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Synergistic bactericidal and
anticancer potential of rubidium
and silver-containing phosphate-
based bioglasses

M. Bosca?, L. C. Bolundut?, L. Pop?, R. Lucacel-Ciceo®3", G. Stiufiuc?, R. F. Badila?,
I. Lupan3*, O. R. Koblicska3, A. Onaciu®, D. Cenariu®, A.-B. Tigu®, G. Katona®, D. Simedru’ &
P. Pascutal™

A new vitreous system, 44P,0.-25Ca0-21Na,0-5Zn0-5Ag,0, doped with 1-7 mol% Rb,0, was
synthesized by conventional melt quenching, and the structural and biological effects of rubidium
incorporation were systematically investigated. The X-ray diffraction confirmed the amorphous
nature of all compositions, while FTIR and Raman spectroscopy revealed that Rb* ions act as network
modifiers, promoting progressive depolymerization of the phosphate network dominated by Q2 and Q*
units. X-ray photoelectron spectroscopy demonstrated the presence of all constituent elements at the
glass surface, with silver detected in both ionic (Ag*) and metallic (Ag®) states; the Ag*/Ag° ratio varied
slightly (0.62-0.65) with Rb,0 addition, indicating stable coexistence of ionic species and metallic
nanoparticle clusters. Transmission electron microscopy corroborated the formation of Ag-containing
nanoclusters dispersed within the vitreous matrix. Biological performance was evaluated through

a comprehensive series of assays, including fibroblast viability (MTT), antimicrobial, antifungal,

and anticancer tests. Human skin fibroblasts displayed a high proliferation rate at both 24 and 48 h,
confirming the excellent cytocompatibility of the glass system in the 0-5 mol% Rb,0 compositional
range. In contrast, a pronounced cytotoxic effect was recorded against breast cancer cells for the
composition containing 7 mol% Rb,0 at a concentration of 0.78 mg mL™ after 48 h. Antimicrobial
testing revealed complete elimination of gram-negative bacteria within 1 h, attributed primarily to
Ag* release. A bacteriostatic effect against gram-positive strains at 2 h, as well as inhibition of fungal
propagation at 4 h, was also observed and correlated with the surface concentration of silver and
rubidium.

Keywords Phosphate glasses, Rb,0, Ag,0, Cell viability, Antibacterial activity

Phosphate based bio-glasses (BGs) having calcium (Ca), sodium (Na) and/or potassium (K) are one of the basic
compositions designed for applications in hard/soft tissue engineering, drug delivery, therapeutic ion release
and as coatings on metallic implants for orthopedics and dentistry!~. Throughout time, calcium phosphate-
based BGs have evolved from implantable inert substances to bioactive materials. Notably, they have become
integral components of bioresorbable photonic devices, highlighting their adaptability and vast potential within
biomedical applications®”.

The expanding demands of medicine and engineering have driven the development of new compositions and
tailored synthesis methods to meet specific functional requirements. To achieve enhancement for the biological
performance of these vitreous materials, almost all periodic table elements of the have been investigated for
incorporation into BG formulations. Studies have demonstrated that the inclusion of metallic, non-metallic,
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and rare-earth biologically active ions can significantly influence the osteogenic, angiogenic, anti-inflammatory,
anti-tumoral, and antibacterial properties of BGs®’.

Infection remains a significant challenge in implantology, where primary contributors to implant failure are
bacterial adhesion and biofilm formation!%-12. Killing the bacteria within the immediate vicinity of the implant
is crucial but difficult since the delivery of antibiotics to the infected area is relates with the poor vascularization
in the bone tissue. Moreover, antibiotic resistance occurs frequently and usually within a few days of treatment
initiation (e.g., with frequency 3 x 10~ © for fusacid)'>.

Zing, is one of the most important trace elements in the human body, is often present in the composition
of biomaterials since it is associated with the growth and development of healthy bone!*!. Zinc is also a key
factor in many enzymes and supports protein combinations and it is essential for DNA replication. In addition
to its biological roles, Zn?* ions incorporated into bioactive glasses (BGs) have been shown to exhibit significant
antibacterial and anti-inflammatory effects®16-!8, These properties make zinc a valuable addition to BG
formulations, enhancing their therapeutic potential by promoting healing while preventing infections.

Among the less common elements, rubidium (Rb), an alkali element from the Group 1 of the Periodic Table
has garnered attention for its diverse applications across various technological areas, including energy, medicine,
catalysis, ferromagnetic materials, solders, and specialty glasses!®. Rubidium is characterized by low toxicity
and can be found in several human organs, such as the heart, pancreas, cerebrum, liver and kidneys, where it
functions similarly to potassium, playing an essential role in cellular processes'*°. The application of rubidium
doped silica-based biomaterials has been focused on bond reconstruction revealing the capability of Rb ions
to promote the angiogenesis and osteogenesis*""*2. Furthermore, rubidium-containing BGs have been reported
to exhibit antibacterial and anticancer properties, highlighting their potential for wound healing and cancer
treatment applications?»?. In terms of structural role within the glass network, rubidium behaves similarly to
other alkali metals. It disrupts the glass network structure by breaking the glass former chains and creating non-
bridging oxygen atoms (NBOs).

Silver ions (Ag*) have long been recognized for their potent antibacterial properties, a characteristic that dates
to antiquity, and they remain one of the most widely utilized elements in BGs for antimicrobial applications?>%.
However, the successful incorporation of silver into BGs presents challenges, particularly in ensuring that
the silver is present in its ionic form. The metallic form of silver does not exhibit significant bacteriostatic or
bactericidal effects?”*°. Therefore, the method of synthesis plays a key role in achieving the desired ionic form of
silver in the glass matrix. The sol-gel method has been proven to be more effective in incorporating ionic silver
into BGs compared to traditional melt-quenching processes, facilitating better control over silver’s oxidation
state and distribution®'. Recent studies have also explored the synergistic effect of zinc (Zn**) and silver (Ag")
ions in sol-gel derived BGs, focusing on understanding the relationship between the structural properties of
these materials and their biological behaviour to find new applications of this class of materials®*2. Beyond
the oxidation state of silver, the size of silver particles plays a crucial role in biomedical applications. Silver
nanoparticles (Ag NPs) exhibit significant potential across a wide range of applications, including antimicrobial
agents, biomedical device coatings, drug delivery systems, imaging probes, and diagnostic and optoelectronic
platforms. Their unique physical and optical properties, as well as their biochemical functionality, can be
precisely tailored through controlling its size and shape®.

Despite the extensive study of phosphate-based bioglasses (BGs), the incorporation of rubidium ions into
these systems, particularly those synthesized via the melt-quenching method, remains unexplored. This study
aims to develop and characterize a novel class of rubidium-containing BGs with the composition xRb,0-(100-x)
[44P,0.-25Ca0-21Na,0-5Zn0-5Ag,0]. The research focuses on investigating their structural, physicochemical,
and biological properties, emphasizing biocompatibility, anticancer activity, bactericidal efficacy, and antifungal
potential. By leveraging the synergistic interaction between silver and rubidium ions, this study seeks to enhance
the biological functionality of the glasses, with promising implications for biomedical applications such as bone
regeneration, infection control, and targeted cancer therapy.

Experimental procedure

Materials

Reagents of high purity Rb,CO,, NH,H,PO,, CaO, Na,CO,-10H,0, ZnO and Ag,O were used in stoichiometric
amounts to obtain samples from a new glass system that has the following chemical compositions xRb,0-(100-x)
[44P,0.-25Ca0-21Na,0-5Zn0-5Ag,0], with 0<x<7 mol%. The samples were prepared by using the
conventional melt quenching technique. The used oxides were mixed through grinding inside an agate mortar
obtaining a homogeneous mixture. The highly homogenized mixtures of the corresponding reagents were placed
in sintered corundum crucibles which were introduced for melting directly at 1250 °C in an electric furnace and
were kept at this temperature for 15 min. The melt was then quickly cooled to room temperature by pouring
onto stainless-steel plates.

Characterization
X-ray diffraction (XRD) data were recorded at the room temperature with a Shimadzu 6000 XRD diffractometer
with Cu-K_ radiation (A =1.54 A) having the source power of 40 kV and 30 mA.

The FTIR absorption spectra of the samples were recorded with a JASCO FTIR 6200 spectrometer, in the
range 400-4000 cm}, at room temperature, spectral resolution of 4 cm’!, using the KBr pellet technique.

The Raman spectra were recorded with a confocal Renishaw'inVia microscope (Renishaw plc, Wotton-
under-Edge, Gloucestershire, UK), equipped with a Leica microscope (Leica Microsystems GmbH, Wetzlar,
Germany), using a 50x objective (N.A. 0.75) and a 785 nm diode laser (Renishaw, Wotton-under-Edge, UK) for
excitation. The calibration procedure was performed by using an internal silicon reference before measuring the
samples. The laser power (measured at the sample surface) was ~ 113 mW and the acquisition time was set to
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40 s (10 s integration time and 4 accumulations). The spectrograph was equipped with a 600 lines/mm grating
and a charge coupled device camera (CCD). The spectral resolution of the spectrometer was ~2 cm™!. The
baseline correction was performed by using the Wire 4.2 software provided by Renishaw plc (Wotton-under-
Edge, Gluocestershire, UK), with the inVia spectrometer.

The FTIR and Raman results were processed by using OriginPro 2019 software (OriginLab, Nothampton,
Massachusetts, USA).

The X-ray photoelectron spectroscopy (XPS) analysis was conducted on finely powdered samples using
a SPECS PHOIBOS 150 MCD system equipped with monochromatic Al Ka source (250 W, hv=1486.6 eV),
hemispherical analyser and multichannel detector. The typical vacuum in the analysis chamber during the
measurements was in the range of 10~°-~10~ 1% mbar. Charge neutralization was used for all samples. The binding
energy (BE) scale was charge referenced to the Cls photoelectron peak at 284.6 eV. The elemental composition
on samples surface was calculated by a standard quantitative XPS analysis of survey spectra acquired at
pass energy of 60 eV in the binding energy range 0-1200 eV. High-resolution spectra were obtained using
analyser pass energy of 20 eV. The atomic concentrations were estimated from the areas of the characteristic
photoelectron lines assuming a Shirley type background. For the analysis of high-resolution spectra all peaks
were deconvoluted and fitted using Shirley background and GL(30) line shapes, i.e. a combination of Gaussian
(70%) and Lorentzian (30%) line shapes. The position and full width at half maximum of photoelectron peaks
were estimated by spectra deconvolution with Casa XPS (Casa Software Ltd., UK).

Transmission electron microscopy (TEM) images were acquired using a Hitachi H-7650 transmission
electron microscope operating at an acceleration voltage of 80 keV. For sample preparation, approximately 1 mg
of the material was suspended in 1 mL of CH;OH with sonication to ensure dispersion. A drop of the resulting
suspension was then placed onto a Formvar/Carbon-coated copper grid (300 mesh) and allowed to evaporate
before imaging.

Cell culture and MTT test

In vitro studies were performed on two different cell lines: CCD1137Sk (human skin fibroblast, non-tumoral) and
HS578T (triple negative breast cancer cells). They were grown in IMDM cell culture medium (for CCD1137Sk)
and RPMI 1640 (for HS578T cells) both supplemented with 10% fetal bovine serum (FBS) and 1% L-glutamine.
Cells were kept at 37 °C in a humidified chamber with 5% CO,. All reagents used for cell growth were bought
from Gibco (Grand Island, NY, USA). All the cells were bought from ATCC.

The cytotoxicity of the compounds was assessed using the MT T test. For this, 10,000 cells/well were cultivated
in 96 well plates. The cells were allowed to adhere for 24 h after which treatments were added at different
concentrations in the range of 0.78-100 mg/mL. The MTT assay was performed at 24 and 48 h by reading the
absorbance at 570 nm with the help of the SPARK 10 M spectrophotometer (Tecan, Méannedorf, Switzerland).
The results were analyzed using Graphpad Prism 6 software and are presented as means + standard error of the
mean of four independent experiments.

Antibacterial and antifungal tests
The antibacterial activity of the samples was assessed on the Gram-positive bacterium Staphylococcus aureus
(ATCC 1109R) and the Gram-negative bacterium Escherichia coli (ATCC 25922). A quantity of 30 mg of each
sample was mixed with the bacterial suspension in liquid culture (10* cells/mL). Then, 25 uL of the culture
was plated on solid medium (Mueller-Hinton agar) and incubated overnight at 37 °C (the cells were plated in
triplicate). Negative control (NC) was performed in the same way but without the samples. The Colony Forming
Units (CFU) were counted the following day.

Antifungal tests were performed using Candida albicans cells as described above for the antibacterial tests.
The Mueller-Hinton medium was used for bacterial cultures, while the blood agar medium was used for Candida
cultures.

Results and discussion
XRD data
The solubility of Ag,O in glass melts is the key factor for the effective production of Ag-containing BGs since
silver is known as an element difficult to insert homogeneously in a glass composition. The XRD patterns of the
investigated materials (Fig. 1) are characterized by broad lines characteristic for vitreous structure.

No changes were seen in the shape of diffractograms upon the Rb,O additions. These features show: (i)
a good solubility of silver ions in the 44P,0.-25Ca0-21Na,0-5Zn0-5Ag,0 system and (ii) a stable vitreous
structure of the synthesized samples. Using the relation R = (51)/(8sin8)*, the average distance between the
atoms in the first coordination sphere was determined to be approximately 3.8 A. This distance is still nearly
constant across the entire concentration range of Rb,O revealing the rigidity of the glass network.

FTIR and Raman data

The FTIR spectra between 400 and 2000 cm™! on the studied glasses with different content of rubidium oxide
were collected and illustrated in Fig. 2. The broadening of the IR bands suggests the presence of structural
disorder in the glass network.

The main bands of the spectra occur in the range of 400-1500 cm™ ! and are assigned to the phosphate linkages
vibration®>=¥. It is well known that the phosphate glass network is made of corner-sharing PO, tetrahedral units
with one, two, three or four non-bridging oxygen (NBO)¥. According to their mutual connectivity, these units
can be classified by Q" terms, where n represents the number of bridging oxygens (BO) per tetrahedron with
values ranging from 0 to 3.
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Fig. 1. XRD patterns of the xRb,0-(100-x)[44P,0.-25Ca0-21Na,0-5Zn0-5Ag, 0] glasses.

The absorption band observed around 545 cm™! is attributed to the bending vibrations of O = P-O bonds,
while the band appearing at approximately 430 cm™ corresponds to P-O-M bonds, where M represents Ca,
Na, Zn, or Rb33840 Notably, the intensity of the 430 cm™ band increases with higher Rb,O content, indicating
structural alterations in the glass matrix. This suggests that rubidium ions are incorporated into the phosphate
network via non-bridging oxygen (NBO) atoms, thereby functioning as network modifiers.

The band centered around 745 cm~ ! is associated with the symmetric stretching of bridging oxygen
atoms bonded to phosphorus within Q? units*’~*°. Additionally, the asymmetric stretching band of P-O-P,
initially positioned at approximately 900 cm™ !, shifts to ~ 915 cm™ ! in correlation with increasing rubidium
concentration. This shift, along with the increased intensity of the band, suggests that rubidium ions exert a
polarization effect on the phosphate network, leading to structural modifications. These changes reflect the
progressive depolymerization of longer phosphate chains into shorter segments and the subsequent formation
of Q! pyrophosphate units®.

Further structural insights are provided by the presence of absorption bands at approximately 990 cm™! and
1115 cm™ !, corresponding to the symmetric and asymmetric stretching modes of chain-terminating Q' units,
respectively®. The absorption band at ~ 1170 cm™ ! is attributed to the symmetric stretching mode of O-P-O
non-bridging oxygens, indicating the distribution of phosphate ions within Q? tetrahedra®>=7*4!, Moreover, the
asymmetric stretching vibration of the P = O bond, characteristic of (PO,)” vibrations in Q? groups, generates
an FTIR band at around 1265 cm™ 13642,

A pronounced hydrophobic effect of rubidium ions on the vitreous system was observed. The 1630 cm
band, assigned to hydroxyl group bending vibrations, decreased progressively in intensity with increasing Rb,O
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Fig. 2. FTIR spectra of the xRb,0-(100-x)[44P,0,-25Ca0-21Na,0-5Zn0-5Ag,0] glasses.

content. As phosphate glasses are inherently hydrophilic, this rubidium oxide-induced response highlights a
significant enhancement of glass stability over time.

In addition to FTIR spectroscopy, Raman spectroscopy is a powerful tool for elucidating the local structure
of glasses, with both techniques providing complementary insights. It is well established that a strong band in
the Raman spectrum of a given compound typically corresponds to a weak band in its FTIR spectrum, and
vice versa®. This complementary relationship arises due to the differing selection rules governing vibrational
transitions in these spectroscopic methods. While FTIR spectroscopy primarily detects dipole moment changes
associated with vibrational modes, Raman spectroscopy is sensitive to polarizability variations within molecular
bonds. Thus, the combined use of FTIR and Raman spectroscopic techniques enables a more comprehensive
characterization of glass structure, facilitating a deeper understanding of network connectivity, bond
environments, and structural transformations.

The Raman spectra, illustrated in Fig. 3, clearly indicate the structural modifications in the local glass network
induced by the addition of rubidium oxide.

The Raman peak from 352 cm™ ! is due to the bending vibration of PO, units®’. The bending vibration
involving different ions (Ca, Na or Rb) and (P207)4’ units (Q! tetrahedra) are confirmed by the presence of
the absorption peak centred at 531 cm™ . Also, the shoulder from 624 cm™! which increases in intensity with
rubidium oxide content can be due to the presence of O-P-O symmetric stretching vibrations®*344,

The Raman spectra reveal a strong band in the range of 701 cm™! to 752 cm™!, which exhibits a decrease in
intensity and a shift toward higher wavenumbers with increasing rubidium ion content. The band observed at
701 cm™! corresponds to the stretching vibrations of P-O-P linkages in Q? units, while the band at 752 cm™!
is attributed to the symmetric P-O-P stretching vibrations of bridging oxygen atoms in Q! units*. This shift
indicates a reduction in the interconnectivity of the phosphate network, as the glass structure transitions from
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Fig. 3. Raman spectra of the xRb,0-(100-x)[44P,0,-25Ca0-21Na,0-5Zn0-5Ag,0] glasses.

metaphosphate (Q?) to pyrophosphate (Q') units, suggesting a progressive depolymerization of the phosphate
framework.

The introduction of rubidium oxide into the phosphate glass networkleads to the appearance of alow-intensity
band at approximately 910 cm™, indicating the formation of orthophosphate units (PO 4)2‘ (Q° tetrahedra)
due to the disruption of existing phosphate linkages*®*°. This indicates a progressive depolymerization of the
phosphate structure.

Additionally, the incorporation of rubidium ions into the 44P,0,-25Ca0-21Na,0-5Zn0-5Ag,0 glass matrix
results in an increased intensity of the band centered at 1042 cm™L, which shifts towards 1065 cm™!, also. This
shift is associated with the enhanced presence of Q' pyrophosphate groups, corresponding to (P,0.)*" dimeric
units in samples with higher rubidium content®®44°, These structural transformations indicate a reduction in
phosphate network connectivity, further supporting the role of rubidium as a network modifier344:45,

A dominant band is observed at 1163 cm™! in the Raman spectra of the glass matrix, corresponding to the
symmetric stretching vibrations of PO, groups, where two non-bridging oxygens are bound to a phosphorus
atom within Q? units***>. As the rubidium oxide concentration increases, the intensity of this band decreases,
and it shifts towards 1120 cm™!, further confirming the progressive depolymerization of the phosphate network
upon Rb,O addition.

The band centered at 1270 cm™ is attributed to the asymmetric stretching vibrations of PO, groups in
metaphosphate (Q?) units***. A slight decrease in the intensity of this band suggests structural reorganization
within the glass network as the rubidium content increases.

Both FTIR and Raman spectroscopic analyses provide strong evidence of phosphate network depolymerization
induced by Rb,O incorporation in the 44P,0.-25Ca0-21Na,0-5Zn0-5Ag,0 glass matrix. This process is
characterized by the progressive transformation of Q? metaphosphate units into Q! pyrophosphate units.

Scientific Reports |

(2025) 15:37135 | https://doi.org/10.1038/s41598-025-21009-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Notably, starting at 5 mol% Rb,O, Raman spectroscopy distinctly highlights the network-modifying role of
rubidium ions, emphasizing their impact on the glass structure. This structural transformation is expected to
influence the physicochemical and biological properties of the bioglasses, further supporting the role of Rb,0
as a key network modifier.

XPS data

Figure 4 presents the XPS survey spectra of the synthesized glass samples, providing insights into their surface
composition. The survey spectra were analyzed in terms of peak intensities and positions, allowing for the
identification and quantification of all constituent elements within the studied glasses. The corresponding XPS
and Auger peaks were clearly distinguished and labeled within the spectra.

The elemental surface compositions of the glass samples, determined from XPS analysis, are presented
in Table 1. Rubidium concentrations increased systematically with the nominal Rb,O content, confirming
its successful incorporation into the glass network. In the composition containing 7 mol% Rb,O, the surface
enrichment of rubidium was accompanied by a marked reduction in silver concentration (3.23 at%), indicating
a redistribution of surface species. These results demonstrate that rubidium plays a critical role in modulating
the surface chemistry of phosphate-based glasses, with direct implications for their biological performance, as
detailed in sections “Cell compatibility”-“Antibacterial and antifungal assay”.

The high-resolution XPS spectra of Ag 3d provide valuable insights into the silver species present in the glass
samples. The deconvoluted Ag 3d photoelectron signals for three representative samples are illustrated in Fig. 5.
The spectra confirm the presence of both metallic silver (Ag®) and ionic silver (Ag") at the surface of the glass.

Using Gaussian-Lorentzian (GL30) peak fitting with a Shirley background, the Ag 3d spectra were
deconvoluted into two distinct doublets: one located at lower binding energy (green line), corresponding to
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Fig. 4. XPS survey spectra of the xRb,0-(100-x)[44P,0,-25Ca0-21Na,0-5Zn0-5Ag,0] glasses.
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- Elemental concentration (at%)

[mol%] |Rb | P Ca |Na |O Zn |Ag
0 - 30.03 | 5.47 | 2.58 | 54.65 | 0.92 | 6.35
1 1.30 | 32.28 | 5,30 | 2.36 | 51.20 | 1,08 | 6.48
3 2.34 | 30.38 | 4,79 | 2.50 | 52.90 | 1.06 | 5.03
5 3.01 | 30.30 | 4,68 |2.75 | 52.56 | 1,01 | 5.69
7 4.02 | 30.14 | 6.15 | 2.28 | 53.31 | 0.87 | 3.23

Table 1. The elemental composition determined from XPS analysis with an accuracy of +0.2 at %.
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Fig. 5. The high-resolution Ag3d spectrum of samples with x=0 and 7 mol% Rb,O. Red line indicates the Ag°
component and green line the Ag* component; dash-dot lines are the fit result.

Ag", and the other at higher binding energy (red line), characteristic of Ag’. These findings indicate that silver
exists in both oxidation states across all samples, which is particularly relevant to their antibacterial properties,
as further discussed in section “Antibacterial and antifungal assay”

Thesilver species ratio (Ag*/Ag®) was determined from the high-resolution XPS spectra of Ag3d by calculating
the area under the corresponding spectral components (Ag3d, , and Ag3d, ,). The results indicate that this ratio
remains nearly constant across all samples, with only a slight variation from 0.62 in the base glass matrix to 0.65
in the sample containing 7 mol% Rb,O. This consistency suggests the successful incorporation of silver into the
glass structure and its stable distribution in both metallic (Ag®) and ionic (Ag") states at the surface.

In general, chemical shifts in XPS spectra are highly sensitive to variations in atomic coordination and local
structural environments. Figure 6 presents the high-resolution XPS spectra of Rb3d, providing insights into
the electronic state and local environment of rubidium in the glass matrix. A noticeable shift toward higher
binding energies was observed with increasing Rb,O content, indicating an increase in the oxidation state. The
broad aspect of the Rb3d peaks, along with a slight decrease (approximately 3 eV) in the full width at half
maximum (FWHM) as Rb,O content increases, further suggests a continuous modification in the coordination
and bonding environment of rubidium atoms. This behavior is indicative of a progressive change in the number
and type of chemical bonds formed by rubidium within the phosphate-based glasses.

TEM images

Figure 7 presents the TEM mapping of two representative glass samples, providing insights into the distribution
and morphology of silver nanoparticles (AgNPs) as a function of rubidium oxide content. In the absence of
RD,0, the silver nanoparticles appear as small, isolated structures with an average size of approximately 50 nm.
However, with increasing Rb,O content, the colloidal AgNPs exhibit significant growth, reaching sizes in the
range of 250-500 nm.

Cell compatibility

The success of an implant is preliminary decided by the interaction and response between cells and biomaterial
surface. Inadequately adherent cells inhibit tissue repair and regeneration, resulting in implant failure. To assess
the cell compatibility of rubidium oxide containing BGs, normal epithelial cells (CCD1137Sk) were selected.
All the results obtained are shown in Fig. 8. Overall, the glass matrix demonstrates excellent biocompatibility,
highlighting the potential of this composition as a biomaterial.
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Fig. 6. Rb3d spectra of the xRb,0-(100-x)[44P,0.-25Ca0-21Na,0-5Zn0-5Ag,0] glasses.
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Fig. 7. TEM micrographs of glass matrix (a) and sample containing 5 mol% Rb,O (b).

Incorporating rubidium oxide (Rb,0) into the glass matrix composition reduces cellular viability, although
the samples remain biocompatible. For the sample containing 3 mol% Rb,O, a consistent increase in cell viability
was observed from 24 to 48 h across all dilutions tested. However, for the sample with 5 mol% RbZO, this positive
effect was only evident at a concentration of 1.56 ug/mL. In contrast, the sample with 7 mol% Rb,O remained
biocompatible but exhibited a decrease in cell viability from 24 to 48 h across all dilutions. The XPS elemental
analysis (Table 1) revealed that at 7 mol% Rb,O, the surface fraction of rubidium ions reached its highest value
(4.02 at%), while the fraction of silver ions was at its lowest (3.23 at%). This finding suggests that rubidium ions
play a key role in the reduced proliferation of normal epithelial cells.

Cancer cells killing ability

The anticancer potential of the samples was evaluated using the HS578T breast cancer cell line, with the results
summarized in Fig. 9. For the sample without rubidium ions, a modest cytotoxic effect was observed only at
a concentration of 3.125 pg/mL after 48 h. However, when the rubidium oxide content exceeded 3 mol%, cell
viability decreased below 80% relative to the control. Notably, the sample containing 7 mol% Rb,O exhibited the
most significant cytotoxic effect at a concentration of 0.78 pg/mL after 48 h, reducing cell viability to 75% relative
to the control. These findings strongly suggest that rubidium ions are primarily responsible for the observed
anticancer activity. The mechanism through which metallic ions exert cytotoxic effects on cancerous cells
involves multiple biochemical pathways, with specific impacts varying according to the properties of the metal
ion involved. These ions can effectively suppress tumor growth through a combination of mechanisms, including
activation of biocatalytic reactions at the tumor site, altering cellular osmolarity, disrupting metabolic processes,
interfering with signal transduction pathways, and actively targeting intracellular DNA“®. The role of rubidium
ions (Rb*) in anticancer activity, while less explored, is thought to share similarities with potassium ions (K*).
Both ions can easily pass through the cell membrane via potassium channels due to their comparable ionic
radii, allowing them to affect intracellular ionic balance and membrane potential. Such disruptions can impair
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Fig. 8 V. iability of CCD1137Sk cells after 24 and 48 h interaction with different concentration of
xRb,0-(100-x)[44P,0.-25Ca0-21Na,0-5Zn0-5Ag,0] glasses (with NC as negative control and bars as
standard error of means).

vital cellular functions, including signaling and volume regulation, potentially triggering apoptosis in cancer
cells. Further research is needed to fully elucidate the specific pathways through which Rb* ions contribute to
anticancer activity and to determine how it might synergize with other therapeutic agents.

Antibacterial and antifungal assay
All the samples studied were tested on E. coli (ATCC25922) and S. aureus (ATCC 1109R) bacterial lines and
Candida albicans as fungal line.

All samples had shown a powerful antibacterial effect on the gram-negative E. coli even after 1 h. This result
strongly indicated the ability of silver ions (Ag*) found on the glasses surface (XPS results) to penetrate the
bacteria’s thin wall and kill it.

For S. aureus all the samples studied don’t present a clear bactericidal effect reported at control sample (Fig.
10). The most notable bacteriostatic effect was observed for the samples 0-3 mol% Rb,O at 1 and 2 h. This
behavior was expected since the gram-positive bacteria are less susceptible to Ag* than gram-negative bacteria
mainly due to the peptidoglycan particularities*’.

Antifungal possible effect of analyzed BGs was tested on Candida albicans, the results being presented in
Fig. 11. The investigated samples do not manifest a notable effect on the Candida albicans, but we asses that
matrix and the sample with 7 mol% Rb,O are not an appropriate medium for the fungi massive propagation.

Conclusions

Homogeneous glasses of the system xRb,O-(100-x)[44P,0525Ca0-21Na,0-5Zn0-5Ag,0] (0<x<7 mol%)
were successfully synthesized by the melt-quenching method. X-ray diffraction confirmed the vitreous state of
all compositions, which is noteworthy given the known tendency of silver oxide to segregate into metallic phases
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during quenching. FTIR and Raman spectroscopy demonstrated that progressive incorporation of Rb,O induces
significant modifications in the short-range network structure, with Rb* ions acting as network modifiers and
promoting phosphate depolymerization through a Q* > Q! transition.

Surface analysis by XPS revealed the presence of all constituent elements, with silver detected in both ionic
and metallic forms. The highest Ag*/Ag® ratio (0.65) was recorded in the 7 mol% Rb,O sample, where the overall
silver content was lowest (3.23 at%).

Biological assays demonstrated strong antimicrobial efficacy, with all glasses eliminating gram-negative
E. coli within 1 h via Ag" release. Against gram-positive S. aureus, a bacteriostatic effect was observed in the
0-3 mol% Rb,O samples at early exposure times (1-2 h).

The MTT assays confirmed excellent cytocompatibility with healthy epithelial cells (CCD1137Sk), with only a
slight decline in viability at higher Rb,O contents. Notably, the glass containing 7 mol% Rb,O exhibited selective
anticancer activity against the HS578T breast cancer cell line at 0.87 mg mL™! after 48 h, while maintaining
compatibility with healthy cells, and showed modest antifungal activity against Candida albicans.

Taken together, these findings highlight the potential of multicomponent phosphate-based bioactive
glasses as multifunctional biomaterials with combined antibacterial, antifungal, and anticancer properties. The
synergistic contributions of Ag* and Rb* ions play a central role in these effects. Future in vivo studies are
essential to elucidate the underlying mechanisms and to validate their safety and therapeutic potential in clinical
applications.
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