
Engineered Regeneration 7 (2026) 58–70 

Contents lists available at ScienceDirect 

Engineered Regeneration 

journal homepage: http://www.keaipublishing.com/en/journals/engineered-regeneration/ 

Multi-modal therapeutic action of gallium-containing bioactive glass 

against osteosarcoma and bacterial pathogens 

Lucas Pereira Lopes de Souza 

a , b , ∗ , Joao Henrique Lopes c , Luis Felipe Moreira Oliveira 

c , 

Farah Naz Safdar Raja 

b , d , Archana Singh 

e , Shirin Hanaei b , Darrell Green 

f , Adrian Gardner a , g , 

Jonathan Stevenson 

a , Richard Alan Martin 

b 

a Department of Research, Audit, & Development, The Royal Orthopaedic Hospital NHS Foundation Trust, B31 2AP Birmingham, United Kingdom 

b School of Engineering & Physical Sciences, Aston University, B4 7ET Birmingham, United Kingdom 

c Biomaterials and Biointerfaces Laboratory (BBLab), Department of Chemistry, Division of Fundamental Sciences (IEF), Aeronautics Institute of Technology, São José

dos Campos, São Paulo 12228-900, Brazil 
d College of Medicine and Dentistry, Outreach Centre of Ulster University, Birmingham, United Kingdom 

e Amity Institute of Biotechnology, Amity Institute of Integrative Sciences and Health, Amity University Haryana, Gurugram, India 
f Norwich Medical School, University of East Anglia, Norwich Research Park, NR4 7UQ Norwich, United Kingdom 

g Aston Medical School, Aston University, B4 7ET Birmingham, United Kingdom 

a r t i c l e i n f o 

Keywords: 

Bone tumour 

Bioactive glass 

Gallium 

Cytotoxicity 

Apoptosis 

RNA-sequencing 

a b s t r a c t 

Despite multimodal therapy, bone tumours can lead to high morbidity and poor survival, with recurrent limited 

success from trials investigating targeted or immunotherapies. Surgery remains essential and is often the only op- 

tion available for refractory disease, skeletal metastases, and some benign bone lesions. However, primary bone 

tumours, such as osteosarcoma, often recur locally when complete resection is hindered by limited safety mar- 

gins or proximity to vital structures. A multifunctional biomaterial capable of eradicating residual tumour cells 

while promoting bone regeneration could significantly improve outcomes of surgical procedures in these clini- 

cal settings. Here, we report the anticancer and antibacterial properties of gallium-containing bioactive glasses 

(Ga-BGs). We show that osteosarcoma cell lines are especially sensitive to gallium and that Ga-BGs can release 

therapeutic levels of gallium ions that selectively kill osteosarcoma cells. Our mechanistic investigation reveals 

that gallium promotes a multi-pronged molecular attack on key hallmarks of cancer cells, primarily through dis- 

rupting iron metabolism leading to increased oxidative stress, induction of cell death pathways, and suppression 

of oncogenic and metastatic signalling. Moreover, gallium nitrate and Ga-BGs are shown to present inhibitory 

effects upon gram-negative bacteria P. aeruginosa . Taken together, our results indicate that Ga-BGs constitute a 

model biomaterial for the development of multi-functional scaffolds for the treatment of osteosarcoma. 
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. Introduction 

Standard treatment for malignant primary bone tumours typically

nvolves en-bloc surgical excision with or without reconstruction, and

ombinations of chemo-radiotherapy depending upon histological type

 1 , 2 ]. However, therapeutic progress has stagnated over the past four

ecades, with five-year overall survival rates remaining around 50 %

 3 ]. Effective disease management remains challenged by high rates

f implant failure, infection, and local recurrence, particularly in cases

here en bloc resection or radiotherapy is limited by inadequate safety

argins or proximity to critical structures [ 1 , 4 , 5 ]. Intralesional or com-

romised margins are frequently encountered and may result in substan-
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ial bone loss with and increased risk of local recurrence. There is conse-

uently a pressing need for biomaterials capable of eradicating residual

umour cells while supporting osteogenesis, especially at sites unsuitable

or curative surgery or radiotherapy, such as close to the spinal cord or

ther vital viscera [ 6 , 7 ]. Such materials could be integrated with min-

mally invasive ablative modalities, including cryoablation, to improve

ocal control and functional outcomes [ 6 ]. 

Bioactive glasses represent the gold-standard synthetic grafting ma-

erial for bone formation and have been deployed in more than one

illion patients worldwide for bone repair [ 8 ]. The rapid bone forma-

ion elicited by this material is related to two mechanisms: (a) sponta-

eous formation of crystalline hydroxyl carbonate apatite (HCA) on the
n. 
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i  
aterial’s surface upon reaction with physiological fluid such as saliva

r blood, etc.; and (b) the stimulation of cellular activity by its ions,

eleased in the aqueous medium, promoting enhanced bone formation

 8 ]. One of the main advantages of bioactive glasses is the amorphous

ature of their matrix that allows for easier incorporation and controlled

elease of different therapeutic metallic ions. The fast expansion in the

linical use of bioactive glasses has prompted researchers to start looking

or possible ions with anticancer properties for cancer applications. Con-

omitantly, in a series of investigations with different metallic ions, the

on gallium stood out as a promising candidate for cancer therapy [ 9 ].

allium was initially utilized solely for imaging bone tumours. How-

ver, in 1969, after discovering that 67 Ga could accumulate in soft tis-

ue tumours, it became valuable in treating Hodgkin’s lymphoma. By

he mid-1970s, gallium nitrate had reached clinical trials, making gal-

ium the second metal, after platinum, to exhibit therapeutic activity in

atients with cancer [ 10–13 ]. Combining gallium with biomaterials en-

ances targeted delivery to the affected area while reducing harmful sys-

emic side effects. Our early work demonstrated the bone forming and

elective anticancer potential of gallium-doped bioactive glasses upon a

ingle cell line of osteosarcoma (Saos2) as well as its biocompatibility

nd osteointegration potential in treating critical-sized calvarial defects

n rats [ 14–16 ]. 

The present article describes a comprehensive investigation which,

or the first time, determined the existence of a therapeutic window

or gallium in multiple primary bone cancer cells and the potential of

allium-containing bioactive glasses (Ga-BGs) to release gallium within

his pre-determined dose range and selectively kill those cell lines. Fur-

hermore, we report results from a thorough enquiry on the molecular

echanism of action of gallium, unravelling the intracellular pathways

nvolved in the observed ion-dependent selective cell death. This article

lso reports results from an investigation of the antibacterial properties

f gallium and Ga-BGs. To conclude, a mechanistic model is proposed

o describe how Ga-BGs can serve as ideal drug delivery systems for

allium ions and act as a multi-functional agent to simultaneously re-

enerate bone, kill bone cancer cells, and prevent bacterial colonisation.

. Materials and methods 

.1. Preparation of gallium-containing bioactive glasses 

The gallium-doped bioactive glasses employed in this investigation

ere manufactured by modifying the original Bioglass 45S5 composi-

ion [ 17 ]. The alteration specifically involved incorporating 1–5 mol%

f Ga2 O3 at the expense of SiO2, whilst ensuring the appropriate rate

f dissolution. A comprehensive description of the structural formu-

ation of gallium-doped glasses can be found in the supporting in-

ormation ( SI.1 ). The standard melt quench route was utilized for

ample preparation. In summary, precise quantities of SiO2 (Alfa Ae-

ar, 99.5 %), NH4 H2 PO4 (Sigma-Aldrich, 99.5 %), CaCO3 (Alfa Aesar,

9.95–100.05 %), Na2 CO3 (Sigma-Aldrich, 99.5 %), and Ga2 O3 (ACROS

rganicsTM , 99.99 + %) were thoroughly blended in a 90 % Pt–10 %

h crucible at room temperature. The mixture was then transferred to a

igh-temperature furnace, heated to 1450 °C at a rate of 10 °C/min. Sub-

equently, the molten glass was held at 1450 °C for 90 min and rapidly

ooled by pouring into ultrapure water at 25 °C. Glass frits were thor-

ughly dried before using a vertical planetary ball mill (XQM systems,

hangsha, China) at a rotation frequency of 350 rpm/min to prepare

owdered glass samples. The fraction of glass with a diameter between

0 and 63 𝜇m was selected through sieving for further experimental

rocedures. 

.2. Characterization of gallium-containing bioactive glasses 

.2.1. Solid-state MAS NMR and Raman spectroscopy 

The chemical environments of 45S5 and the structural modifications

nduced by gallium incorporation along the gallium-containing glass se-
59
ies were analysed by solid-state MAS NMR spectroscopy, probing the
9 Si nucleus. MAS NMR experiments were conducted using a Fourier

ransform NMR spectrometer (Bruker AVANCE II + 400, 9.04 T; Bruker,

heinstetten/Karlsruhe, Germany) operating at resonance frequencies

f 79.49 MHz. Standard Bruker double-resonance magic-angle spinning

MAS) probes were employed. Glass powder samples were packed into

-mm cylindrical zirconia rotors and spun at 10 kHz at the magic angle

o minimize anisotropy effects. All NMR spectra were recorded at ambi-

nt probe temperatures using a high-power decoupling (HPDEC) pulse

equence for 1 H The 29 Si MAS NMR spectra were acquired using 1.5 μs

ulses, 82 ms acquisition times, and 40 s recycle delays, with a spectral

idth of 25 kHz and a total of 4096 scans collected. Tetramethylsilane

TMS) was used as an external reference. The recorded spectra were

rocessed using TopSpin 2.1.6 software by applying Fourier transforma-

ions and exponential filters of 100 Hz for 29 Si. The phase was manually

orrected, and the baseline was adjusted using a fifth-order polynomial

unction. To ensure the reliability of the data, repeated measurements

ere performed on samples from different batches. The short-range or-

er analysis was obtained using a triple spectrometer Raman system

T-64,000, HORIBA Jobin Yvon S.A.S., Longjumeau, France) equipped

ith a Charge-Coupled Device (CCD) detection system. The measure-

ents employed a confocal microscope (BX41, Olympus Optical Co.

td., Tokyo, Japan) operating in a backscattering geometry, utilizing a

00x objective for efficient Raman signal collection. The spectral anal-

sis was performed with a spectrometer offering a resolution of approx-

mately 2 cm-1 . Raman spectra were recorded within the range of 200

o 1300 cm-1 using a 532 nm excitation wavelength. The illumination

ower was set to 20 mW to ensure optimal signal intensity. For each

ample, 15 measurements were performed with an integration time of

0 s. 

.2.2. Inductively coupled plasma - optical emission spectroscopy 

ICP-OES) 

The dissolution behaviour of bioactive glasses is strongly influenced

y the network connectivity (NC), which reflects the degree of polymer-

zation of the silicate network and controls the release of ionic species

rom the glass matrix. In the present work, all glass compositions were

esigned to maintain a similar NC value ( ∼2.1), comparable to that of

he reference 45S5 bioactive glass, to ensure a consistent dissolution be-

aviour across the compositional series. ICP-OES was used to measure

he concentrations of ionic dissolution products released from a serial

ilution of Ga(NO3 )3 and from gallium-containing bioactive glasses (Ga-

Gs). For that, a serial dilution with halving intervals of Ga(NO3 )3 in

istilled water was performed from 1000 μg/mL to 7.8125 μg/mL, then

ltered using 0.22 𝜇m syringe filter. For the Ga-BGs, stock solutions

ere prepared at 10 mg/mL in distilled water and incubated in a shaker

ncubator at 36.5 °C with 200 rpm for 24 h. Following incubation, the

olutions were filtered using a 0.22 μm syringe filter to remove glass

articles. Nitric acid was added to the samples to stabilize the elemen-

al components in solution. Analysis was performed with an ICP-OES

iCAP 7000 Plus Series). Calibration curves were generated by diluting

eference standards of Ga3 + , Si4 + , Ca2 + , and Na+ to concentrations of

, 10, 20, and 100 mg.kg-1 in distilled water. Ion concentrations were

etermined using the linear range of the standard curves. All measure-

ents were performed in triplicate. 

.3. Cell culture 

Normal bone cells were represented by Human Osteoblasts (NHOsts,

C-2538, Lonza) and Human Foetal Osteoblasts (hFOB 1.19, CRL-3602,

TCC), whereas the cell lines HOS (ATCC CRL-1543), MNNG/HOS

ATCC CRL-1547), Saos2 (ATCC HTB-85), 143B (ATCC CRL-8303)

nd SJSA-1 (ATCC CRL-2098) represented human osteosarcoma cells.

HOsts cells were cultured in OGMTM Osteoblast Growth Medium

ulletKitTM (Lonza, Catalog #: CC-3207) whilst hFOB cells were grown

n Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco, 41,966,029)
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upplemented with 10 % foetal bovine serum (FBS) (ATCC 30–2020).

OS and MNNG/HOS cells were grown in Eagle’s Minimum Essential

edium (ATCC 30–2003) supplemented with 10 % FBS (ATCC 30–

020). 143B cells were cultured in Dulbecco’s Modified Eagle’s Medium

DMEM) (Gibco, 41,966,029) supplemented with 10 % FBS (ATCC 30–

020). Saos2 cells were cultured in McCoy’s 5A medium (ATCC 30–

007) with 15 % FBS (ATCC 30–2020). SJSA-1 cells were cultured in

PMI medium (ATCC 30–2001) supplemented with 10 % FBS (ATCC

0–2020). All cell lines were maintained in a controlled environment

t 36.5 °C with 5 % CO2 apart from hFOB cells which were grown at

4.5 °C. For all cell lines, cell culture medium was fully replenished ev-

ry other day and regularly checked to be Mycoplasma free. All cells

sed in this study were obtained from commercial suppliers and the

oyal Orthopaedic Hospital R&D Governance office granted exemption

rom formal ethical approval for their use. All experimental procedures

ere conducted in strict accordance with UK legal requirements and in-

titutional guidelines governing the use of commercially sourced human

ells. 

.4. Treatment regimes 

To test the cytotoxicity of gallium-containing bioactive glasses (Ga-

Gs), culture media were conditioned with Ga-BG powders at con-

entrations of 10 mg/mL. To achieve this, the appropriate amount of

owder was added to the respective basal medium and mixed at 220

PM at 36.5 °C for 24 h. Following incubation, the appropriate amount

f FBS was added to the medium to make it complete. The mixture

as then filtered using an ultrafine filter with a 0.22 𝜇m pore size

Corning, # 431,229) and placed in a 5 % CO2 incubator overnight

t 36.5 °C to acclimatize and buffer the pH before being utilized to

reat cells in subsequent experiments. Similarly, culture media were

onditioned with gallium nitrate. For that, a serial dilution with halv-

ng intervals of Ga(NO3 )3 in complete medium was performed from

000 μg/mL to 7.8125 μg/mL, then filtered using an ultrafine filter

Corning, #431,229) with a 0.22 𝜇m pore size and incubated at 36.5 °C,

 % CO2 overnight. 

.5. MTT assay 

To quantify the viability of cells subjected to the different treat-

ents, cells were seeded into 96-well plates (Falcon®, #353,072) at a

eeding density of 10,000 cells/cm2 (3200 cells/well). After overnight

ttachment, cells underwent treatment with gallium nitrate or glass-

onditioned media for 3, 5, and 7 days. Cells treated with their appro-

riate growth medium served as negative controls whilst cells killed

ith 70 % ethanol served as positive control. Media were not replen-

shed during treatment duration. After the appropriate treatment time,

TT assay was conducted. In short, medium was removed from each

ell and replaced with 100 𝜇L of a 1:10 (1.2 mM) solution of 3-(4,5-

imethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) (Invit-

ogen, #M6494) and phenol-free Dulbecco’s Modified Eagle Medium

DMEM) (Gibco, # 21,063,029). The plates were then incubated for

 h at 36.5 °C in a 5 % CO2 incubator. Succinate dehydrogenase pro-

uced by viable, metabolically active cells reacted with MTT, resulting

n the formation of insoluble purple formazan within cells. Dissolving

he precipitated formazan involved replacing 75 𝜇L from each well with

0 𝜇L of dimethyl sulfoxide (DMSO) (Thermo Scientific, Catalog num-

er: 022,914.K2) and incubating for 10 min at 36.5 °C in the 5 % CO2 

ncubator. Optical density measurements at 540 nm were taken using

 microplate reader (Thermo Scientific, Multiskan GO). This entire ex-

eriment was conducted in triplicate (6 wells per plate, 3 × 96-well

lates). A Kolmogorov – Smirnov test was applied to assess the normality

f data distribution. Subsequently, a one-way ANOVA test followed by

unnett’s test were applied to compare the experimental groups, main-

aining a 95 % confidence interval for all group comparisons. 
60
.6. Live/Dead assay 

To qualitatively assess the viability of cells subjected to the different

reatments, cells were seeded at a density of 10,000 cells/cm2 (3200

ells/well) into a 96-well plate (Falcon, # 353,072). After overnight

ttachment, cells were subjected to treatment with glass-conditioned

at 10 mg/mL) or gallium nitrate-conditioned media for 7 days. Fol-

owing this treatment period, a LIVE/DEAD cell viability assay (Invit-

ogen, #L3224) was conducted. The assay was performed in triplicate.

riefly, a mixture of Ethidium Homodimer, Calcein AM, and Dulbecco’s

hosphate-buffered saline (DPBS) (Gibco, #14,190,094) was prepared

nd added to individual wells at a final concentration of 2.5μM of EthD-

 and 0.5M of CA. Following a 30-minute incubation period at 36.5 °C,

 % CO2 and in the dark, the cells were photographed using an inverted

uorescence microscope (Thermo Scientific, # AMF5000) at 100x mag-

ification. 

.7. Caspase 3/7 assay 

The activation of Caspases 3 and 7 are central to caspase-dependent

rogrammed cell death. As part of the caspase family of proteases, Cas-

ases 3 and 7 become activated in response to specific signals and con-

ributes to the execution phase of apoptosis. This experiment aimed to

valuate the potential of gallium-containing bioactive glasses to stimu-

ate apoptosis in the different cell lines. For this, cells were seeded at

 density of 10,000 cells per cm2 (3200 cells/well) in a 96-well plate

Falcon, # 353,072). After overnight adherence, cells were treated with

lass-conditioned (at 10 mg/mL) media for a duration of 7 days. Stau-

osporine (Thermo Scientific, #328,530,010) was added to control wells

o induce cell death to serve as a comparator on Day 6 of the experiment,

t the concentration of 1 ug/mL. On Day 7, 1:100 caspase 3/7 detection

eagent (Invitrogen, #C10432) was added to each well and incubated

or 30 min prior to imaging at 200 X magnification. 

.8. Determining minimal inhibitory concentration against pseudomonas 

eruginosa 

Minimum inhibitory concentration (MIC) of 5 %Ga-BG and gallium

itrate was performed using broth microdilution assay, as indicated by

he Clinical & Laboratory Standards Institute (CLSI) guidelines. Stock

olutions were prepared (5 % Ga-BG at 25 mg/mL, gallium nitrate at

000 μg/mL) and tested against Pseudomonas aeruginosa (PA14). Pseu-

omonas aeruginosa strain PA14 was kindly provided by Sarah Khuene,

niversity of Birmingham. Double dilutions of each stock solution (5 %

a-BG – 12.5–0.8 mg/mL, gallium nitrate – 1000–15.6 μg/mL), were

erformed in a 96 well plate, with a final volume of 100 μL per well.

ne hundred μL inoculum of 105 CFU/mL was added in each well, and

he concentration of the inoculum was confirmed by plating. 200 μL of

roth served as negative control whereas broth containing bacterial in-

culum was used a positive control. Triplicate samples were prepared

nd incubated at 36.5 °C in an aerobic environment. Growth was deter-

ined by measuring the optical density at 570 nm using BioTek ELx800

bsorbance. The value of MIC was set as the lowest concentration to

ave no clearly visible growth or an average well optical density within

he range of negative control well. 

.9. Transcriptomic analysis 

hFOB and 143B cells were grown in 6-well plates until they reached

0–80 % confluency and were treated with Ga(NO3 )3 -conditioned

edium at the concentration of 62 μg/mL for 36 h. Cells in complete

edium only served as controls. Following 36 h of incubation, total

NA was extracted using Trizol. RNA concentration and purity were

ssessed spectrophotometrically using a NanoDrop OneC UV–Vis Spec-

rophotometer (Thermo Scientific, Wilmington, DE, USA). mRNA li-

raries were constructed using the NEBNext ultra II RNA library prep
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Fig. 1. 29 Si MAS NMR and Raman spectroscopy of Ga-BGs. (a) The progressive downfield shift observed in the 29 Si MAS NMR spectra with increasing Ga2 O3 content 

can be rationalized in terms of electronic shielding effects. The substitution of Si-O-Si bridges by more ionic Si-O-Ga linkages reduces the electron density around 

the silicon nuclei, leading to decreased overall shielding ( 𝜎total). This effect arises primarily from an enhancement of the paramagnetic contribution ( 𝜎p) to the 

total shielding, as the incorporation of Ga3 + lowers the energy separation between occupied and unoccupied molecular orbitals involved in Si-O-Ga bonding. The 

smaller energy gap facilitates virtual electronic excitations, increasing 𝜎p, which in turn dominates over the relatively constant diamagnetic term ( 𝜎d). Consequently, 

the reduced shielding of the 29 Si nuclei results in a systematic downfield displacement (less negative 𝛿 values) as the Ga2 O3 concentration increases, reflecting the 

progressive increase in bond ionicity and perturbation of the local electronic environment around silicon. (b) The progressive increase of Ga2 O3 in the glass series 

leads to the emergence and gradual intensification of a band near 580 cm-1 , which is attributed to the formation of GaO4 tetrahedra within the glass network. In 

addition, gallium incorporation modifies the local chemical environment of silicon, promoting a redshift of the main Si-O vibrational band associated with SiQ2 

species. This shift reflects the replacement of Si-O-Si linkages by Si-O-Ga bonds, which exhibit a more ionic character and a slightly longer bond length, consistent 

with the partial cleavage and reorganization of the original silicate network. 
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it (New England Biolabs, #E7775) and sequenced on a NovaSeq 6000

Illumina) set to 150 bp paired end (PE) sequencing parameters. FASTQ

les were converted to FASTA. Reads containing unassigned nucleotides

ere excluded. Trim Galore was used to remove adapter sequences

nd reads < 20 nt. Trimmed reads were aligned to the human genome

v38) using HISAT2 [ 18 ]. Transcripts were downloaded from GENCODE

v46) and Ensembl (v112). Count matrices for transcripts were cre-

ted using Kallisto [ 19 ]. Differentially expressed (DE) genes were de-

ermined using the DESeq2 (v1.2.10) package in RStudio [ 20–24 ]. DE

enes were selected according to log2 fold change ≥ 1, p ≤ 0.05 and

alse discovery rate (FDR) < 5 %. Pathway analysis was used to deter-

ine the biological pathways of the different genes using the KEGG

atabase. 

. Results 

.1. Structural investigation: solid-state MAS NMR and Raman 

pectroscopy 

The structural influence of Ga3 + on the 45S5-based glass network

as investigated through 29 Si MAS NMR and Raman spectroscopy

 Fig. 1 ). The 29 Si MAS NMR spectrum of the pristine 45S5 composi-

ion exhibits a broad and asymmetric resonance centered at approxi-

ately − 80 ppm, which corresponds to Si Q
2 units, i.e., silicate tetra-

edra linked by two bridging oxygens (BOs) and two non-bridging oxy-

ens (NBOs) ( Fig. 1 a ) [ 25 ]. This environment is characteristic of moder-

tely depolymerized silicate networks typical of bioactive glasses, where

BOs are charge-balanced by Na+ and Ca2 + ions (network connectivity,

C ≈ 2.1). Upon progressive substitution of SiO2 by Ga2 O3 (1–5 mol%),

he 29 Si resonance systematically shifts toward less negative chemical

hifts, reaching approximately − 72 ppm for the 5 mol% gallium glass

 25 ]. This downfield displacement ( Δ𝛿 ≈ 8 ppm) indicates a reduction

n the electronic shielding of 29 Si nuclei, revealing a structural rear-

angement of the silicate framework. The trend is primarily attributed
61
o the replacement of Si-O-Si bridges by Si-O-Ga linkages, as Ga3 + enters

etrahedral coordination within the network. Because Si-O-Ga bonds are

lightly longer and more ionic than Si-O-Si, they decrease the electron

ensity surrounding the Si atoms, resulting in lower shielding and a shift

f the resonance to higher chemical shift values [ 26 ]. 

Additionally, the gradual broadening of the 29 Si signal with increas-

ng gallium content suggests a growing distribution of local Si Q
n envi-

onments and enhanced structural disorder around Si sites. These fea-

ures indicate that some Ga3 + ions behave as network formers, partic-

pating in the tetrahedral network through GaO4 
- units linked to SiO4 

etrahedra via bridging oxygens. Such incorporation modifies the short-

ange topology of the glass but maintains a bioactive level preserving its

bility to undergo ion exchange and surface reactivity in physiological

edia. 

Raman spectroscopy provides complementary evidence for these

tructural modifications ( Fig. 1 b ). The Raman spectrum of the unmod-

fied 45S5 glass displays two main features: a broad band centred near

50 cm-1 assigned to Si-O- stretching in Si Q
2 units, and a band at

560 cm-1 associated with Si-O-Si bending vibrations [ 27 ]. With the

ddition of Ga2 O3 , two systematic changes occur. First, the main Si-
- stretching band undergoes a gradual redshift, moving from ∼950

o ∼930–935 cm-1 . This shift indicates the replacement of stronger,

ore covalent Si-O-Si bonds by weaker, more ionic Si-O-Ga linkages,

hich exhibit lower bond energy and longer bond length [ 28 ]. The red-

hift therefore serves as vibrational evidence that Ga3 + occupies posi-

ions adjacent to the silicate tetrahedra, forming mixed Si-O-Ga envi-

onments that reduce the average stiffness of the network. Second, the

and around 560 cm-1 progressively increases in intensity and devel-

ps a shoulder near 580 cm− 1 with increasing gallium content [ 29 ].

his new feature is attributed to stretching vibrations of Ga-O bonds in

etrahedral GaO4 units, confirming the presence of gallium in fourfold

oordination. The growth of this band indicates that a significant frac-

ion of Ga3 + ions is integrated as network former, rather than remaining

s charge-compensating modifiers. 
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Fig. 2. Ga3 + -leaching from Gallium Nitrate and Ga-BGs. (a) Concentration of Ga3 + released by different doses of Gallium Nitrate. The small square on the bottom 

right corner represents a magnification of the lower concentrations. The red dots in the green zone represent the concentrations within the therapeutic window (i.e., 

doses that can completely kill osteosarcoma cells without affecting normal bone cells). (b) Concentration of Ga3 + released by bioactive glasses containing 0–5 mol% of 

Ga2 O3 . The green zone represents concentrations of Ga3 + within the therapeutic window. The compositions containing 4 and 5 mol% of Ga2 O3 released therapeutic 

amounts of Ga3 + . As gallium replaced Si in the glass structure, the compositions containing more Ga released less Si. Attempts to manufacture a 6 % Ga-BG proved 

unsuccessful as the material tended to crystallise, so no further experiments were conducted using the 6 % material. 
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Collectively, the 29 Si MAS NMR and Raman results demonstrate

hat Ga2 O3 incorporation induces the progressive substitution of Si-

-Si bridges by more ionic Si-O-Ga linkages, increasing local struc-

ural disorder while maintaining the global connectivity necessary

or bioactivity. Such structural reorganization is directly linked to

he functional behaviour of the glasses, as the altered bond polarity

nd tetrahedral GaO4 incorporation govern the dissolution dynamics

nd controlled release of Ga3+ ions, i.e., key factors for the antibac-

erial, antitumoral and osteogenic effects of gallium-doped bioactive

lasses. 

.2. Ion-leaching from Ga-Bgs 

The main purpose of the bioactive glasses proposed in this study is to

erve as a localized drug delivery system for anticancer and antimicro-

ial ions of gallium alongside with bone regenerative ions such as Ca,

nd P. We used ICP-OES to determine the concentrations of Ga3 + (in

g.kg-1 ) released by each dose of a serial dilution of Ga(NO3 )3 used to

reat the cells. Subsequently, the same method was applied to evaluate

he concentrations of Ga3 + released by Ga-BGs to model how they com-

are to those of Ga(NO3 )3. In addition, the concentrations of Ca, Si, and

a released by the glasses were recorded. Our results show that the con-

entration of Ga3 + presented a strong positive correlation (Ga(NO3 )3 vs

a3 + released, r = 1, p < 0.0001) with the tested doses of Ga(NO3 )3 and

hat they ranged from 1.11 ± 0.03 to 134.69 ± 0.73 mg.kg-1 of Ga3 + .

s will be further explained in Section 3.3 , a therapeutic window for

allium was observed between 31.25 and 250 μg of Ga(NO3 )3 , which

orrelates to 4.16 ± 0.13 to 33.38 ± 0.77 mg.kg-1 of Ga3 + ( Fig. 2 a ).

he results for the concentration of ions leaching from Ga-containing

ioactive glasses demonstrate a systematic increase in Ga3 + release that

ositively correlates to their Ga2 O3 content (Ga2 O3 content vs Ga3 + re-

eased, r = 0.9872, p = 0.0002 ) . Furthermore, they indicate that the

ompositions 4 and 5 %Ga leach concentrations of gallium ions within

he observed therapeutic window, which corroborates the observed re-

ults for their cytotoxicity, described in Section 3.4 . (10.7 ± 0.41 and

6.08 ± 0.59 mg.kg-1 of Ga3 + , respectively) ( Fig. 2 b ). Ultimately, as the

ontent of gallium rises in the glass composition the Si content decreases

ue to the reduction of SiO2 concentration ( Fig. 2 b ). The concentrations

f Ca remained relatively stable, and Na showed a significant increase

 SI.2 ). The concentrations of CaO and Na O are expected to rise as the
2 

62
lass composition is renormalized to account for the reduced SiO2 con-

ent. 

.3. Gallium nitrate therapeutic windows 

The sensitivity of different types of bone cancer cells to gallium was

ested and compared to the sensitivity of healthy bone cells to deter-

ine the existence of ‘therapeutic windows’, i.e., safe doses of gallium

itrate that can completely kill cancer cells without affecting healthy

ells. Our results confirmed the existence of such therapeutic windows

ince cancerous bone cells (HOS, MNNG-HOS, 143B, Saos2, SJSA-1)

ere shown to be 4 to 8 times more sensitive to gallium than non-

ancerous bone cells (NHOsts and hFOB) ( Fig. 3 ). Human foetal bone

ells (hFOB) were two times more sensitive to Ga(NO3 )3 than normal

uman osteoblasts (NHOsts, extracted from elderly patient) (125 μg/mL

s 250 μg/mL of Ga(NO3 )3 for complete cell death), which might indi-

ate greater resistance of differentiated bone cells to gallium ( Fig. 3 a).

he cancerous cell lines Saos2 ( Fig. 3 d) and SJSA-1 ( Fig. 3 e) were 8

imes more sensitive to Ga(NO3 )3 than NHOsts and 4 times more sen-

itive than hFOB (31.25 vs 250 /125 μg/mL of Ga(NO3 )3 for complete

ell death) whereas the cell lines HOS, MNNG-HOS, and 143B were 4

imes more sensitive to Ga(NO3 )3 than NHOsts and 2 times more sen-

itive than hFOB (62.5 vs 250 /125 μg/mL of Ga(NO3 )3 for complete

ell death). HOS cells exposed to 62.5 μg/mL of Ga(NO3 )3 experienced

omplete death after 7 days of treatment whereas MNNG-HOS ( Fig. 3 b)

nd 143B ( Fig. 3 c) cells died even faster, following 5 days of treatment

ith the same dose. Moreover, Saos2 and SJSA-1 cells also completely

ied in 5 days but from the lower dose of 31.25 μg/mL of Ga(NO3 )3 

 Fig. 3 e). Overall, these results demonstrated the existence of consid-

rably large therapeutic windows for gallium in different osteosarcoma

ell lines indicating possible dose targets for treatment. 

.4. Selective toxicity of Ga-BGs upon osteosarcoma cells 

We used the observed gallium therapeutic windows as a comparative

arget to test whether Ga-BGs can release active gallium ions within this

ange and selectively kill cancerous bone cells in a similar way. For this,

he same malignant and non-malignant cell lines were treated with a

eries of culture medium conditioned with extracts from bioactive glass

owders containing 0–5 mol% of Ga2 O3 for up to 7 days. We found that
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Fig. 3. Viability of different osteosarcoma cell lines treated for 7 days with different concentrations of Gallium Nitrate quantified by MTT assay and presented as 

percentage of control group (cells treated with their growth medium). Normal Human Osteoblasts (NHOSts) and Human Foetal Osteoblasts (hFOBs) represent healthy 

human bone cells and were tested in comparison to the osteosarcoma cell lines (a) HOS, (b) MNNG-HOS, (c) 143B, (d) Saos2, and (e) SJSA-1 and (f) all cell lines 

compared. The green zone on the graphs represents the observed ‘therapeutic windows’ for gallium, i.e., doses of Ga(NO3 )3 which were toxic to osteosarcoma cells 

but safe to normal bone cells. The last graph (f) aggregates the results for all tested cell lines. Micrographs on the top right corner of each graph shows each tested 

cell line stained by live/dead assay (bright green = live; bright red = dead, scale bar 300 μm, 200x magnification). We observed a 4–8-fold therapeutic window for 

all cell lines tested. This means that osteosarcoma cancer cells are at least four times more sensitive to gallium than normal cells. 
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fi  
he addition of gallium into the glass promoted a temporary reduction

n the viability of non-transformed bone cells (hFOBs and NHOsts) (days

 and 5) when compared to control group. Since medium was not re-

laced during the 7 days of the experiment, and the dose of gallium was

hown not to be enough to promote complete cell death, NHOSTs recov-

red their levels of viability by day 7 ( Fig. 4 a and 4 b ). Supplementing
63
ell culture medium with 10 mg/mL of all bioactive glasses (including

 %Ga-BG) reduced cell viability crudely by half after 7 days, showing

o relationship between the content of gallium in the glass and a decline

r rise in cell viability (Ga2 O3 content vs NHOSTs/hFOB Cell Viability,

ay 7, r = 0.1169/− 0.7123, p = 0.8255/0.1123, ns) ( Fig. 4 ). This con-

rmed that the concentrations of free gallium released by the glasses
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Fig. 4. Viability of different osteosarcoma cell lines treated for 7 days with bioactive glasses containing 0–5 mol% Ga2 O3 at the concentration of 10 mg/mL quantified 

by MTT assay and presented as percentage of control group (cells treated with their growth medium). (a) Human Foetal Osteoblasts (hFOBs) and (b) Normal Human 

Osteoblast (NHOSts)represent healthy human bone cells. The (c) HOS, (d) MNNG-HOS, (e) 143B, (f) Saos2 and (g) SJSA-1 represent the different cell lines treated 

with bioactive glasses containing gallium. This investigation sought to determine the selective cancer-killing potential of gallium-doped glasses for primary bone 

cancer cells. We observed that at the concentration of 10 mg/mL the Ga-BGs powders containing 4 and 5 mol% Ga2 O3 were able to significantly kill bone cancer 

cells with no effect on normal human bone cells. 
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all within the therapeutic windows shown in Fig. 3 . On the other hand,

ur results indicated that malignant bone cells are sensitive to bioac-

ive glasses containing gallium. The composition containing 5 mol% of

a2 O3 promoted complete cell death of the cell lines HOS, MNNG-HOS,

43B and SJSA-1 after 5 days of treatment, whilst complete death of

aos2 was achieved after 7 days of treatment with that glass composi-

ion ( Fig. 4 ). HOS cells were sensitive to the glass composition contain-

ng 4 mol% of Ga2 O3 , undergoing complete cell death after 7 days of

reatment ( Fig. 4 ). These findings indicated a causative effect for the

resence of gallium in the glasses with highly significant differences ob-

erved in the viability of cancer cells treated with gallium-free bioactive

lass (45S5) in comparison with bioactive glasses containing 5, 4, and in

ome cases, even 3 and 2 mol% of Ga2 O3 . Therefore, these results imply
 (  

64
hat the concentrations of free gallium released by the 4 and 5 %Ga-BGs

lso fall within the therapeutic windows shown in Fig. 3 . Altogether,

ur observations confirm that bioactive glasses containing 4–5 mol%

f Ga2 O3 release active gallium ions within therapeutic windows and

ay constitute an effective drug delivery system for localized delivery

f anticancer ions of gallium. 

.5. Apoptosis-inducing potential of Ga-BGs 

To evaluate the potential of 5 %Ga-BG to stimulate apoptosis

n malignant (HOS, MNNG-HOS, 143B, SJSA-1, Saos2) and non-

ransformed (hFOB) cell lines, cells were treated with glass-conditioned

at 10 mg/mL) medium for a duration of 7 days and assessed by means
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f caspase 3/7 assay. Results demonstrated absence of caspase activa-

ion in hFOB cells treated with 5 %Ga-BG for 7 days ( Fig. 5 ). On the

ther hand, all cancer cell lines presented substantial caspase activity

hen treated with 5 %Ga-BG for 7 days, suggesting that the cell death

bserved in the viability experiments may be following the apoptotic

athway ( Fig. 5 ). 

.6. Mechanism of action by RNA sequencing (RNA-seq) 

While RNA-seq is not a direct genotoxicity test similar to traditional

ssays (e.g. Ames test, micronucleus assay, etc.), it can be a valuable tool

n genotoxicity studies by providing insights into the molecular mecha-

isms and biological responses to new therapeutic agents. Thus, we used

NA-seq as a hypothesis-free strategy to identify differentially expressed

DE) genes and affected cellular pathways in response to Ga(NO3 )3 . This

trategy was used to support a mechanistic justification for the observed

herapeutic window for Ga(NO3 )3 and the selective toxicity of Ga-BGs

pon metastatic osteosarcoma cells (143B cell line). This analysis re-

ealed a distinct and extensive transcriptomic reprogramming in 143B

ells treated with 62 μg/mL Ga(NO3 )3 . This treatment resulted in the

E of 609 genes ( Fig. 6 a ), indicating a broad and significant cellular re-

ponse to gallium nitrate. In contrast, normal bone cells (hFOB cell line)

reated under identical conditions showed a remarkably limited set of

 DE genes, emphasizing the remarkable selective impact of gallium

owards malignant cells ( Fig. 6 b ). This striking disparity in gene expres-

ion profiles provides a molecular foundation for the observed thera-

eutic window. A list of all up- and downregulated genes in 143B and

FOB cells and their primary biological functions as well as heatmaps

nd GO analysis can be found in SI.3 . The transcriptomic profile of bone

ancer cells treated with gallium nitrate reveals a multi-faceted attack

n key hallmarks of cancer, primarily through the disruption of iron

etabolism, leading to increased oxidative stress, induction of cell death

athways, and suppression of oncogenic and metastatic signalling. 

.7. Antibacterial activity of Ga-BGs 

Considerable evidence suggests that gallium has inhibitory effect

gainst selected strains of bacteria [ 30–32 ]. We evaluated the antibac-

erial potential of a series of doses of Ga(NO3 )3 and of different concen-

rations (w/v) of 5 % Ga-BG by determining their minimum inhibitory

oncentration (MIC) against P. aeruginosa , responsible for significant

ospital-acquired infection [ 33 , 34 ] . Results indicated that 62 μg/mL

a(NO3 )3 starts to inhibit bacterial growth and at 125 μg/mL it com-

letely inhibits growth. These results confirmed that concentrations of

a(NO3 )3 within the pre-determined therapeutic windows (shown in

ection 3.3 ) can, in addition to selectively kill bone cancer cells, prevent

rowth of the gram-negative bacteria P. aeruginosa. Since the tested con-

entration of bioactive glass in cell culture medium used to treat cells

as of 10 mg/mL we can conclude that it falls within the bacterial in-

ibitory range observed in this experiment. Altogether, these findings

ndicate that P. aeruginosa are sensitive to gallium and that the glass

omposition 5 % Ga-BG can inhibit their growth, thus, aiding in the

revention implant-site contamination ( Fig. 7 ). 

. Discussion 

This work sought to determine the existence of therapeutic win-

ows for gallium in several cell lines of osteosarcoma and the effi-

acy of gallium-containing bioactive glasses (Ga-BGs) to release gallium

ons within these pre-determined therapeutic windows to selectively kill

one cancer cells. In addition, we sought to determine, for the first time,

he intricate intracellular molecular mechanisms of selective cell death

nduced by gallium upon osteosarcoma cells (143B) which are known to

e prone to metastasize. Finally, we evaluated the antibacterial potential

f 5 % Ga-BG upon P. aeruginosa. Our results confirmed the existence of

–8-fold therapeutic windows for gallium for different bone cancer cell
65
ines and that 4 and 5 % Ga-BGs release concentrations of Ga ions within

he therapeutic range and can selectively kill cancer cells with minimum

oxicity upon healthy bone cell lines and 125 μg/mL of Ga(NO3 )3 and

0 mg/mL 5 %Ga-BG can inhibit growth of P. aeruginosa . 

.1. Gallium promotes cellular crisis in osteosarcoma via multi-pronged 

olecular attack 

The incorporation of gallium into bioactive glasses proposed in the

resent work aimed to overcome the limitation of conventional drug ad-

inistration routes (e.g. oral, intravenous) in delivering adequate doses

f gallium to bone tissue whilst simultaneously promoting rapid bone

epair. When taken orally as a salt, the actual dose of gallium reaching

he bone tumours was shown to be very low [ 13 ]. An alternative method

s to administer Ga(NO3 )3 via continuous infusion for 5–7 days, which

s both logistically challenging and has been shown to cause nephrotox-

city in some patients when bolus doses were used [ 35 ]. The literature

n gallium containing bioactive materials has recently been comprehen-

ively reviewed, showcasing a wide range of compositions proposed for

steogenic, antibacterial and anticancer applications [ 31 ]. Our disso-

ution results demonstrated that our Ga-BGs could function as localized

ystems for delivery of adequate amounts of gallium, especially the com-

ositions containing 4 and 5 mol% of Ga2 O3 ( Fig. 2 ). 

Much of the explanation for the selective toxicity of Ga comes from

he similarity between its coordination chemistries (ionic radii, ioniza-

ion potential, electronegativity, etc.) and those of Fe3 + that allows for

a3 + to bind to the two metal sites of the predominantly iron-carrier

rotein Transferrin (Tf), present in blood plasma and Foetal Bovine

erum in cell culture medium [ 11 , 35 ]. In addition to these similari-

ies, some important differences may explain gallium selective toxic-

ty to cancer cells. The most important of these differences is the fact

hat whereas Fe3 + can be easily reduced to Fe2 + (and then reoxidized),

a3 + is almost irreducible in physiological conditions, which appears

o prevent it from entering Fe2 + binding molecules such as heme and

ytochrome, and to prevent it from participating in redox reactions

 35 , 36 ]. This means that Ga3 + can bind to Transferrin ligands but cannot

erform the same functions of iron, therefore, leading to Fe depletion

nd disruption of Fe-dependent molecular pathways, interfering with

ron metabolism and leading to excessive oxidative stress. Our transcrip-

ome data demonstrate the upregulation of numerous genes involved

n managing oxidative stress and iron homeostasis including HMOX1,

CLM, GPX3, NQO1, TXNRD1, SLC7A11, CHAC1, SESN2, GSR, FTH1,

QSTM1 , and NDRG1 ( Fig. 6 a ) corroborating the notion that the excess

f gallium within bone cancer cells disrupts iron metabolism by impair-

ng iron-dependent enzymes and the synthesis of iron-sulfur clusters,

hich are essential for DNA synthesis and repair [ 37 ]. The upregula-

ion of HMOX1 (heme oxygenase-1), NQO1 (NAD(P)H quinone dehy-

rogenase 1), GCLM (glutamate-cysteine ligase modifier subunit), GPX3

glutathione peroxidase 3), TXNRD1 (thioredoxin reductase 1), and GSR

glutathione reductase) suggests activation of the NRF2-mediated oxida-

ive stress response pathway [ 38 ] ( Fig. 6 a ). NRF2 is a transcription fac-

or that regulates heme and iron metabolism through the transcriptional

pregulation of multiple genes, including heme oxygenase 1 ( HMOX ),

hich was seven-fold upregulated in 143B cells ( SI.3 ). NRF2 is recog-

ized as a master regulator of antioxidant and detoxifying enzymes,

nd its activation represents a fundamental cellular defence mechanism

gainst increased reactive oxygen species (ROS) and cellular damage

 38 ]. The strong upregulation of NRF2-target genes suggests that the

ron dysregulation caused by gallium is leading to significant oxidative

tress in the cells leading them to a state of cellular crisis [ 39 , 40 ]. The

levated expression of GCLM (a crucial enzyme in glutathione synthesis)

nd SLC7A11 (a subunit of the cystine/glutamate antiporter, responsible

or cystine uptake, which is then converted to cysteine for GSH synthe-

is) points to an attempt by the cancer cells to bolster their glutathione

ntioxidant system [ 39 ]. Similarly, the increased levels of TXNRD1 and

SR signify enhanced activity of the thioredoxin and glutathione re-
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Fig. 5. Caspase 3/7 activity in different bone cell lines treated for 7 days with a bioactive glass containing 5 mol% Ga2 O3 at the concentration of 10 mg/mL. In 

caspase 3/7 assay images, the nuclei of apoptotic cells are shown in bright red. (a) Human Foetal Osteoblasts (hFOB) represent healthy human bone cells. (b) HOS, (c) 

143B, (d) MNNG-HOS, (e) Saos2 and (f) SJSA-1 represent osteosarcoma cells. Cancer cell lines presented substantial caspase activity when treated with 5 %Ga-BGs 

whereas no caspase 3/7 activation was observed in the healthy cells. (g) Schematic representation of proposed mechanism of action of Ga3 + in promoting cellular 

apoptosis. Transferrin ligands carrying Ga3 + attach to TfR and are internalized to cell by endocytoses (1), the Tf-TfR complex disassembles (2) and release Ga3 + in the 

cytosol (3). Ga ions promote excessive oxidative stress, compromise mitochondrial functions (3) and DNA synthesis (4) leading the cell to state of crises, activating 

the apoptotic pathway (5). Expression of executioner caspases 3/7 represent the hallmark of apoptotic response. 

66
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Fig. 6. High-level overview of the sequencing / mechanism of action of Ga3 + upon osteosarcoma cells (a) and heathy bone cells (b). Exposure to gallium ions 

stimulated 609 DEGs in cancer cells suggesting they were under immense pressure, attempting to cope with an overwhelming assault to their cellular machinery, 

particularly their iron-dependent processes. Excessive oxidative stress was observed which led to over activation of detoxifying NRF2 pathway, which ultimately 

proved inefficient. A multi-pronged molecular attack on key hallmarks of cancer resulting in cell death by ferroptosis and apoptosis. In addition, gallium has inhibited 

expression of pro-oncogenic genes related to migration, invasion, angiogenesis, inflammation, as well as cellular genes related to growth and differentiation (a). On 

the other hand, the same therapy stimulated only 6 DEGs in healthy bone cells. In those cells, Ga3 + promoted only mild oxidative stress. The NRF2 pathway activation 

was effective in detoxifying the cell and prevent cellular death (b). The differential Ga3 + cell influx is believed to be related to a greater expression of Tf-receptors 

by cancer cells than in normal cells. 

Fig. 7. Antibiotic activity of gallium nitrate (Ga(NO3 )3 ) and 5 %Ga-BG upon P.aeruginosa. (a) P.aeruginosa cells treated with a serial dilution of gallium nitrate for 

24 h. The inset represents a magnification of the low concentrations. A dose of 62μg/mL of Ga(NO3 )3 starts to affect bacterial growth and at 125 ug/mL the treatment 

can completely inhibit it. (b) P.aeruginosa cells treated a serial dilution of 5 %Ga-BG in broth for 24 h. Concentrations above 6 mg/mL of 5 %Ga-BG were shown to 

completely inhibit bacterial cell growth. Therefore, since the tested concentration of bioactive glass in cell culture medium used to treat cells in all other biological 

experiments was of 10 mg/mL we can conclude that it falls within the bacterial inhibitory range observed in this experiment. 
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uctase systems, respectively, both of which are vital for maintain-

ng cellular redox balance and detoxifying harmful intermediates [ 40 ].

his widespread activation of antioxidant defences suggests that gal-

ium is effectively overwhelming the cancer cells’ capacity to maintain

edox homeostasis. Despite all efforts, the antioxidant cellular response

as not enough to reestablish homeostasis, leading to programmed cell

eath. The upregulation of both pro-apoptotic and ferroptosis-related

enes may indicate a multi-pronged attack to cancer cells that may ren-

er it harder for cells to develop drug resistance mechanisms against

allium ( Fig. 6 a ). Results from a previous study that investigated the ef-

ect of gallium(III) Tris(acyl-pyrazolonate) complexes on a range of can-

er cell types corroborates this idea. The authors of that study concluded

hat gallium complexes acted on different and multiple cellular targets to

nduce ferroptosis in cancer cells via dysregulation of cell redox home-

stasis and inhibition of the mevalonate pathway [ 41 ]. Our RNA-seq

ata combined with apoptosis assays suggest that gallium toxicity is

irectly linked to the induction of programmed cell death ( Fig. 6 a ). Se-

uencing data shows the upregulation of several genes associated with

rogrammed cell death and stress responses, including ATF3, FOXO4,

DIT4, CDKN1A, BBC3, TRIB3 , and NR4A1 . ATF3 (Activating Transcrip-

ion Factor 3) is a key stress-inducible transcription factor frequently

verexpressed in various cancer types. Under stress conditions, ATF3 is

nown to activate pro-apoptotic genes, including BBC3 (PUMA) [ 42 ].

he upregulation of BBC3 (PUMA) is particularly significant, as it is a

irect transcriptional target of TP53 and a potent pro-apoptotic medi-

tor, playing a crucial role in TP53-mediated cell death. Its increased

xpression is a strong indicator of apoptosis pathway activation [ 42 ]. In

act, our results from caspase 3/7 assay demonstrate increased activity

f these executioner apoptotic enzymes in bone cancer cells treated with

 and 5 % Ga-BGs ( Fig. 5 ). 

In contrast with osteosarcoma cells, sequencing data from normal

one cells (hFOB) treated with 62 μg/mL Ga(NO3 )3 for 36 h revealed

 very limited set of upregulated genes: GCLM, NMRAL2P, SLC7A11 ,

nd TXNRD1 ( Fig. 6 b ). This minimal yet focused response is highly sig-

ificant. Similar to the response observed in cancer cells, the NRF2-

ediated antioxidant and stress response pathway were activated to

etoxify reactive species and maintaining cellular redox homeostasis.

owever, unlike cancer cells, healthy cells successfully manage the

rauma, preventing widespread cellular damage and maintaining via-

ility. The difference in the number and scope of DE genes between

ealthy and cancer cells is the direct molecular basis of the observed

herapeutic window ( Fig. 6 ). Normal cells primarily activate a focused,

obust antioxidant defence (NRF2 pathway), indicating they are inher-

ntly equipped to handle the gallium-induced stress without succumbing

o toxicity. This fact may explain the toxicity of relatively low doses of

allium nitrate and of 10 mg/mL of Ga-BGs upon the tested bone cancer

ell lines (HOS, MNNG-HOS, 143B, Saos2, SJSA-1) that we found in our

xperiments. 

.2. Gallium inhibits oncogenic and metastatic genes in osteosarcoma cells 

In addition to promoting excessive oxidative stress and inducing cell

eath, the treatment with gallium nitrate was shown to downregulate of

 series of oncogenic and metastatic genes linked to cell proliferation, in-

asion, angiogenesis, and epithelial-mesenchymal transition (EMT) such

s KRAS, MMP1, MMP14, PTGS2, VEGFC, FBN1, SOX9, JUN, IGFBP3,

GFBP5, S1PR1, SERPINE1, CXCL8 , and PLAU ( Fig. 6 a, SI.3 ). KRAS is a

rominent oncogene frequently mutated and activated in various can-

ers, including osteosarcoma [ 43 , 44 ]. Reducing the activity of KRAS in

steosarcoma cells (MG-63, KHOS, U-2OS, and Saos2) has been shown

o inhibit cell migration and invasion in vitro and in vivo by inhibiting

MP1, MMP3 and MMP9 via an IL17 signal-dependent manner [ 43 ].

he potential suppression of invasion and metastasis following treat-

ent with gallium is further supported by the downregulation of MMP1

nd MMP14. These enzymes are crucial for the degradation of the ex-

racellular matrix (ECM), facilitating cell migration and invasion, and
68
re highly associated with osteosarcoma metastasis [ 2 , 45–48 ]. More-

ver, upregulation of MMP14 expression is related to epithelial- and

ndothelial-to-mesenchymal transition (EMT), where epithelial or en-

othelial cells acquire mesenchymal features, which commonly happens

o metastatic osteosarcoma cells [ 2 , 45 , 47 ]. Other genes like FBN1 (Fib-

illin 1) [ 49 ], S1PR1 (Sphingosine-1-phosphate receptor 1), SERPINE1

Plasminogen Activator Inhibitor 1, PAI-1) [ 50 , 51 ], CXCL8 (Interleukin-

) [ 52–54 ], and PLAU (Urokinase Plasminogen Activator) [ 55 , 56 ] are

ll implicated in various aspects of cancer progression, including in-

asion, metastasis, angiogenesis, and inflammation. The inhibition of

ngiogenesis and inflammation is further supported by the downreg-

lation of PTGS2 (Cyclooxygenase-2, COX-2) and VEGFC . VEGFC is a

rucial factor promoting tumour angiogenesis and lymphangiogenesis,

oth essential for tumour growth and metastatic dissemination and was

ound to be associated with poor overall survival in osteosarcoma [ 57 ].

inally, the modulation of growth and differentiation is indicated by

he downregulation of SOX9, JUN, IGFBP3, and IGFBP5 [ 58 , 59 ]. SOX9

s a key transcriptional regulator involved in developmental processes,

verexpressed locally and in the circulation in bone cancer, and linked

o EMT, stem cell phenotypes, and drug resistance. It has also demon-

trated positive correlation with tumour severity, malignancy, and size

 60 ]. Concomitantly, IGFBP-3 has been shown to facilitate VCAM1 pro-

uction and cell migration in human osteosarcoma via the PI3K, Akt and

P-1 signalling pathways [ 58 ]. These findings provide a robust founda-

ion for understanding the molecular basis of gallium’s anticancer ac-

ivity and its selective nature, indicating that gallium: (a) disrupts iron

etabolism; (b) induces oxidative stress; (c) leads to cell death via fer-

optosis and apoptosis; (d) inhibits pro-oncogenic and metastatic genes.

his supports the development of gallium-containing bioactive glasses

s a promising therapeutic approach for bone tumour treatment ( Fig. 6 ).

.3. Antibacterial activity of Ga-BGs 

Infection control is critical for immunocompromised patients as their

eakened defences make them highly susceptible to severe, often fa-

al infections from environmental and opportunistic pathogens. Doses

f gallium nitrate within the therapeutic window also presented in-

ibitory effect upon gram-negative bacteria P. aeruginosa, a common

nvironmental and hospital pathogen that frequently exhibits intrin-

ic and acquired multidrug resistance, making resulting infections ex-

eptionally difficult to treat compared to many other bacteria [ 33 , 34 ].

ur results corroborate previous investigations of other gallium com-

ounds [ 11 , 13 , 30 , 31 , 35 , 36 , 61–63 ]. In microorganisms, gallium was

hown to interfere with survival and growth by exchanging for iron in

iderophores [ 63 ]. In the case of P. aeruginosa , the siderophore pyochelin

as been shown to be responsible for transporting gallium [ 63 ]. As with

ancer cells, gallium cannot be utilized for essential iron-catalysed reac-

ions, thus, leading to the death of the organism. A previous investiga-

ion combined antibacterial nanospheres of elemental gallium (16 wt.%)

ith bioactive hydroxyapatite nanorods (84 wt.%) to prepare nanocom-

osites with potential antimicrobial activity. The produced nanocom-

osite exhibited superior antibacterial properties against P. aeruginosa

nd lower in vitro cytotoxicity for human lung fibroblasts IMR-90 and

ouse fibroblasts L929 when compared to a nanocomposite of hydrox-

apatite and silver nanoparticles, which suggests that such composite

an promote prevention of implantation–induced infections that are fre-

uently caused by P. aeruginosa [ 64 ]. Goss and colleagues tested the po-

ential of gallium as an antibacterial treatment both in a mice model

nd in a phase I clinical trial [ 65 ]. First, they showed that a single par-

nteral dose of gallium administered 3 or 12 h after infection in mice

ith P. aeruginosa lung infection was enough to reduce lung and blood

. aeruginosa counts and increase survival. Secondly, they tested intra-

enous gallium administration in patents with cystic fibrosis and chronic

. aeruginosa lung infections in a pilot phase Ib study involving 20 pa-

ients. They observed that a single 5-day intravenous infusion of gal-

ium reduced sputum P. aeruginosa density and significantly increased
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ung function at 14 and 28 days, without signs of any serious adverse

vents [ 65 ]. Therefore, the results observed in the present study corrob-

rate previous findings demonstrating that gallium-containing materials

resent antibacterial activity and can aid in preventing intra and post-

perative infections. 

Taken together, the biological results indicate that bioactive glasses

ontaining 4–5 mol% Ga2 O3 represent the optimal compositions for

herapeutic performance, with the 5 % Ga-BG formulation emerging as

he most effective candidate. The observed convergence of selective an-

icancer activity, antibacterial performance, and minimal cytotoxicity

oward healthy cells highlights the therapeutic relevance of the 5 % Ga-

G composition. From a materials design perspective, this composition

ppears to provide the most favourable balance between gallium incor-

oration within the glass network and controlled ion release, ensuring

ufficient Ga3 + delivery to disrupt iron-dependent pathways in cancer

ells while remaining within a biologically safe range for normal bone

ells. 

. Conclusions 

We demonstrated the existence of large therapeutic windows for gal-

ium in different cell lines of osteosarcoma and that bioactive glasses

ontaining 4–5 mol% of Ga2 O3 release active gallium ions within the

herapeutic windows and can selectively kill bone cancer cells within

even days of treatment. The selective toxicity of gallium to osteosar-

oma cells was shown to be caused by a multi-pronged molecular at-

ack on key hallmarks of cancer, primarily through the disruption of iron

etabolism, leading to increased oxidative stress, induction of cell death

athways, and suppression of oncogenic and metastatic signalling. In ad-

ition, gallium nitrate and 5 %Ga-BG were shown to present inhibitory

ffect upon gram-negative bacteria P. aeruginosa . Altogether, our results

ndicate that Ga-containing bioactive glasses constitute an ideal bioma-

erial for the development of multi-functional scaffolds for the treatment

f osteosarcoma promoting localized delivery of anticancer, antibiotic

nd bone regenerative ions that can prevent implant-site contamination,

ancer re-occurrence and enhance bone regeneration, leading to supe-

ior treatment outcomes. 
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