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A B S T R A C T

Mesoporous bioactive glasses (MBGs) represent a promising class of materials for biomedical applications due to 
their large surface area, high pore volume, and tuneable composition.

Due to such surface properties, this work explores for the first time the possibility of exploiting MBGs as a 
multifunctional platform boosting bioactivity by magnesium and cerium co-doping, as well as a delivery of 
polyphenols, with the aim of tuning inflammation in situ.

Accordingly, four MBG compositions with varying Mg and Ce contents were synthesized via the sol–gel 
method and loaded with three pure polyphenols: 3-hydroxyflavone, quercetin, and morin hydrate. The multi
parametric characterization confirmed the amorphous nature of all glasses, high specific surface area (SSA, >
300 m2/g), in vitro bioactivity in simulated body fluid (SBF), significant antioxidant activity, and cytocompati
bility toward human bone marrow-derived mesenchymal stem cells (hBMSCs), as well. In particular, Ce/Mg co- 
doping notably enhanced catalase (CAT)-like activity, while polyphenol loading, particularly with quercetin, 
markedly improved superoxide dismutase (SOD)-mimetic activity. Similarly, quercetin functionalization 
demonstrated strong scavenging activity, protecting hBMSCs from the intracellular accumulation of toxic reac
tive oxygen species (ROS) compared with bulk controls when oxidative stress was induced with H2O2. Moreover, 
when the pro-inflammatory cascade was induced by interleukin administration, the presence of quercetin 
effectively promoted the upregulation of the anti-inflammatory genes TGF-β1 and IL-10, demonstrating a strong 
ability to modulate the inflammation in situ. Taken together, these findings highlight the potential of Ce/Mg co- 
doped MBGs as bioactive multifunctional carriers for the delivery of antioxidant biomolecules.

1. Introduction

Biomaterials are natural or synthetic materials that promote healing 
and facilitate the reconstruction of damaged body tissues [1,2]. Among 
them, bioceramics, particularly bioactive glasses (BGs), are widely used 
for biomedical applications due to their non-toxic nature, biocompati
bility, and chemical stability in biological environments [3]. Addition
ally, some biomaterials can degrade over time and be gradually replaced 

by newly regenerated tissue [4,5]. The incorporation of therapeutic 
inorganic ions (TIIs) into the structure of BGs further enhances their 
biofunctionality, imparting properties such as angiogenesis, osteo
genesis, cementogenesis, and bactericidal activity [6–8]. Our previous 
studies have focused on mesoporous bioactive glasses (MBGs) [9–13], a 
subclass of BGs particularly well-suited for drug delivery systems (DDSs) 
due to their high pore volume, large specific surface area (SSA), and 
well-ordered structure. These characteristics enable the efficient loading 

* Corresponding author.
** Corresponding author.

E-mail addresses: andrea.cochis@med.uniupo.it (A. Cochis), gigliola.lusvardi@unimore.it (G. Lusvardi). 
1 These authors contributed equally to this work.

Contents lists available at ScienceDirect

Materials Today Chemistry

journal homepage: www.journals.elsevier.com/materials-today-chemistry/

https://doi.org/10.1016/j.mtchem.2026.103789
Received 11 March 2026; Received in revised form 9 June 2026; Accepted 11 June 2026  

Materials Today Chemistry 55 (2026) 103789 

Available online 18 June 2026 
2468-5194/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0009-0005-4845-5930
https://orcid.org/0009-0005-4845-5930
https://orcid.org/0000-0002-1572-5982
https://orcid.org/0000-0002-1572-5982
https://orcid.org/0000-0002-9732-2780
https://orcid.org/0000-0002-9732-2780
https://orcid.org/0009-0009-3604-0155
https://orcid.org/0009-0009-3604-0155
https://orcid.org/0000-0002-8074-2308
https://orcid.org/0000-0002-8074-2308
https://orcid.org/0000-0003-2455-8239
https://orcid.org/0000-0003-2455-8239
https://orcid.org/0000-0002-0772-6037
https://orcid.org/0000-0002-0772-6037
mailto:andrea.cochis@med.uniupo.it
mailto:gigliola.lusvardi@unimore.it
www.sciencedirect.com/science/journal/24685194
https://www.journals.elsevier.com/materials-today-chemistry/
https://doi.org/10.1016/j.mtchem.2026.103789
https://doi.org/10.1016/j.mtchem.2026.103789
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtchem.2026.103789&domain=pdf
http://creativecommons.org/licenses/by/4.0/


of small organic molecules aimed at improving MBGs bioactivity, as well 
as their controlled release in situ in order to obtain multifunctional 
platforms [14,15]. Previously, we have extensively investigated the 
doping of MBGs with cerium (MBGs-Ce), chosen for its antitumor, 
anti-inflammatory, and antioxidant properties [7,16,17]. Importantly, 
we have demonstrated that cerium does not inhibit the bioactivity of 
MBGs, allowing its therapeutic benefits to be harnessed without 
compromising their bone regeneration potential [10–12,18]. Interest
ingly, while cerium is often associated with antimicrobial properties in 
the literature [19], our findings indicate that MBGs-Ce do not exhibit 
significant antibacterial activity [19]. Building on these findings, we 
recently explored the introduction of a second antimicrobial dopant ion, 
specifically copper, silver, and zinc. Our results suggest that 
MBGs-Ce/Cu and MBGs-Ce/Ag hold promise as multifunctional mate
rials for biomedical applications, offering targeted antimicrobial effects 
alongside additional therapeutic benefits, confirming the hypothesis to 
apply MBGs as multifunctional platform for the delivery of ions 
combining different biological properties [20].

In this study, we further expanded the investigation of MBGs as 
multifunctional delivery platform by introducing magnesium as a sec
ond dopant ion to further enhance the biological performance of MBGs. 
In fact, as largely reported by literature magnesium is an essential 
intracellular alkaline earth metal primarily stored in bones and soft 
tissues such as muscles [21–23]. It plays a crucial role in numerous 
enzymatic reactions, including energy metabolism, nucleic acid and 
protein synthesis, and active calcium transport [21,23]. Additionally, 
Mg is vital for living cells due to its interaction with phosphate ions, as 
ATP typically exists in cells as a chelate with Mg2+ [6]. It also acts as a 
cofactor for many enzymes, facilitating catalytic activity [6,24]. Mg 
deficiency has been linked to various pathological conditions, including 
malabsorption syndrome, renal dysfunction, and hormonal imbalances 
[23,24]. In bone health, magnesium contributes to osteoporosis treat
ment and bone repair by reducing fracture risk and enhancing bone 
density [21,25]. This effect is mediated through its ability to inhibit 
osteoclast function while stimulating osteoblast activity [21,25,26]. 
Furthermore, Mg2+ ions are essential for cytoskeletal integrity, skeletal 
tissue development, bone remodelling, and the activation of phagocy
tosis [21].

In parallel, Fare clic o toccare qui per immettere il testo.the func
tionalization of MBGs with natural compounds was explored in this 
work as a promising strategy to release in situ anti-inflammatory and 
anti-oxidant molecules as alternative to conventional systemic admin
istration as suggested by some literature to enhance tissue healing 
[27–29]. Among these, polyphenols have attracted significant interest 
due to their antioxidant, anti-inflammatory, antibacterial, osteoinduc
tive and anticancer properties [30–34].

Based on these premises, the present study aims to identify hybrid 
bioactive and multifunctional materials with optimized antioxidant 
properties and drug delivery. To this end, we conducted a multi
parametric evaluation of MBGs-Mg and MBGs-Ce/Mg loaded with three 
different biomolecules: 3-hydroxyflavone, quercetin and morin hydrate. 
Finally, the most promising system based on MBGs-Ce/Mg functional
ized with quercetin was tested for its antioxidant and anti-inflammatory 
properties towards human bone-marrow derived mesenchymal stem 
cells (hBMSCs), which were selected as representative model for cells 
involved in the healing process under pro-inflammatory conditions.

2. Materials and methods

2.1. MBGs preparation and characterization techniques

SiO2-CaO-P2O5-MgO and SiO2-CaO-P2O5-CeO2-MgO glasses were 
synthesized by the sol-gel EISA method using tetraethyl orthosilicate 
(TEOS), triethyl phosphate (TEP), Ca(NO3)2⋅4H2O, Ce(NO3)3⋅6H2O and 
Mg(NO3)2⋅6H2O as precursors and P123 as structure directing aget [7,
10–12,35]. The optimized sample compositions are shown in Table 1; 
the mixture was stirred for 24 h and poured into Petri dishes until sol
vent evaporation and gelling. The dried gels were calcined at 700◦C for 
3 h under air atmosphere. The resultant powder was sieved to a particle 
size range of 355-212 μm.

In each formula reported in Table 1, the number associated with each 
MBG corresponds to the total number of moles of modifier oxide(s) 
added, and when two ions are both present the ratio is 1:1.

2.1.1. X-Ray Powder Diffraction (XRPD)
X-Ray Powder Diffraction (XRPD) was used to evaluate the possible 

formation of secondary phases induced by the addition of dopant ions. 
The evaluations were carried out using an Empyrean MultiCore 3rd 

generation (Malvern Panalytical, Malvern, United Kingdom) 
diffractometer.

2.2. In vitro cytocompatibility assay

For assessing the preliminary cytocompatibility of the MBGs, they 
were tested in direct contact with human bone-marrow derived 
mesenchymal stem cells (hBMSCs), as well as in an extract-based assay. 
To perform these tests, the powder was compacted into disks with a 
diameter of 1 cm. Each disk was prepared using 90 mg of powder and a 
uniaxial pressing force of 105 N; this solution was considered for the 
biological characterization following the strategy in our previous work 
[36], and the potential limitations derived by the use of powders as 
recently reported by the authors [37].

Firstly, the MBG disks were sterilized by incubation at 160 ◦C for 2 
hours, cooled down and quickly washed with sterile phosphate-buffered 
saline (PBS). The sterilized and washed disks were then arranged in the 
wells of a 24-well standard culture plate and immersed overnight in 
culture medium consisting of low-glucose (1 g/L) Dulbecco's modified 
Eagle's medium (DMEM, Sigma-Aldrich, USA) supplemented with 15% 
fetal bovine serum (FBS, Sigma-Aldrich, USA) and 1% penicillin- 
streptomycin (PS, Invitrogen, USA).

For the experiments, hBMSCs (hTERT-BMSC clone Y201, immortal
ized through hTERT lentiviral vectors [38] were cultured in low-glucose 
DMEM supplemented with 10% FBS and 1% PS until 80-90% confluence 
(37 ◦C, humidified atmosphere, 5% CO2), detached by trypsin-EDTA 
(1X, Sigma-Aldrich, USA) solution, and harvested. For the 
extract-based experiment, the cells were seeded in the amount of 
2.0x104 cells per well of a standard 24-well plate, and cultured in an 
MBG-conditioned medium, exchanged for a 24-h extract and a 48-h 
extract in the following days. For the direct-contact experiment, the 
cells were seeded onto the MBG disks at a density of 2.0x104 cells per 
disk and kept in standard conditions for 3 days with culture medium 
changed daily. The medium exposed to cell-seeded MBGs was collected 
for the following ion release analysis described in the respective section.

2.2.1. Cell metabolic activity assay
To evaluate the metabolic activity of cells in contact with the MBGs 

samples, Alamar blue solution (alamarBlue™ HS Cell Viability Reagent, 
Invitrogen, USA) in culture medium was added to the samples. After a 3- 
h incubation in the dark, 100 μL of the supernatant was transferred into 
a black opaque 96-well plate and read with a spectrophotometer 
(Spark®, Tecan Trading AG, CH) using an excitation wavelength of 
560 nm, and an emission wavelength of 590 nm. Results were presented 
in relative fluorescent units (RFU).

Table 1 
Theoretical composition (mol %) of the studied MBGs.

MBGs SiO2 CaO P2O5 CeO2 MgO

MBG3.6-Mg 77.1 14.5 4.8 - 3.6
MBG5.3-Mg 75.8 14.2 4.7 - 5.3
MBG3.6-Ce/Mg 77.1 14.5 4.8 1.8 1.8
MBG5.3-Ce/Mg 75.8 14.2 4.7 2.65 2.65
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2.2.2. Cell morphology assay
To analyse the morphology of hBMSCs cultured in direct contact 

with MBG disks, scanning electron microscopy (SEM) was used. The 
samples were fixed in 2.5% glutaraldehyde (prepared from 25% solution 
(Merck KGaA, Germany)) for 30 min at RT, then washed with PBS to 
remove fixative, and dehydrated using graded ethanol series (30, 50, 70, 
90, 95, and 100%, 20 minutes each). Subsequently, the specimens were 
submerged in hexamethyldisilazane (HMDS, Alfa Aesar, USA) and left to 
air-dry overnight. The dehydrated samples were mounted onto 
aluminium stubs using conductive carbon tape, coated with a 10 nm 
gold layer (DII-29019SCTR SmartCoater, Jeol, Japan), and examined 
using a scanning electron microscope (JSM-IT500 InTouchScope™, 
Jeol, Japan).

2.3. Dissolution studies

The dissolution in SBF after 7, 14, and 30 days was evaluated by 
quantifying the release of silicon, calcium, phosphorus, cerium, and 
magnesium. Elemental analysis was performed using an Agilent 6410 
Triple Quadrupole LC/MS system. Furthermore, the culture medium 
collected from cell-seeded MBGs was analysed to determine the release 
of Ce and Mg ions after the incubation period (1-2-3 days).

2.4. Loading with polyphenols

In this study, we used a 1.0 mg/mL loading solution of the following 
polyphenols: 3-hydroxyflavone (F), quercetin (Q), and morin hydrate 
(M); F, Q, and M are 98, 95, and 100% pure, respectively. The loading 
solutions were prepared by dissolving polyphenols in ethanol for 1 h 
under magnetic stirring. As reported, the loading process involved the 
soaking 0.1 g of each sample in 5 mL of loading solution for 3 hours at 
37 ◦C. To prevent light exposure, all samples were wrapped in 
aluminium foil [10,12,18].

2.4.1. Elemental analyses (AE)
Elemental analysis (EA) was carried out with a FLASH 2000 Thermo 

Fischer analyser in order to quantify the amount of biomolecules in the 
loaded MBGs by measuring C (%). The results for each biomolecule are 
expressed as loading content, LC (%), and loading efficiency, LE (%), 
calculated as follows, where m = mass. 

LC(%)=
MM(biomolecule)

mol (C into biomolecule) x MA(C)
× C(%)

LE(%)*=
m(biomolecule loaded)*

m (biomolecule loading solution)
× 100 

* Derived from LC(%).

2.4.2. Specific surface area determination (SSA)
The specific surface area (SSA) was evaluated before and after 

loading to assess potential textural changes resulting from the intro
duction of dopant ions or biomolecules. SSA was determined by nitrogen 
adsorption using a Micromeritics Chemisorb 2750 instrument and the 
Brunauer-Emmett-Teller (BET) method.

2.5. Antioxidant activity assay

The antioxidant properties of each MBG and loaded-MBG were 
evaluated by enzymatic assays as their ability to remove the hydrogen 
peroxide (H2O2, CAT-like activity) and radical superoxide anion (O2

⋅ -, 
SOD-like activity), two of the most significant reactive oxygen species 
(ROS) [7,39–41].

2.5.1. Catalase (CAT)-like activity
The tests were performed using the Fluorimetric Hydrogen Peroxide 

Assay Kit from Sigma Aldrich with a TECAN GeniosPro microplate 

reader, as presented in our previous paper. The presence of H2O2 is 
detected in SBF through its reaction (1:1 stoichiometry ratio) with a 
molecular probe catalysed by the peroxidase enzyme, which generates a 
red fluorescent product that can be analysed fluorometrically. We sus
pended 40 mg of each MBG in 400 μL of a 50 μM solution of H2O2 in SBF 
and measured the residual concentration of H2O2 by the Amplex assay 
after 30 and 120 min of soaking. CAT activity is reported as the per
centage of H2O2 decomposed at the end of the assay.

2.5.2. Superoxide dismutase (SOD)-like activity
The tests were performed using the SOD Determination Kit (Sigma 

Aldrich) adapted for a UV–Vis Spectrophotometer (JASCO V-570, Met
tler Toledo, Columbus, Ohio, United States). In this assay, the SOD-like 
activity is expressed as the rate of inhibition (I.R.%) of the formation of a 
water-soluble formazan dye formed upon reduction of a tetrazolium salt 
(WST-1) by the superoxide anion catalysed by Xanthine Oxidase (XO) 
and inhibited by SOD.

The SOD assay was performed including material-specific blank 
corrections. For sample preparation, 200 μL of WST-1 working solution, 
20 μL of enzyme solution, and 20 mg of sample were added into an 
Eppendorf tube. The corresponding sample blank was prepared by 
replacing the enzyme solution with 20 μL of dilution buffer while 
maintaining the same amount of sample (20 mg). Both sample and blank 
solutions were incubated at 37 ◦C for 30 min. After incubation, 150 μL of 
each solution were collected and diluted with 100 μL of bidistilled water 
prior to UV–Vis analysis.

In addition, a reference control corresponding to the maximum 
theoretical formation of formazan in the absence of material was pre
pared, together with its related blank. The reference solution consisted 
of 200 μL of WST-1 working solution, 20 μL of enzyme solution, and 
20 μL of dilution buffer, whereas the corresponding blank contained 
200 μL of WST-1 working solution and 40 μL of dilution buffer. These 
solutions underwent the same incubation and dilution procedure before 
UV–Vis measurements.

To calculate the SOD activity of the materials, the following equation 
was used: 

SOD activity (I.R.%)=
Aref (440 nm) − Asample (440 nm)

Aref (440 nm)
⋅100 

The absorbance values obtained from the material-specific blanks 
were subtracted from the corresponding sample measurements to 
minimize contributions from sample turbidity, intrinsic absorbance of 
released compounds, and other non-specific optical interferences.

2.6. In vitro bioactivity assessment in simulated body fluid (SBF)

All samples were soaked in simulated body fluid (SBF) at 37◦C for 7, 
14, and 30 days to verify the formation of an apatite layer, mainly 
composed of Ca10(PO4)6(OH)2 (hydroxyapatite, HA) [42,43]. After 
soaking, Fourier transform infrared (FT-IR) spectra were collected on a 
PerkinElmer 1600 spectrometer in the range of 400-4000 cm-1 to iden
tify the characteristic bands of HA. Moreover, mineralogical evaluations 
by X-Ray Powder Diffraction (XRPD) were also carried out using an 
X’Pert PRO-PANAnalytical diffractometer in order to detect the char
acteristic peaks of HA. Scanning Electron Microscopy (SEM) (JEOL 
JSM-6010LA microscope, equipped with Energy Dispersive Spectros
copy, EDS, Leica Microsystems Wetzlar, Germany) was used to evaluate 
morphological changes on the surface.

2.7. In vitro biological assays of quercetin-loaded MBGs

Following the assessment of polyphenols loading efficiency, in vitro 
anti-oxidant activity, and bioactivity, the quercetin-loaded MBG disks 
were selected as the most promising specimens for a further biological 
characterization due to their superior loading efficiency and their ability 

C. Cavazzoli et al.                                                                                                                                                                                                                              Materials Today Chemistry 55 (2026) 103789 

3 



to maintain >83% of SOD like activity. The subsequent analyses aimed 
to assess post-loading cytocompatibility and the potential antioxidant 
and anti-inflammatory effects of the incorporated quercetin. The disks 
were fabricated according to the protocol in section 2.2. Prior to seeding, 
the disks underwent sterilisation via UV irradiation, to prevent the 
degradation of quercetin, for 1 hour per side and were subsequently 
transferred into 24-well culture plates. The hBMSCs were cultured the 
same way as mentioned in section 2.2 and were seeded directly at a 
density of 2 x104 cells per well on the quercetin-loaded disks. Following 
a 3-h pre-adhesion step, 1 mL complete low-glucose DMEM (section 2.2) 
was added, and the plates were incubated at 37◦C and the culture me
dium was replaced every 3 days. Cells cultured directly on the poly
styrene surface served as the control group in all the evaluations. All 
experimental procedures were performed in triplicate to ensure 
reproducibility.

2.7.1. Cytocompatibility assessment
For the metabolic evaluation of the hBMSCs seeded on quercetin- 

loaded MBG disks, the AlamarBlue assay was performed as mentioned 
in section 2.2.1. Data were collected at 1, 2 and 3 days of cultivation; 
results were plotted as relative fluorescence units (RFU) and normalized 
against control to determine percentage metabolic activity. In addition 
to metabolic activity, to assess the cytotoxicity of the quercetin-loaded 
MBGs, supernatants were collected at the same time-points and evalu
ated via LDH assay (CyQuant LDH cytotoxicity assay, Invitrogen, USA) 
according to the manufacturer's instructions. To provide visual data of 
the specimens-adhered cells, samples were stained with NucBlue re
agent (Invitrogen, USA) in order to visualize the nuclei of the cells 
colonizing the specimens; fluorescent images were collected with a 
confocal Leica THUNDER imaging system and further processed with 
ImageJ software. Moreover, hBMSCs cultured in direct contact with 
quercetin-loaded MBG disks was characterized using SEM as described 
before (section 2.2.2) and complemented by EDS, for elemental surface 
mapping.

2.7.2. Antioxidant activity analysis
To evaluate the antioxidant potential of the quercetin-loaded MBG 

disks, the cell-seeded disks were exposed to a 50 μM H2O2 doped media 
for 48 hours to simulate a pro-oxidative stress environment. Following 
the incubation, the medium was aspirated, and the disks were rinsed 
with PBS. Intracellular ROS levels were detected using CellROX™ Green 
Reagent (C10444, Invitrogen, USA) according to the manufacturer's 
protocol. This fluorogenic probe remains non-fluorescent until oxidation 
by ROS, at which point it binds to DNA and emits a stable fluorescent 
signal detectable at 525 nm following excitation with a 488 nm laser. 
For nuclear visualization, the samples were counterstained with 
NucBlue™ for 30 minutes, followed by a final PBS wash to eliminate 
unbound dye. Fluorescence imaging was performed using a Leica 
THUNDER microscope. Quantitative analysis was conducted via ImageJ 
software to determine the mean fluorescence intensity.

2.7.3. Anti-inflammatory response analysis
To investigate the anti-inflammatory potential, the hBMSCs-seeded 

disks were cultivated in a simulated pro-inflammatory environment by 
introducing into the culture medium a cytokine cocktail consisting of 
20 ng/mL TNF-α and 10 ng/mL IL-1β for 48 hours. Post-incubation, the 
conditioned media were removed, and the disks were rinsed thoroughly 
with PBS. Total RNA was isolated by adding 500 μL of TRIzol™ Reagent 
(Thermo Fisher Scientific, USA) per well; following a 15-min lysis 
period, the lysates were transferred to 2 mL microcentrifuge tubes and 
processed according to the manufacturer's instructions. The purity and 
concentration of the extracted RNA were determined, and subsequent 
cDNA synthesis was performed using the Verso cDNA Synthesis Kit 
(Thermo Scientific, USA). The reaction mixture was prepared using 
SYBR green master mix (Applied Biosciences, 4472942, USA), cDNA, 
and specific primers (Integrated DNA Technologies, USA) as per the 

manufacturer's protocol. Finally, real-time PCR (RT-qPCR) was applied 
to determine the expression of the pro- and anti-inflammatory genes 
CXCL8, TNF-α, IL-10, and TGF-β1; primers and probes are listed in 
Table 2. All the results were normalized with GADPH chosen as a 
housekeeping gene.

2.8. Statistical analysis

Experiments were performed in triplicate. Data were analysed using 
GraphPad Prism (version 8.4.2). Statistical significance was determined 
using one-way or two-way analysis of variance (ANOVA), followed by 
Tukey's multiple comparisons test to identify specific differences be
tween groups. All results are expressed as mean ± standard deviation 
(SD) or standard error of mean (SEM), and p-values < 0.05 were 
considered statistically significant between the compared groups.

3. Results and discussion

3.1. Characterization: XRPD

Fig. 1 reports the XRPD patterns for MBGs-Mg and MBGs-Ce/Mg; all 
doped samples exhibit an amorphous structure and do not show any 
diffraction peaks corresponding to a crystalline phase.

3.2. In vitro cytocompatibility assay

To assess the preliminary cytocompatibility of the MBGs, the samples 
were tested in the form of disks with hBMSCs – in direct contact and 
indirectly, via extracts.

The metabolic activity of the cells evaluated via the Alamar blue 
assay demonstrated good cytocompatibility of all tested samples (Fig. 2, 
a). Although a lower metabolic activity was observed in direct contact 

Table 2 
Sequence of Forward and Reverse primers used for RT-qPCR reaction.

Gene Forward Primer Reverse Primer

CXCL8 TTGCCAAGGAGTGCTAAAG CACTCTCAATCACTCTCAGTT
TNF- α CTGGTATGAGCCCATCTATCT GGGCAATGATCCCAAAGTAG
IL-10 TCCTTGCTGGAGGACTTTA ATGTCTGGGTCTTGGTTCT
TGF-β1 GAC AGC AGG GAT AAC ACA C CCA TGA GAA GCA GGA AAG G
GAPDH GTATGACAACAGCCTCAAGAT GTCCTTCCACGATACCAAAG

Fig. 1. XRPD patterns of: MBG3.6-Mg (black), MBG5.3-Mg (red), MBG3.6-Ce/ 
Mg (blue), MBG5.3-Ce/Mg (pink).
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with MBG3.6-Mg and MBG5.3-Mg during the first two days of the 
experiment, by the third day, the hBMSCs’ metabolic activity exceeded 
70% of the control (hBMSCs cultivated in standard conditions without 
the disks). The metabolic activity of hBMSCs incubated with other MBGs 

or their extracts was comparable to that of the control group in all three 
time points tested. Moreover, the samples containing Ce (MBG3.6-Ce/ 
Mg and MBG5.3-Ce/Mg) appeared to enhance the metabolic activity of 
hBMSCs in both direct-contact and extracts tests, especially at the final 

Fig. 2. (a) Metabolic activity of hBMSCs cultured with MBGs in direct contact or with MBG extracts, 'Control' represents hBMSCs cultivated without MBGs or ex
tracts, and the values are presented as mean ± SD of normalized RFU; (b) SEM images of hBMSCs cultivated on the MBG disks, scale bars 10 μm, arrows indicate 
hBMSCs cells.

Fig. 3. Releases of silicon, calcium, phosphorous and magnesium after 7, 14 and 30 days in SBF. Tests were performed in triplicate; data are presented as averages 
with error bars representing the SD.

C. Cavazzoli et al.                                                                                                                                                                                                                              Materials Today Chemistry 55 (2026) 103789 

5 



incubation time points. SEM observations of the hBMSCs-seeded MBG 

disks revealed well-attached cells exhibiting stretched and flattened 
morphology with multiple filopodia (Fig. 2, b).

3.3. Dissolution studies

The data presented in Fig. 3 indicate that the release of both Si 
(90–110 μg/mL) and Mg (122–160 μg/mL) remains relatively constant 
across different samples and over time. In contrast, the release of Ca 
appears to be stable in the Ce-doped samples (170–200 μg/mL). How
ever, the MBG3.6-Mg and MBG5.3-Mg samples exhibit different be
haviours: the former releases a higher amount of Ca after 7 days 
(236 μg/mL), whereas the latter shows an increased release after 30 days 
(248 μg/mL). This distinct trend is consistent with the dissolution/rep
recipitation behaviour of MBGs and is associated with the formation of 
an apatitic phase [9,44]. As for P release, all samples follow a similar 
trend, with a higher P release observed after 7 days (38–18 μg/mL), 
followed by comparable values across samples after 30 days 
(6–15 μg/mL). Ce release remained below 1 μg/mL in all samples (data 
not shown).

Furthermore, the culture medium collected from the cell-seeded 
MBGs was analysed by ICP to quantify the release of Ce and Mg ions 
after 1, 2, and 3 days of incubation (Fig. 4). The Ce release remained 
very low, around 1–2 μg/mL, similarly to what was observed in SBF. 
Conversely, Mg release exhibited more pronounced variations among 
the samples. After contact with the cells, MBG3.6-Mg and MBG5.3-Mg 
released between 57 and 82 μg/mL of Mg, while the samples contain
ing both Ce and Mg showed roughly half of these values, ranging from 
26 to 54 μg/mL.

Fig. 4. Releases of magnesium and cerium after 1, 2, and 3 days in the cell culture medium. Tests were performed in triplicate; data are presented as averages with 
error bars representing the SD.

Table 3 
LC (%) and LE (%) of loaded-MBGs calculated by AE.

MBGs Q F M

LC (LE %) LC (LE %) LC (LE %)

MBG3.6-Mg 1.1 (21.3) 0.6 (12.7) 0.5 (9.7)
MBG5.3-Mg 0.7 (14.4) 0.6 (12.7) 0.5 (9.1)
MBG3.6-Ce/Mg 0.9 (18.4) 1.0 (19.3) 0.3 (5.4)
MBG5.3-Ce/Mg 1.3 (26.0) 0.6 (12.2) 0.4 (8.6)

Fig. 5. SSA (m2/g) of MBGs before and after biomolecule loading. Tests were 
performed in triplicate. Data are presented as averages, with error bars repre
senting the SD. UL = unloaded.

Fig. 6. CAT-like activities expressed as a percentage of decomposed H2O2. Dark shade: 30 min; light shade: 120 min. Tests were performed in triplicate; data are 
presented as averages with error bars representing the SD.
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3.4. Loading evaluations: EA and BET

LC (%) and LE (%) are reported in Table 3; these results indicate a 
good loading of the selected biomolecules on MBGs. The loading of Q 
and F aligns with previous studies on MBGs-Ce [12,20], with LC ranging 
from 0.6 to 1.3% and LE from 12.2 to 26.0%. In contrast, M shows 
slightly lower values (LC 0.3–0.5%, LE 5.4–9.7%).

Fig. 5 shows that the incorporation of Ce and Mg into the glass does 
not affect the SSA, an intrinsic characteristic of MBG glasses, which 
remains high. According to the literature, while pure mesoporous silicas 
can achieve surface areas exceeding 600 m2/g [45], the addition of 
multiple network modifiers and TIIs in BGs inherently modulates these 
values; nevertheless, an SSA above 100 m2/g is already classified as 
exceptionally elevated for multi-component sol-gel systems, crucially 
accelerating apatite-forming kinetics [46]. Previous studies have 

reported that the SSA of undoped MBG, as well as MBG3.6-Ce and 
MBG5.3-Ce, ranges between 300 and 360 m2/g [11,12], regardless of 
the cerium content; these results are in line with the values of SSA, 
obtained in other work [47], using a triblock copolymer as structure 
directing agent [47]. All unloaded (UL) MBGs-Mg and MBGs-Ce/Mg 
samples exhibit SSA values exceeding 346 m2/g. Loaded MBGs 
showed a significant decrease in SSA, likely due to pore occlusion. After 
loading with Q, F, and M, SSA values decreased substantially to 
236–287 m2/g.

3.5. Antioxidant activity assay

3.5.1. CAT-like activity
Fig. 6 illustrates the assessment of the CAT-like activity of MBGs and 

biomolecules-loaded MBGs after 30 minutes (dark shade) and 120 mi
nutes (light shade) of contact. This activity is primarily linked to the 
presence of cerium, as reported in our previous studies, where both 
MBG3.6-Ce and MBG5.3-Ce exhibited high CAT-like activity (~90% 
after 30 min and 100% after 120 min) [10,11,18]. The data reveal a 
significant CAT-like activity across all samples. Notably, Mg-doped 
samples exhibit some ability to decompose H2O2 (52-65% after 
120 min); however, only Ce/Mg-doped samples achieve complete dis
mutation (100%). The moderate H2O2 decomposition observed in 
Mg-containing samples lacking Ce may be associated with changes in 
glass dissolution behaviour, local pH, or surface reactivity induced by 
Mg incorporation, rather than to a true redox-mediated CAT-mimetic 
mechanism. The complete H2O2 dismutation observed only in 
Ce-containing compositions confirms the predominant role of reversible 
Ce3+/Ce4+ cycling in catalytic activity, as well explain by Zambon et al. 
[7] Furthermore, biomolecule loading does not affect CAT-like activity, 
as the loaded MBGs maintain excellent performance, comparable to that 
of pristine materials, exceeding 74% after 120 minutes in all samples. 
The only exceptions are MBG3.6-F and MBG5.3-F, which exhibit 
CAT-like activity in the range of 55–60%.

Fig. 7. SOD-like activities expressed as percentages of inhibition rate (I.R. %). 
UL = unloaded. Tests were performed in triplicate; data are presented as av
erages with error bars representing the SD.

Fig. 8. XRPD patterns: MBG3.6-Mg, MBG5.3-Mg, MBG3.6-Ce/Mg, and MBG5.3-Ce/Mg after 7 (black), 14 (red), and 30 (blue) days of soaking in SBF. Black dashed 
line: HA.
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3.5.2. SOD-like activity
Fig. 7 presents the SOD-like activity of MBGs and polyphenols-loaded 

MBGs. Our findings indicate that the SOD activity of functionalized 
MBGs-Ce is primarily associated with polyphenol loading, while pristine 
MBGs-Ce exhibit limited O2̇

- scavenging ability (~20%) [10,12,18]. The 
results suggest that the incorporation of a second TII does not signifi
cantly influence the material's SOD-mimetic capability (~36%). All 

samples loaded with Q display remarkably high SOD-like activity, 
ranging from 83% to 97%, as expected. Conversely, F does not enhance 
the material's SOD activity, as its performance remains comparable to 
that of unloaded samples. M slightly increases SOD activity (47–61%), 
except for the MBG5.3-Ce/Mg sample, where no difference is observed 
compared to the unloaded glass.

Fig. 9. XRPD patterns: MBG3.6-Mg, MBG5.3-Mg, MBG3.6-Ce/Mg, and MBG5.3-Ce/Mg, loaded with Q (black), F (red), and M (blue), after 30 days of soaking in SBF. 
Black dashed line: HA.

Fig. 10. SEM micrograph of MBG3.6-Mg (a), MBG3.6-Ce/Mg (b), MBG5.3-Mg (c), and MBG5.3-Ce/Mg (d) after 30 days of soaking in SBF. Red circle: HA.
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3.6. In vitro bioactivity assessment

3.6.1. XRPD and FT-IR analyses
Fig. 8 shows the XRPD patterns of MBG3.6-Mg, MBG5.3-Mg, 

MBG3.6-Ce/Mg, and MBG5.3-Ce/Mg after 7, 14, and 30 days of soaking 
in SBF. Characteristic HA peaks appear at 26, 32, and 33◦ (2θ) (JCPDS 
00-009-0432) [48]. HA formation is evident in all samples after just 7 
days, though bioactivity is slightly reduced in double-ion-doped samples 

compared to those containing only Mg. Previous studies on MBGs-Ce 
reported that polyphenol loading significantly slowed bioactivity [12]. 
However, as shown in Fig. 9, Q and F do not markedly affect the 
bioactivity of MBGs-Mg and MBGs-Ce/Mg, whereas the M-loaded sam
ples exhibit a slight qualitative reduction in bioactivity. Similar results 
are observed in the FT-IR measurements in the Supplementary Infor
mation (Figs. S1 and S2), where the characteristic bands of HA at 605 
and 565 cm-1 can be detected.

3.6.2. SEM-EDS analyses
SEM-EDS analyses (Figs. 10 and 11 and Table 4) show the presence of 

HA aggregates on the surface of UL MBGs and MBGs loaded with Q and 
F. As shown by the other analyses, also in this case, the bioactivity of the 
MBGs-M is slightly slowed down compared to the others.

3.7. In vitro biological analysis of quercetin-loaded MBGs

As summarized in Table 3, the loading efficiency and loading content 
varied significantly across the polyphenol-loaded MBGs. While Q, F 

Fig. 11. SEM micrograph of MBG3.6-Mg (a-c), MBG5.3-Mg (d-f), MBG3.6-Ce/Mg (g-i) and MBG5.3-Ce/Mg (j-l), loaded with Q (a, d, g, j), F (b, e, h, k) and M (c, f, i, 
l), after 30 days of soaking in SBF. Scale bar 50 μm. Red circle: HA.

Table 4 
Molar ratio Ca/P of MBGs3.6 and MBGs5.3 after 30 days of soaking in SBF. 
UL = unloaded.

MBGs Ca/P

UL Q F M

MBGs3.6-Mg 0.91 1.36 1.54 1.52
MBGs3.6-Ce/Mg 0.48 2.39 1.53 1.27
MBGs5.3-Mg 0.49 1.40 1.70 1.26
MBGs5.3-Ce/Mg 0.67 1.71 1.54 0.97
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exhibited the highest loading (up to 1.3% LC), morin hydrate (M) 
showed a notably lower affinity for the MBG framework. However, the 
functional performance was most distinctive in the antioxidant assays; 
Q-loaded samples displayed remarkably high SOD-like activity (83- 
97%), section 3.5.2, whereas F-loaded samples showed no significant 
improvement over the unloaded controls, and M-loaded samples pro
vided only moderate increases (47-61%).

Based on these comparative findings, quercetin-loaded MBG disks 
were prioritized as the lead candidate for further biological evaluation 
with hBMSCs. This selection was strategically made to investigate 
whether the high acellular antioxidant activity observed translates into 
functional anti-oxidant and anti-inflammatory effects within a cellular 
environment. Furthermore, these studies were essential to confirm that 
the loading process did not compromise the inherent cytocompatibility 
of the MBGs. Consequently, the subsequent analysis focused on the 

direct interaction between hBMSCs and the quercetin-loaded disks to 
validate their potential for regenerative medicine applications.

3.7.1. Cytocompatibility analysis
The cytocompatibility of quercetin-loaded MBG disks was evaluated 

through direct contact assays with hBMSCs, utilising metabolic activity 
measurements, LDH release quantification, and visual assay by nuclear 
staining. The relative fluorescence units (RFU) demonstrated a pro
gressive increase over the 3-day incubation period across all experi
mental groups, indicating sustained cellular proliferation (Fig. 12a). 
Notably, the relative metabolic activity for all quercetin-loaded MBGs 
(Fig. 12b) remained above 70% compared to the control group, thus 
satisfying the biological safety requirements for biomaterials (ISO 
10993-5), except MBG5.3-Mg-Q which showed a slight reduction in 
metabolic activity on day 3. No statistically significant differences were 

Fig. 12. In vitro evaluation of quercetin-loaded MBGs cultured with hBMSCs. (a) Metabolic activity assessed via Alamar Blue assay and presented as RFU and (b) 
normalized metabolic activity relative to control (Ctrl; untreated hBMSCs). (c) Percentage of LDH release into conditioned media normalized to the maximum LDH 
release for a 3-day incubation period. (d) NucBlue mean fluorescence intensity and (e) visualized NucBlue-stained nuclei of hBMSCs seeded on MBGs. Bars represent 
means ± SD of n = 3 replicates.
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observed between the test and control groups (p > 0.05).
These findings were corroborated by the LDH assay (Fig. 12c), which 

unlike direct viability counts, measures the ratio of extracellular LDH to 
the total cellular LDH content (maximum release) released by dead cells 
due to membranes' irreversible damage. On Day 3, all the samples 
exhibited an LDH release of below 1.5%. This low leakage rate confirms 
that these disks do not compromise the cell membrane, aligning with the 
ISO 10993-5 requirement and further validating the inert nature of the 
disks. Qualitative analysis of nuclear-stained images (Fig. 12e) revealed 
a cell density on the quercetin-loaded MBG disks comparable to that of 
the control polystyrene surface (gold standard). Furthermore, quanti
tative assessment of the mean fluorescence intensity showed no signif
icant deviation from the control, confirming that neither the MBG 
processing nor the loading of quercetin compromised the material's 
cytocompatibility (Fig. 12d). Collectively, these results demonstrate that 
the quercetin-loaded MBGs provide a favourable microenvironment for 
hBMSCs adhesion, spread and proliferation. These observations align 
with the existing literature, which suggests that the incorporation of 
quercetin in MBGs nanoparticles improves cytocompatibility [42,43].

The morphology of hBMSCs cultured on the MBG disks was charac
terized via SEM imaging. Cells in direct contact with the MBG disks 
exhibited a physiological, fibroblast-like morphology with no evidence 
of membrane damages nor apoptotic-like round shapes (Fig. 13). The 
hBMSCs appeared well-adherent, characterized by filopodia and the 
presence of cytoplasmic extensions. Notably, for the MBG3.6-Ce/Mg-Q 
and MBG5.3-Ce/Mg-Q compositions, granular deposits were observed 
across the surface. EDS confirmed that the precipitates were primarily 
composed of calcium (Ca) and phosphorus (P). For MBG3.6-Ce/Mg-Q, 
mass percentages were 48.76±0.59% for Ca and 20.62±0.25% for P; 
for MBG5.3-Ce/Mg-Q, values were 24.20±0.28% and 14.50±0.14%, 
respectively. This observation is consistent with the dissolution studies 
(section 3.3), which indicated higher calcium release rates for the Ce- 
containing samples, thereby facilitating local mineral precipitation. 
Detailed EDS elemental mapping and mass percentage of all the ele
ments of the surfaces are provided in the Supplementary Information 
(Fig. S3).

3.7.2. Antioxidant activity
The antioxidant properties of the MBG disks were visually confirmed 

through fluorescence imaging, which revealed a marked reduction in 

green fluorescence (CellROX Green Reagent) in the MBG disks compared 
to the control, as shown in Fig. 14a. This significant decrease 
(p<0.0001) indicates that the quercetin-loaded MBG disks successfully 
protected the hBMSCs from H2O2-induced oxidative stress. This might 
be the cumulative effect of Ce and quercetin present in the sample, as Ce 
has redox characteristics because of its electrical structure and mimics 
SOD/CAT to get rid of excessive ROS inside cells. Secondly, hydroxyl 
groups, which can stabilize reactive species by giving the ROS a single 
electron or a hydrogen atom, may be the mechanism behind quercetin's 
ROS scavenging function [44–46]. Quantitative analysis (Fig. 14b) of 
the fluorescent units supported these observations; the control samples 
exhibited an intensity of 12.75±0.42, whereas the values for the MBG 
disks were substantially lower: 0.94±0.45 (MBG3.6-Mg-Q), 0.53±0.27 
(MBG5.3-Mg-Q), 0.78±0.12 (MBG3.6-Ce/Mg-Q), and 2.12±1.08 
(MBG5.3-Ce/Mg-Q). These biological analysis results correlate strongly 
with the biochemical findings detailed in Sections 3.4 and 3.5, where the 
quercetin-loaded MBGs demonstrated enhanced SOD-like and CAT-like 
mimetic activities, respectively. Collectively, these data suggest that 
the release of quercetin, potentially synergised by the Ce ions, effec
tively scavenges ROS and mitigates intracellular oxidative damage.

3.7.3. Anti-inflammatory response analysis
As expected, the expression of pro-inflammatory markers, CXCL8 

and TNF-α, was up-regulated up to 75.6-fold and 5.7-fold, respectively, 
in the positive control group when cells were stimulated with the cy
tokines cocktail (Fig. 15, upper panel). Interestingly, the positive control 
group also exhibited a 4-fold increase in TGF-β1 expression, which likely 
reflects the intrinsic immunomodulatory response of hBMSCs to in
flammatory stimuli [47]. In contrast, the pro-inflammatory genes were 
down-regulated in the quercetin-loaded MBG groups, with the exception 
of a moderate (p<0.05) TNF-α up-regulation (2.8-fold) in the 5.3-Mg-Q 
group. The observed downregulation of pro-inflammatory genes in 
quercetin-loaded MBGs is consistent with previous literature reporting 
its ability to directly tune the pro-inflammatory cascade [48]. In fact, 
quercetin was demonstrated to be effective in directly blocking the 
activation and nuclear translocation of Nuclear Factor Kappa B (NF-κB), 
a key signal activating the pro-inflammatory cascade [49]. As a conse
quence, the down-regulation of CXCL8 and TNF-α here observed is due 
to the fact that their promoter regions did not bind with their direct 
transcriptional factor NF-κB that was blocked by quercetin [50]. In 

Fig. 13. Morphological evaluation of hBMSCs (indicated with orange arrows) after 3 days of culture on quercetin-loaded MBGs. SEM micrographs show cell 
attachment and normal phenotype. Magnification = 600x, scale bars 20 μm.
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particular, the 5.3-Ce/Mg-Q group demonstrated the most potent 
anti-inflammatory effect, with a 9.5-fold and 8.7-fold significant upre
gulation (p<0.0002) of IL-10 and TGF-β1, respectively, in comparison to 
control. And, also among all the MBGs, it exhibited higher 
anti-inflammatory gene upregulation with a significant difference of 
p<0.001. These results suggest that the synergistic combination of 
cerium, magnesium, and quercetin within the MBG framework effec
tively polarises the cellular response toward an anti-inflammatory and 

pro-regenerative phenotype [49–51]. In fact, Ce, Mg and quercetin can 
exert their anti-inflammatory function through different mechanisms. 
Cerium contributes to the prevention of NF-κB activation: it inhibits the 
nuclear translocation of the p65 subunit by blocking phosphorylation 
[51]. Therefore, Ce exerts complementary activity to quercetin as it acts 
on the same target (NF-κB) but with a different mechanism. Differently, 
the anti-inflammatory role of magnesium is known to be related to its 
ability to act as a calcium channel blocker being a natural antagonist 

Fig. 14. Intracellular ROS accumulation in hBMSCs on MBGs under oxidative stress. (a) Representative fluorescence microscopy images of hBMSCs seeded on MBGs 
and incubated for 48 h under oxidative stress. ROS were visualized using CellROX Green Reagent (green) marked with yellow arrows, and nuclei were counterstained 
with nuclear staining (blue). (b) Quantitative analysis of intracellular ROS levels performed via ImageJ-based thresholding of green fluorescence intensity. Data are 
presented as mean of 3 replicates ± SD. Statistical significance relative to the control (ctrl) group is indicated as **** (= p < 0.0001).
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[52]; in this scenario, magnesium undermines calcium for the binding 
site of N-methyl-D-aspartate (NMDA) receptors and L-type voltage-gated 
calcium channels [52]. As a result, a strong decrease in the activation of 
the pro-inflammatory NF-κB and Activator Protein 1 (AP1) is observed 
[53], as well as the NLRP3 inflammasome can not assemble due to the 
low calcium levels [54].

Taken together such information, it is not surprising that the MBG- 
Ce/Mg-Q systems resulted as the most efficient in tuning in situ the 
pro-inflammatory cascade over the other combinations, as they combine 
different mechanism in the same platform. Our results are in line with 
previous literature: for example, Wu et al. reported that the introduction 
of cerium oxide nanoparticles into magnesium-based implants improved 
the quality of the newly formed bone by a synergistic effect [55], con
firming the possibility to enhance bioactivity by the Ce-Mg combination. 
Similarly, the possibility to apply MBGs as carrier for the controlled 
release of polyphenols was previously successfully explored by Pour
shahrestani et al. [56] showing how tannic acid can be useful to coun
teract oxidative stress and improve wound healing, while Zhao et al. 
[57] reported a successful combination of MBGs and procyanidin for 
repairing musculoskeletal trauma. However, to the best of our knowl
edge, this is the first attempt involving at the same time the use of ions 
co-doping and polyphenols release from the same MBG platforms, thus 
showing a promising improvement of such systems.

4. Conclusions

This study describes the design and development of Ce-doped and 
Ce/Mg co-doped mesoporous bioactive glasses (MBGs) as multifunc
tional drug delivery systems for polyphenol loading and antioxidant 
enhancement. All compositions preserved the typical amorphous mes
oporous structure, high specific surface area, and in vitro bioactivity, as 
confirmed by apatite formation in SBF. Importantly, the simultaneous 
incorporation of magnesium and cerium did not compromise the 
structural integrity nor the intrinsic bioactive behaviour of the glasses.

Ce/Mg co-doping significantly enhanced CAT-like activity, con
firming the key role of cerium redox cycling (Ce3+/Ce4+) in hydrogen 
peroxide decomposition. Magnesium-only samples showed moderate 
antioxidant activity, whereas complete dismutation was achieved only 

in the presence of cerium. Polyphenol loading further broadened the 
antioxidant profile; notably, quercetin functionalization markedly 
improved SOD-like activity (up to 97%) without affecting CAT-like 
performance or bioactivity. These results highlight the complementary 
mechanisms of inorganic ion doping and biomolecule loading in 
modulating different ROS species. Quercetin-loaded Ce/Mg MBGs show 
the best antioxidant performance among the systems investigated.

Crucially, the antioxidant properties of the materials elicit anti- 
inflammatory response and reduce oxidative stress in cells. In vitro as
says confirmed sustained cytocompatibility toward hBMSCs, minimal 
LDH release, and proper cell adhesion and spread. Under oxidative 
stress, quercetin-loaded disks significantly reduced intracellular ROS 
levels, while in a pro-inflammatory environment they promoted the 
upregulation of IL-10 and TGF-β1 and downregulation of pro- 
inflammatory mediators. The 5.3-Ce/Mg-Q composition exhibited the 
strongest anti-inflammatory response, underscoring the synergistic 
interplay among cerium, magnesium, and quercetin.

Overall, we show that therapeutic ion co-doping combined with 
polyphenol functionalization provides a versatile platform capable of 
addressing oxidative stress and inflammation—two key factors limiting 
tissue regeneration [58,59]. The present findings establish the antioxi
dant and immunomodulatory foundations of the platform and dedicated 
osteogenic assays are planned for the subsequent phase of investigation 
as they represent a current limitation of the study. These findings po
sition Ce/Mg co-doped, quercetin-loaded MBGs as advanced multi
functional biomaterials with strong potential for regenerative medicine 
applications.
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[24] M. Pelczyńska, M. Moszak, P. Bogdanski, The role of magnesium in the 
pathogenesis of metabolic disorders, Nutrients 14 (2022) 1714, https://doi.org/ 
10.3390/nu14091714.
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