds of bioglass. This confirms the
successful removal of impurities and the stabilization of the bioglass network
through calcination.

The scanning electron microscopy (SEM) images at a magnification of
20,000x (Fig. 5) and 200,000% (Fig. 6) illustrate the morphological differences
between the bioglass powders. At lower magnification (Fig. 5), BG (Fig. 5a)
shows large fragments with irregular edges, characteristic for unsubstituted
bioglass. BGCo (Fig. 5b) displays similar large fragments, but with more
pronounced densification and the presence of filament-like plates, suggesting that
cobalt substitution may induce material reorganization. BGCu (Fig. 5¢) exhibits
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smoother surfaces and a more tightly packed microstructure, while BGZn (Fig.
5d) has large fragments with irregular edges but appears more uniform and
compact compared to BGCu.

Fig. . S ges H ass pst niﬁcation:
(a) BG, (b) BGCo, (¢) BGCu, and (d) BGZn.

Fig. 6. aes ols pr a20,00 aniﬁcation:
(a) BG, (b) BGCo, (c) BGCu, and (d) BGZn.

At higher magnification (Fig. 6), the differences in microstructure become
more apparent. BG (Fig. 6a) presents an aggregated morphology with uniformly
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distributed fine particles (100-300 nm), consistent with the amorphous nature of
the unsubstituted bioglass. BGCo (Fig. 6b) shows densely packed particles and
filamentous entities, indicating the influence of cobalt on densification and
material organization. BGCu (Fig. 6¢) is characterized by quasi-spherical particles
(300-500 nm) and a more closely aggregated microstructure, suggesting that
copper significantly promotes particle growth. In contrast, BGZn (Fig. 6d)
demonstrates a densified and uniform morphology, with particle sizes ranging
from 250 to 450 nm, providing a balance between growth and structural stability.

The Energy-dispersive X-ray (EDX) spectra confirms the elemental
composition of the bioglass powders, revealing the incorporation of cobalt,
copper, and zinc into their respective matrices (Fig. 7). The unsubstituted bioglass
(BG) displays the primary elements characteristic of bioglass (Si, Ca, P), as
expected. In the modified samples, the intensity of the substituent peaks varies,
with copper and zinc showing higher intensities than cobalt, indicating
quantitative incorporation into the glass network. Due to the absence of elemental
mapping, no conclusions can be drawn regarding the spatial distribution of the
dopants. The filament-like entities observed in Fig. 6b may suggest local
compositional/structural variations in BGCo, while the more homogenous
morphology of BGCu and BGZn (Figs. 6¢ and 6d) may reflect a more uniform
microstructural organization.
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Fig. 7. EDX spectra of bioglasses calcined at 600 °C.

The combination of SEM and EDX provide insights into both the
morphology and elemental presence in the substituted bioglasses. Cobalt appears
to promote densification and filamentous entities, as observed in the case of
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BGCo. Copper enhances particle growth and porosity, as seen for BGCu, while
zinc provides a balance between particle growth and structural stability, as evident
for BGZn. These findings underscore the versatility of substituted bioglasses in
tailoring material properties for specific applications.

The morphological characteristics observed in the present study align with
the findings reported by Tulyaganov et al. [30], who investigated the structural
features of classical 45S5 and CaO-rich bioglass powders. Their sample BG
Ca/Mix presents similarities to BGCu and BGZn in our work, exhibiting large
particles with increased roughness and a more tightly packed microstructure. This
behavior is consistent with the influence of substitutes such as copper and zinc,
which enhance particle growth and contribute to surface irregularity. However,
the presence of potassium in BG Ca/Mix differentiates its reactivity, contributing
to enhanced thermal properties compared to the samples in this study. Conversely,
BG 4585 [30] retains a finer and more amorphous structure, closely resembling
the unsubstituted and cobalt-substituted bioglass powders from this work. Unlike
BGCu and BGZn, BG 45S5 does not exhibit significant particle growth,
highlighting the impact of additions on structural reorganization and morphology.

These findings underline the versatility of substituted bioglasses in
tailoring structural and chemical properties for specific biomedical applications,
with copper and zinc showing the most significant effects on particle growth and
morphological evolution, while cobalt primarily influences densification and
filament-like structures. Since EDX confirmed the presence of substituent
elements in all compositions, further studies including elemental mapping are
needed to fully assess their spatial distribution within the bioglass matrix.

The antimicrobial properties of bioactive glasses have been widely
investigated, with multiple studies demonstrating their effectiveness against
bacterial biofilms and their potential to address antimicrobial resistance. Previous
research highlights the superior antibacterial and anti-biofilm activity of
substituted bioactive glasses, particularly those incorporating silver and ceria,
which disrupt biofilm formation and enhance antibacterial activity [5, 31, 32].
Furthermore, early-stage bacterial adhesion on bioglass surfaces has been
explored using atomic force microscopy, providing insights into their antibacterial
mechanisms, including ion release and surface interactions [31]. These findings
emphasize the role of bioglass compositions and substitutes in modifying
antibacterial properties and inhibiting bacterial colonization.

In this study, the antimicrobial activity of bioglass powder samples was
preliminarily evaluated against Gram-negative Escherichia coli (DH5K strain)
and Gram-positive Bacillus subtilis spizizenii nakamura (ATCC 6633), cultured
on Luria Bertani (LB) agar. LB is a highly referenced, nutrient-rich medium
commonly used for microbial growth, particularly for E. coli cultures. The results
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revealed significant differences in activity among the substituted bioglasses,
highlighting the impact of metallic ion substitution on bacterial inhibition.

For B. subtilis, BG-Cu exhibited the highest antimicrobial activity, with a
clear inhibition zone (IZ) exceeding 10 mm and a hollow zone (HZ) greater than
15 mm, followed by BG-Zn with a moderate IZ over 6 mm, and BG-Co, which
showed limited activity (IZ ~1 mm, HZ >6 mm). In the case of E. coli, BG-Cu
again demonstrated superior performance (IZ >10 mm, HZ >20 mm), while BG-
Co exhibited moderate activity (no clear IZ, HZ ~8 mm), and BG-Zn showed
minimal activity (no 1Z, HZ <6 mm). Fig. 8 illustrates the variations in
antimicrobial activity observed for B. subtilis and E. coli, respectively,
highlighting the superior performance of BG-Cu compared to BG-Zn and BG-Co.

Fig. 8. Variation in antimicrobial activity of substituted bioglasses against
Bacillus subtilis and Escherichia coli for BGCo, BGCu and BGZn.

Overall, BG-Cu exhibited the strongest antimicrobial activity against both
bacterial strains, underlining the role of copper in enhancing antibacterial
properties. Studies have shown that copper coatings exhibit a strong antibacterial
effect by disrupting bacterial membranes, generating reactive oxygen species, and
interfering with essential enzymatic functions, leading to cell death [33, 34].
Additionally, copper-doped bioactive materials have demonstrated a metal
concentration-dependent antibacterial effect, effectively inhibiting bacterial
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growth and biofilm formation [34]. Interestingly, despite the increased protective
barrier of Gram-negative bacteria, E. coli was found to be more susceptible to
bioglass samples than B. subtilis, regardless of the metallic ion substitution. This
suggests that beyond the bacterial cell wall structure, other factors such as ion
release dynamics and surface interactions may play a crucial role in determining
antimicrobial efficacy [33, 34].

This preliminary evaluation represents the initial phase of investigating the
antimicrobial properties of the bioglasses synthesized in this study. While
promising results have been obtained, further research is necessary to validate
these findings and explore the mechanisms underlying the observed differences in
terms of antibacterial activity. Future work will include testing the antimicrobial
activity of bioglass thin films to compare their performance with that of the
powders and assess their potential for clinical applications.

These findings underline the versatility of substituted bioglasses in
tailoring structural and chemical properties for specific biomedical applications,
with copper and zinc showing the most significant effects on particle growth and
morphological evolution, while cobalt primarily influences densification and
filament-like structures. Since EDX confirmed the presence of substituent
elements in all compositions, further studies including elemental mapping are
needed to fully assess their spatial distribution within the bioglass matrix.

4. Conclusions

Co-, Cu-, and Zn-substituted bioglasses were successfully synthesized via
the sol-gel method, confirming the feasibility of obtaining glassy powders suitable
for biomedical applications. The XRD patterns confirmed the amorphous nature
of the bioglasses, with minimal crystallization tendencies observed for the
substituted samples. The FTIR spectra provided insights into the structural
evolution of the bioglass powders, highlighting the elimination of impurities and
glass network stabilization through calcination. SEM images illustrated
substituent-induced morphological changes, with Co-incorporating samples
displaying densified structures and filamentous formations, while Cu-containing
bioglass exhibited quasi-spherical particles and increased porosity. EDX spectra
confirmed the incorporation of substituting elements (Co, Cu, Zn) into the
bioglass matrices. The preliminary antimicrobial tests demonstrated significant
activity for Cu-substituted bioglass against both Bacillus subtilis and Escherichia
coli, with inhibition zones exceeding 10 mm for both strains. Zinc-containing
bioglass showed moderate activity, particularly against B. subtilis, while Co-
incorporating sample exhibited limited antimicrobial performance. These findings
align with prior reports emphasizing the antibacterial and bioactive properties of
modified bioglasses, supporting their suitability for biomedical applications.
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Overall, the study highlights the versatility of Co-, Cu-, and Zn-substituted
bioglasses in enhancing osteointegration and providing antimicrobial efficacy, as
well as their potential for broader biomedical applications, such as combating
bacterial infections and promoting tissue repair. Future work will focus on
evaluating the properties of thin films derived from these bioglasses and
comparing their performance with that of the powder samples.
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