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A B S T R A C T

Cerium-doped mesoporous bioactive glasses were synthesized and individually loaded with polyphenols (quer
cetin, 3-hydroxyflavone, morin hydrate and a natural mixture) and common drugs (ibuprofen and paracetamol). 
The resulting materials were then combined in a 1:1 wt ratio to exploit their complementary therapeutic 
functionalities.

The antioxidant activity of the dual-loaded systems was assessed through enzymatic assays, revealing a clear 
synergistic effect between cerium and polyphenols; this interaction endowed the materials with highly effective 
and stable antioxidant properties, which remained unaffected by the simultaneous presence of the drugs.

In vitro bioactivity tests confirmed the ability of the dual-loaded systems to promote the formation of an 
apatite layer, indicative of their osteoconductive potential; this mineralization process was slightly delayed as a 
consequence of the dual loading and cerium incorporation.

Cytocompatibility assays performed with relevant cell models demonstrated the biocompatibility of all for
mulations, with particularly promising outcomes for the systems combining cerium, ibuprofen, and quercetin.

These findings highlight the potential of these newly developed dual-loaded systems for biomedical applica
tions requiring both antioxidant protection and sustained bioactivity, such as bone tissue regeneration or ther
apies targeting inflammation-prone environments.

1. Introduction

Bioceramics, and in particular bioactive glasses (BGs), are widely 
used in biomedical applications, such as bone fillers, scaffolds, and 
implant coatings due to their capacity to promote hard tissue regener
ation [1–3].

Recent research has focused on enhancing the biological perfor
mance of BGs by doping them with therapeutic inorganic ions (TIIs), 
such as cerium, known for its antioxidant, antiemetic, bacteriostatic, 
and anticancer properties [3–7]. Moreover, BGs can be functionalized 
with organic molecules, including biomolecules and drugs, to develop 
advanced drug delivery systems (DDSs) [8–10].

Our previous studies [7,11] have demonstrated that cerium-doped 
BGs (BGsCe) retain their bioactivity while exhibiting significant anti
oxidant properties, notably mimicking catalase (CAT) and superoxide 
dismutase (SOD) enzymatic activity. These features make BGsCe 

promising candidates for reducing post-implantation inflammation and 
mitigating reactive oxygen species (ROS)-induced damage.

Moreover, in vivo studies demonstrated that our BGsCe enhance 
cellular compatibility and support long-term bone remodelling, leading 
to a more controlled and efficient healing process compared with 
cerium-free BGs [12].

Advances in synthesis methods have improved the performance of 
traditionally produced BGs, leading to the development of mesoporous 
bioactive glasses (MBGs). Thanks to their high pore volume, large spe
cific surface area (SSA), and ordered mesostructure, these materials 
allow the efficient loading and controlled release of biomolecules [3,13,
14].

Among biomolecules, natural polyphenols have attracted increasing 
interest because of their antioxidant, anti-inflammatory, antibacterial, 
osteoinductive, and antitumor properties [15–19].

Our research group has developed solid expertise in the design and 
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characterization of cerium-doped MBGs (MBGsCe) loaded with various 
polyphenols, including quercetin (Q), 3-hydroxyflavone (F), morin hy
drate (M), and a polyphenolic mixture extracted from chestnut flour (C) 
[11,13,20–22].

Previous studies have confirmed the successful loading of these 
biomolecules onto MBGsCe, while preserving the mesoporous structure. 
They also demonstrated an enhancement in antioxidant performance, 
particularly regarding SOD-like activity, which is otherwise absent in 
unloaded glasses [11,20]. Furthermore, the combination of cerium 
doping (key for CAT-like activity) and polyphenol loading (responsible 
for SOD-like activity) resulted in complementary and highly effective 
antioxidant functionality.

These properties were also retained in more complex systems, such 
as hydrogels containing MBGsCe, confirming their versatility and po
tential applications not only in hard tissue regeneration but also in soft 
tissues, for example in wound healing [21]. We also demonstrated that a 
dual-loaded system (1:1 mixture of MBGsCe separately loaded with 
gentamicin and natural polyphenolic mixture type-C) [13] preserves 
bioactivity and exhibits antioxidant and antibacterial properties.

Therefore, we decided to extend the study to additional drugs and 
polyphenols, with the aim of developing new dual-loaded systems 
capable of harnessing their complementary therapeutic effects.

To this end, we selected widely used drugs such as ibuprofen (IBU) 
and paracetamol (PARA), while among the polyphenols we included C 
again, as well as Q, F, and M.

IBU is a non-steroidal anti-inflammatory drug (NSAID) that inhibits 
prostaglandin synthesis by blocking cyclooxygenase enzymes (Cox-1 
and Cox-2). As a propionic acid derivative, it exerts analgesic, anti- 
inflammatory, and antipyretic effects, and is widely used to treat con
ditions such as rheumatoid and juvenile arthritis [23,24]. PARA, by 
contrast, is one of the most widely used medications for the management 
of pain and fever. Unlike NSAIDs, it lacks anti-inflammatory properties, 
but is characterized by an excellent safety profile and versatility, making 
it a reference analgesic and antipyretic for both adults and children [25,
26].

Therefore, in this study, the new dual-loaded MBGsCe systems were 
evaluated to determine their drug loading efficiency, antioxidant prop
erties (enzymatic assay), bioactivity (in vitro studies), and cytotoxicity 
(according to ISO 10993-5 guidelines) [27–29].

2. Materials and methods

2.1. MBGsCe preparation and biomolecules’ loading

MBGsCe, with the composition SiO2-CaO-P2O5-(CeO2)x (x = 0 and 
3.6 mol%), were synthesized via the sol-gel EISA method as described in 
our previous studies [3,11,20], and subsequently sieved to obtain 
powders in the 212–355 μm size range. The experimental composition is 
reported in Table S1.

The 1.0 mg/mL polyphenol loading solutions were prepared using 
the following polyphenols: C and Q, F and M with purities of 95, 98, and 
100 % respectively. C was dissolved in bidistilled water, whereas Q, F, 
and M were dissolved in ethanol under magnetic stirring for 1 h.

The loading process involved soaking 0.1 g of MBGsCe in 5 mL of the 
loading solutions at 37 ◦C for 3 h. To minimize light exposure, all 
samples were wrapped in aluminium foil [11,20].

A 2 mg/mL IBU solution was prepared by dissolving the drug in 
heptane under magnetic stirring for 30 min, followed by immersion of 
0.1 g of MBGsCe in 10 mL of the solution at 25 ◦C for 6 h. Similarly, a 5 
mg/mL PARA solution was prepared in ethanol, and loading was carried 
out by soaking 0.1 g of MBGsCe in 20 mL of the solution at 25 ◦C for 24 h.

To obtain the dual-loaded systems, MBGsCe powders separately 
loaded with polyphenols and drugs were mixed in a 1:1 wt ratio.

The resulting 16 samples are referred to as 
“MBGsCe–polyphenol–drug”, where Ce = 0 or 3.6 mol%; polyphenol =
Q, F, M or C; and drug = IBU or PARA.

2.1.1. Elemental analyses (AE)
Elemental analysis (EA) was performed using a FLASH 2000 Thermo 

Fisher analyser to quantify the biomolecules loaded onto the MBGsCe by 
measuring the carbon content (%C). The results for each biomolecule 
are expressed as loading content (LC, %) and loading efficiency (LE, %), 
calculated as follows, where m represents mass. All values are based on 
three replicate experiments. 

LC(%)=
MM(biomolecule)

no of C (C into biomolecule) x MA(C)
× C(%)

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

m (biomolecule loading solution)
× 100 

* Derived from LC (%).

2.1.2. SSA determination
SSA was evaluated before and after loading to assess possible textural 

changes resulting from the process. SSA was determined by nitrogen 
adsorption using a Micromeritics Chemisorb 2750 porosimeter and the 
Brunauer–Emmett–Teller (BET) method [30].

2.2. Antioxidant activity assay

The antioxidant properties of each dual-loaded system were evalu
ated through enzymatic assays to assess their ability to scavenge 
hydrogen peroxide (H2O2) and the superoxide radical anion (O2

⋅-), two of 
the most relevant ROS [3,31–33].

2.2.1. CAT-like activity
The tests were performed using the Fluorimetric Hydrogen Peroxide 

Assay Kit (Sigma Aldrich) and a TECAN GeniosPro microplate reader, as 
described in our previous study [11]. The presence of H2O2 in DPBS 
(Dulbecco's Phosphate Buffered Saline, D8537) was detected through its 
1:1 stoichiometric reaction with a molecular probe, catalyzed by the 
peroxidase, which generates a red-fluorescent product detectable fluo
rometrically. Each dual-loaded system (40 mg) was suspended in 400 μL 
of a 50 μM H2O2 solution in DPBS, and the residual H2O2 concentration 
was measured using the Amplex assay after 30 and 120 min of soaking. 
CAT activity is expressed as the percentage of H2O2 decomposed at the 
end of the assay.

2.2.2. SOD-like activity
The tests were performed using the SOD Determination Kit (Sigma 

Aldrich) adapted for the use with a UV–Vis spectrophotometer (JASCO 
V-770, Mettler Toledo, Columbus, Ohio, United States) [11].

The assay was conducted on both powders and soaking solutions 
after 1, 4, 24 and 48 h of immersion in DPBS, using a glass-to-DPBS ratio 
of 75mg/50 mL. DPBS was used to simulate the physiological environ
ment in which these materials are intended to operate.

In this assay, SOD-like activity is expressed as the inhibition rate (I.R. 
%) of the formation of a water-soluble formazan dye. This dye is pro
duced by the reduction of a tetrazolium salt (WST-1) by the superoxide 
anion, a process catalyzed by xanthine oxidase (XO) and inhibited by 
SOD.

2.3. In vitro bioactivity assessment

All dual-loaded MBGsCe were soaked in simulated body fluid (SBF) 
[34–37] at 37 ◦C for 7 and 14 days to assess the formation of an apatite 
layer, primarily composed of Ca10(PO4)6(OH)2 (hydroxyapatite, HA) 
which indicates the bioactivity of the materials even after biomolecules 
loading.

After soaking, the samples were characterized by: 
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- X-Ray Powder Diffraction (XRPD), using an Empyrean MultiCore 3rd 
generation diffractometer (Malvern Panalytical, Malvern, United 
Kingdom) to verify the presence of crystalline HA;

- Scanning Electron Microscopy (SEM) with a JEOL JSM-6010LA mi
croscope (equipped with Electron Dispersive Spectroscopy, EDS, 
Leica Microsystems Wetzlar, Germany) to evaluate morphological 
changes on the surface;

- Fourier Transform Infrared (FTIR) spectroscopy with a Perkin Elmer 
FT-IR 160 spectrometer (Waltham, Massachusetts, United States) to 
identify characteristic bands of HA.

2.4. Cytocompatibility assays

2.4.1. Sample preparation
Cytocompatibility was evaluated in accordance with ISO 10993-5 

guidelines [12,22,27,28,38–41].
Samples were tested using both the Neutral Red (NR) and the 3-(4,5- 

dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) 
assays.

MLO-Y4 cells (murine long bone osteocytes-like cells obtained from 
the Istituto Zooprofilattico Sperimentale, IZS Brescia, Italy) were used 
for the evaluation.

Cells were cultured in Dulbecco's Modified Eagle Medium (DMEM; 
Euroclone, Milan, Italy) supplemented with 10 % fetal bovine serum, 
100 μg/mL penicillin-streptomycin, and 1 mM sodium pyruvate (all 
from Euroclone, Milan, Italy).

Cultures were maintained at 37 ± 1 ◦C in a humidified atmosphere 
with 5 ± 1 % CO2 in air. Prior to testing, samples were sterilized by 
autoclaving at 121 ◦C.

2.4.2. Neutral Red (NR) assay
The Neutral Red (NR) assay is a well-established method for assess

ing cell viability. It measures the uptake of NR dye (N2889, Sigma- 
Merck, Darmstadt, Germany), which penetrates intact cell membranes 
and accumulates in the lysosomes of viable cells, thus indicating both 
membrane integrity and lysosomal functionality. According to ISO 
10993-5 guidelines [27–29], the samples were directly applied to cells at 
a ratio of 10 mg/mL.

Cells were seeded in 12-well plates and cultured at 37 ± 1 ◦C, with 
90 ± 5 % humidity and 5 ± 1 % CO2 in air, in direct contact with the 
samples (30 mg/well) for 24 and 72 h. Subsequently, 300 μL of NR so
lution was added to each well. After a 3-h incubation, cells were rinsed 
with 300 μL of DPBS, and the dye was extracted using 1.5 mL of an 
ethanol/acetic acid mixture.

The amount of extracted NR was quantified by measuring absor
bance at 540 nm using a spectrophotometer (Multiscan RC, Thermolab, 
Thermo Fisher Scientific, Helsinki, Finland). The absorbance values are 
directly proportional to cell viability.

2.4.3. MTT assay
The MTT assay (Merck KGaA, Darmstadt, Germany) evaluates cell 

viability by measuring mitochondrial activity. Viable cells reduce the 
yellow tetrazolium salt (MTT) to purple formazan crystals via the 
enzyme succinate dehydrogenase, thereby indicating metabolic activity.

Eluates were prepared by incubating the samples in serum-free 
DMEM at a ratio of 0.2 g/mL for 72 h at 37 ± 1 ◦C, in accordance 
with ISO 10993-12 guidelines. The eluates were subsequently filtered 
through a 0.22 μm membrane (Merck Millipore, Darmstadt, Germany) 
to ensure sterility. Cells were cultured in 96-well plates and treated with 
50 μL/well of eluates for 24 and 72 h.

After incubation, MTT solution was added to each well and incu
bated for 4 h. Formazan crystals were then solubilized using dimethyl 
sulfoxide (DMSO, Merck KGaA, Darmstadt, Germany). Absorbance was 
measured at 540 nm using a spectrophotometer (Multiscan RC, Ther
molab, Thermo Fisher Scientific, Helsinki, Finland). The absorbance 
values are directly proportional to the cellular metabolic activity, 

reflecting mitochondrial function.
In both assays, results are expressed as optical density (OD) values. 

All experiments were performed in triplicate for each sample.
DMEM was used as the negative control (CTRL− ), and latex added to 

DMEM served as the positive control (CTRL+).

2.4.4. Statistical analysis
The results obtained from the cytocompatibility assays were statis

tically analyzed using One-way ANOVA and Bonferroni [42]post hoc 
test was performed using GraphPad Prism 9 [43].

3. Results and discussion

3.1. Loading evaluation

The MBGsCe were loaded with polyphenols and drugs. As previously 
reported [11,20,44], both MBG0 and MBG3.6 showed LC of 0.5–2.0 % 
and LE of 10.3–39.6 % for the tested polyphenols (Q, F, M, C). Although 
cerium reduced overall loading, 3.6 mol% offered an effective balance 
between performance and incorporation efficiency. The loading per
formance followed the order MBG3.6-Q > MBG3.6-C > MBG3.6-F >
MBG3.6-M, with corresponding LC–LE values of 1.2–23.2 %, 1.1–21.9 
%, 1.0–20.1 %, and 0.5–10.3 %.

Regarding drug loading, IBU showed markedly higher values (LC: 
7.0–10.7 %, LE: 35.4–53.3 %) compared to PARA (LC and LE: 1.0–1.2 %) 
(Table 1). The presence of cerium slightly decreased these values but did 
not significantly affect the overall loading performance.

The effect of drug loading was further assessed by measuring the 
SSA.

Unloaded MBGsCe exhibited high SSA values (300–350 m2/g) 
consistent with their mesoporous structure and were unaffected by 
cerium content. Upon drug loading, a pronounced decrease in SSA was 
observed due to pore occlusion by the incorporated biomolecules. Spe
cifically, MBG0 showed SSA values of 158 and 255 m2/g after loading 
with IBU and PARA, respectively, while MBG3.6 exhibited SSA values of 
151 and 246 m2/g for the same drugs. These results are consistent with 
previous findings on biomolecule-loaded systems, specifically those 
incorporating polyphenols, which typically exhibit SSA values of 
160–200 m2/g [9,11].

3.2. Antioxidant activity

Figs. 1 and 2 show the results of the antioxidant activity assays, 
expressed as the percentage of H2O2 decomposed (CAT-like activity) and 
of the inhibition rate (I.R., SOD-like activity), respectively.

We have demonstrated that CAT-like activity is primarily dependent 
on the presence of cerium, rather than polyphenols, although a slight 
CAT-like effect may, in some cases, be attributed to the latter [11].

In this study, we further investigate the potential interference of 
drugs.

Notably, we confirm once again that cerium enables nearly 100 % 
CAT-like activity to be achieved within just 30 min, regardless of the 
specific loading, Fig. 1.

In contrast, we clearly show that SOD-like activity is not influenced 
by cerium, but is strongly dependent on the presence of polyphenols [11,
13,20].

Dual-loaded MBGsCe systems exhibited high SOD-like activity (I.R.: 

Table 1 
LC (%) and LE (%) calculated for MBGsCe.

IBU PARA

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

MBG0 10.7 53.3 1.2 1.2
MBG3.6 7.0 35.4 1.0 1.0
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55–99 %), Fig. 2, and this performance was not compromised by the 
presence of either drug. Interestingly, MBG0 showed lower SOD-like 
activity than MBG3.6 samples loaded with the same polyphenols.

Figs. 3 and 4 display the SOD-like activity of dual-loaded MBGsCe 
systems after soaking in DPBS. The SOD-like activity depends on both 
the polyphenol used and the cerium content.

In our previous study [20] on Q-, F-, and M-loaded MBGsCe, after 48 
h in DPBS, the I.R. ranged from 30 to 53 % for MBG0 and 13–37 % for 
MBG3.6. Co-loading with IBU reduced the I.R. in MBG0 (9–36 %), but 
maintained or slightly increased it in MBG3.6 (27–38 %). In contrast, 
co-loading with PARA almost completely suppressed SOD-like activity 
after 48 h (I.R. 1–5 %), with the exception of MBG3.6-Q-PARA, which 

Fig. 1. CAT-like activities of all MBGsCe dual loaded systems expressed as percentage of H2O2 decomposed.

Fig. 2. SOD-like activities of all MBGsCe dual loaded systems expressed as percentage of I.R.
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retained 13 % activity at that time point.

3.3. In vitro bioactivity assessment

We demonstrated [3,7,20,45], that cerium can be incorporated into 
glass composition without completely suppressing its bioactivity; 
cerium tends to delay the formation of an apatite layer by precipitation 
of cerium-phosphate. We have also shown that polyphenol-loading [11,
20] slows down apatite formation by reducing the available SSA, and we 
expected a similar effect from the two drugs investigated in this study. 
For this reason, we extended the soaking times for the bioactivity tests 
compared to our earlier work.

3.3.1. IBU-loaded MBGsCe
XRPD patterns confirmed the presence of HA through characteristic 

peaks at 26, 31 and 33 (o2θ), in accordance with JCPDS card No. 00-009- 
0432 [46].

After 7 days in SBF, all MBG0 systems are bioactive (Fig. 5); in 
contrast, MBG3.6 systems (Fig. 6) required up to 14 days to develop 
detectable HA formation. Among these, Q- and F-loaded samples 
demonstrated robust bioactivity, M-loaded samples showed a modest 
delay, and C-loaded samples exhibited a pronounced delay.

FTIR spectra (Fig. 7) collected after 7 days (MBG0, panel A) and 14 
days (MBG3.6, panel B) in SBF revealed characteristic HA bands at 605 
and 565 cm− 1 [47]. Once again, MBG3.6-C-IBU showed a marked delay 
in the development of HA bands compared to the other formulations.

SEM analysis of MBG3.6 surfaces after SBF soaking (Fig. 8) revealed 
spherical HA aggregates on Q-, F-, and M-loaded samples; in contrast, 
only surface degradation was observed on the C-loaded samples. Table 2
presents the Ca/P molar ratios determined by EDS on the spherical ag
gregates after 14 days in SBF. All measured ratios approached the 

stoichiometric HA value of 1.67, confirming the formation of HA layer.

3.3.2. PARA-loaded MBGsCe
PARA dual-loaded MBGs exhibited similar trends, with PARA 

exerting a stronger inhibitory effect on bioactivity than IBU. Although 
the MBG0 samples eventually formed an apatite layer after 14 days in 
SBF, both dual-loading and cerium incorporation increased the induc
tion time required for MBG3.6.

XRPD (Figs. 9 and 10) and FTIR (Fig. 11A and B) analyses confirmed 
that dual-loading slows, but does not inhibit, HA formation, particularly 
in MBG3.6 samples.

SEM analysis of MBG3.6-F-PARA (Fig. 12) revealed well-defined 
spherical HA aggregates. In contrast, M− and Q-loaded samples dis
played surface degradation with sparse and small aggregates. The C- 
loaded sample exhibited minimal surface changes, indicating a mark
edly delayed bioactivity response. EDS-derived Ca/P molar ratios after 
14 days in SBF (Table 2) approached the theoretical HA value of 1.67, 
further confirming the formation of HA layer.

To provide a clearer interpretation of the data, we included in the 
Supporting Information the XRPD patterns and FT-IR spectra of unloa
ded MBG0 and MBG3.6 before (Fig. S1) and after (Fig. S2) 7 and 14 days 
of SBF soaking.

3.4. Cytocompatibility

Cytocompatibility was evaluated in NIH3T3 cells using NR (Fig. 13) 
and MTT (Fig. 14) assays. Tests were also performed on materials loaded 
with individual polyphenols and drugs to obtain a more comprehensive 
assessment, which had not been carried out before. Previously [22], only 
type-C polyphenols had been evaluated, and they had shown an 
improvement in cytocompatibility.

Fig. 3. SOD-like activities of MBGsCe dual loaded systems with POLY and IBU after 1, 4, 24 and 48 h of soaking in DPBS.
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Regarding the dual-loaded systems, the evaluation focused on those 
containing quercetin and drugs, given that quercetin proved to be one of 
the most effective and promising polyphenol based on the LC and LE 

Fig. 4. SOD-like activity of MBGsCe dual loaded systems with POLY and PARA after 1, 4, 24 and 48 h of soaking in DPBS.

Fig. 5. XRDP patterns of MBG0-Q-IBU, MBG0-F-IBU, MBG0-M-IBU and MBG0- 
C-IBU after 7 days of soaking in SBF. Dotted lines: HA (26, 31 and 33◦2θ).

Fig. 6. XRDP patterns of MBG3.6-Q-IBU, MBG3.6-F-IBU, MBG3.6-M-IBU and 
MBG3.6-C-IBU after 14 days of soaking in SBF. Dotted lines: HA (26, 31 
and 33◦2θ).
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values. 3.4.1. NR assay
MBG0-Q showed low NR uptake at both 24 and 72 h (59 and 57 %), 

Fig. 7. A. FT-IR spectra of MBG0-Q-IBU, MBG0-F-IBU, MBG0-M-IBU and MBG0-C-IBU after 7 days of SBF soaking. Dotted lines: HA (605 and 565 cm− 1) 
B. FT-IR spectra of MBG3.6-Q-IBU, MBG3.6-F-IBU, MBG3.6-M-IBU and MBG3.6-C-IBU after 14 days of SBF soaking. Dotted lines: HA (605 and 565 cm− 1).

Fig. 8. SEM micrographs of MBG3.6 dual loaded systems after 14 days of SBF soaking.
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suggesting potential cytotoxicity due to rapid or excessive quercetin 
release. Conversely, MBG3.6-Q exhibited markedly enhanced viability 
(145 and 140 % at 24 and 72 h, respectively), indicating the synergistic 
antioxidant and redox-buffering effects of cerium and quercetin, which 
promote a favourable cellular environment.

For MBG0-F, high viability was observed at 24 h (112 %) but 
declined at 72 h (61 %), possibly due to depletion of bioactive com
pounds and the onset of cellular stress. In contrast, MBG3.6-F showed 
reduced viability at 24 h (63 %) that increased markedly by 72 h (167 
%), highlighting a delayed but potent antioxidant effect of cerium oxide, 
which supports long-term cell survival.

MBG0-M exhibited moderate NR uptake at 24 h (63.0 %), which 
significantly increased at 72 h (108 %). This suggests an initial cellular 
adaptation phase followed by enhanced viability, likely supported by 
the antioxidant properties of morin [12,22,27,28,38–41] that reduce 
oxidative stress and promote mitochondrial function. In contrast, 
MBG3.6-M showed high uptake at 24 h (172 %), which decreased 

substantially by 72 h (61 %). This behaviour is likely due to the rapid 
release of cerium into the culture medium within the first 24 h, eliciting 
a strong but transient antioxidant response. As cerium levels decline 
over time, the cytoprotective effect diminishes, resulting in reduced NR 
uptake at 72 h.

In all samples, both with and without cerium, the presence of IBU 
reduced cell viability. However, MBG 3.6-Q-IBU significantly improved 
viability at both time points (144 and 139 %), likely due to the combined 
antioxidant and cytoprotective effects of quercetin and cerium, which 
mitigated IBU induced oxidative stress, preserved mitochondrial integ
rity, and supported cell metabolism.

In the presence of PARA, cell viability was reduced, with values 
approaching the cytotoxic threshold at 24 h (48 %), especially for 
MBG3.6-PARA.

The addition of quercetin in MBG3.6-Q-PARA significantly improved 
viability (95 and 92 % at 24 and 72 h, respectively), confirming quer
cetin's potent antioxidant activity in counteracting paracetamol-induced 
oxidative stress.

3.4.2. MTT assay
The MTT results supported the NR uptake data, reflecting mito

chondrial metabolic activity in NIH3T3 cells exposed to the eluates.
MBG0-Q increased cell viability to 140 % at 24 h, which decreased to 

87 % at 72 h consistent with the dose- and time-dependent effects of 
quercetin, which enhances metabolic activity at lower doses but may 
slightly suppress it with prolonged exposure.

Similarly, MBG3.6-Q showed enhanced mitochondrial activity (131 
% at 24 h and 103 % at 72 h), indicating high biocompatibility, likely 
supported by the synergistic antioxidant properties of cerium and 
quercetin.

In contrast, MBG0-F and MBG3.6-F showed elevated metabolic ac
tivity at 24 h (111 and 106 % respectively), but by 72 h, MBG0-F 
decreased significantly (60 %), while MBG3.6-F maintained higher ac
tivity (86 %) likely due to cerium's ROS-scavenging ability preserving 
mitochondrial function.

MBG0-M and MBG3.6-M both showed elevated mitochondrial 

Table 2 
Ca/P molar ratio of dual loaded MBGs3.6 
after 14 days of SBF soaking. The numbers 
associated with each drug correspond to 
distinct points analyzed by EDS 
measurements.

Ca/P samples

1.57 F-IBU1
2.02 F-IBU2
1.56 F-IBU3
1.86 M-IBU1
0.64 M-IBU2
1.35 Q-IBU1
1.39 Q-IBU2
0.74 Q-IBU3
1.32 F-PARA1
1.13 F-PARA2
1.23 F-PARA3

Fig. 9. XRPD patterns of MBG0-Q-PARA, MBG0-F-PARA, MBG0-M-PARA and 
MBG0-C-PARA after 14 days of SBF soaking. Dotted lines: HA (26, 31 
and 33◦2θ).

Fig. 10. XRPD patterns of MBG3.6-Q-PARA, MBG3.6-F-PARA, MBG3.6-M- 
PARA and MBG3.6-C-PARA after 14 days of SBF soaking. Dotted lines: HA 
(26, 31 and 33◦2θ).
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activities at 24 h (130 % and 135 %), with sustained levels at 72 h (90 
and 104 % respectively), highlighting morin's cytoprotective effect 
further enhanced by cerium.

MBG3.6-IBU maintained high metabolic activity at both time points 
(116 and 108 %), suggesting that cerium effectively buffered the nega
tive effects of the drug.

Fig. 11. A. FT-IR spectra of MBG0-Q-PARA, MBG0-F-PARA, MBG0-M-PARA and MBG0-C-PARA after 14 days of SBF soaking. Dotted lines: HA (605 and 565 cm− 1) 
B. FT-IR spectra of MBG3.6-Q-PARA, MBG3.6-F-PARA, MBG3.6-M-PARA and MBG3.6-C-PARA after 14 days of SBF soaking. Dotted lines: HA (605 and 565 cm− 1).

Fig. 12. SEM micrographs of dual-loaded MBG3.6 systems after 14 days of SBF soaking.
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MBG3.6-PARA samples showed progressively reduced metabolic 
activity over time (74 % at 24 h and 62 % at 72 h), consistent with 
paracetamol-induced mitochondrial impairment.

Regarding the dual-loaded samples, MBG3.6-Q-IBU showed high 
metabolic activity at 24 h (138 %) but fell to 55 % at 72 h, indicating 
possible time-dependent cytotoxic, effect caused by metabolic overload 
or drug interactions. MBG3.6-Q-PARA counteracted this decline (128 % 
at 24 h and 77 % at 72 h), reflecting the partial protective effect of 
quercetin.

These results strongly corroborate our previous findings, demon
strating that MBGsCe [22] doped with polyphenol type C exhibit 
remarkably enhanced cytocompatibility, cell viability, and mitochon
drial function. The powerful synergistic antioxidant and 
redox-modulating interplay between cerium and polyphenols markedly 
reduces oxidative stress and effectively sustains long-term cellular sur
vival and proliferation. In sharp contrast, formulations containing only 

drugs—without adequate antioxidant support—showed clear signs of 
cytotoxicity or impaired metabolic activity. These observations under
score the critical importance of controlled dosing and strategic 
co-doping to ensure optimal biological performance.

The statistical analysis (Table 3) confirms the trends observed in the 
NR and MTT assays. Most formulations show significant differences 
compared with the control, reflecting the specific biological impact of 
each loading strategy. Moreover, the results highlight the synergy be
tween cerium and quercetin, which effectively helps mitigate the 
cellular stress potentially induced by the drug.

4. Conclusions

This study reports the development of MBGsCe as dual-loaded sys
tems incorporating antioxidant polyphenols (Q, F, M and C) and com
mon drugs (IBU and PARA). The dual-loading strategy aimed to combine 

Fig. 13. NR uptake assay of NIH3T3 cells after direct contact of MBGs at 24 and 72 h. Cell viability is related to negative control (CTRL-). Data are mean ± SD (n =
3). Statistical significance was determined using ANOVA with post hoc tests (p < 0.05).

Fig. 14. MTT assay showing mitochondrial activity of NIH3T3 cells after 24 and 72 h to direct contact of MBG's eluates. Cell metabolic activity is related to negative 
control (CTRL-). Data are mean ± SD (n = 3). Statistical significance was determined by ANOVA (p < 0.05).
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antioxidant activity with therapeutic functionality in a single platform.
Elemental analysis confirmed the successful incorporation of both 

polyphenols and drugs. For polyphenols, the LC ranged from 0.5 to 2.0 
% and the LE from 10.3 to 39.6 %, with the highest values observed for 
Q.

Among the drugs, IBU exhibited significantly higher loading per
formance (LC: 7.0–10.7 %; LE: 35.4–53.3 %) compared to PARA (LC and 
LE: 1.0–1.2 %).

The SSA generally decreased from approximately 300 to 150–250 
m2/g because of partial pore occlusion following molecule incorpora
tion. However, this reduction did not compromise the mesoporous 
structure, and the presence of cerium had minimal impact on SSA 
values.

SOD-like activity was evaluated both on powder samples and under 
release conditions in DPBS. On powders, dual-loaded MBGsCe exhibited 
high inhibition rates (55–99 %), particularly for MBG3.6, which out
performed the undoped samples. After 48 h in DPBS, SOD activity 
remained appreciable in ibuprofen-loaded systems, whereas paraceta
mol induced a marked decrease—except for MBG3.6-Q-PARA, which 
retained notable activity.

Bioactivity tests confirmed the ability of all dual-loaded systems to 
induce HA formation in SBF. XRPD and FTIR analyses revealed HA 
formation after 7 days in MBG0 and after 14 days in MBG3.6, with Ca/P 
molar ratios approaching the stoichiometric value of 1.67. Although the 
presence of cerium and the incorporated molecules delayed HA forma
tion, it was not inhibited. Notably, IBU-loaded samples showed more 
pronounced HA formation compared to PARA-loaded ones.

Importantly, cytocompatibility assays demonstrated good cell 
viability and mitochondrial activity, particularly in cerium–quercetin 
systems, reinforcing their suitability for potential clinical translation.

Overall, the results demonstrate that MBGsCe can be effectively co- 
loaded with antioxidant and pharmacological agents while preserving 
high antioxidant performance and bioactivity. These dual-loaded sys
tems represent promising candidates for applications in bone regener
ation and localized therapy, especially under oxidative or pro- 
inflammatory conditions.
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for cancer treatment: so close, or yet so far? Acta Biomater. 83 (2019) 55–70, 
https://doi.org/10.1016/j.actbio.2018.11.013.

[10] W. Xia, J. Chang, Well-ordered mesoporous bioactive glasses (MBG): a promising 
bioactive drug delivery system, J. Contr. Release 110 (3) (2006) 522–530, https:// 
doi.org/10.1016/j.jconrel.2005.11.002.

[11] G. Lusvardi, F. Fraulini, S. D'Addato, A. Zambon, Loading with biomolecules 
modulates the antioxidant activity of cerium-doped bioactive glasses, ACS 
Biomater. Sci. Eng. 8 (7) (2022) 2890–2898, https://doi.org/10.1021/ 
acsbiomaterials.2c00283.

[12] R. Salvatori, A. Anesi, L. Chiarini, M. Di Bartolomeo, A. Pellacani, C. Cavazzoli, 
A. Zambon, G. Lusvardi, Enhanced bone regeneration with cerium-doped bioactive 
glasses: in vitro and in vivo study, J. Appl. Biomater. Funct. Mater. 23 (2025) 
22808000251326790, https://doi.org/10.1177/22808000251326794.

[13] A. Zambon, F. Fraulini, S. Raimondi, Dual loaded Ce-MBGs with bioactivity, 
antioxidant and antibacterial properties, Ceram. Int. 49 (2023), https://doi.org/ 
10.1016/j.ceramint.2023.06.295.

[14] F. Baino, S. Fiorilli, R. Mortera, B. Onida, E. Saino, L. Visai, E. Verné, C. Vitale- 
Brovarone, Mesoporous bioactive glass as a multifunctional system for bone 
regeneration and controlled drug release, J. Appl. Biomater. Funct. Mater. 10 (1) 
(2012) 12–21, https://doi.org/10.5301/JABFM.2012.9270.

[15] E. Torre, G. Iviglia, C. Cassinelli, M. Morra, Potentials of polyphenols in bone- 
implant devices, in: J. Wong (Ed.), Polyphenols, IntechOpen, Rijeka, 2018, https:// 
doi.org/10.5772/intechopen.76319 p Ch. 4.

[16] Y. Li, J. Yao, C. Han, J. Yang, M. Chaudhry, S. Wang, H. Liu, Y. Yin, Quercetin, 
inflammation and immunity, Nutrients 8 (2016) 167, https://doi.org/10.3390/ 
nu8030167.

[17] S. Ali, X. Wang, H.-C. Yan, Morin hydrate: a comprehensive review on novel 
natural dietary bioactive compound with versatile biological and pharmacological 
potential, Biomed. Pharmacother. 13 (2021) 111511, https://doi.org/10.1016/j. 
biopha.2021.111511.

[18] B. Butun, G. Topcu, T. Ozturk, Recent advances on 3-Hydroxyflavone derivatives: 
structures and properties, Mini Rev. Med. Chem. 17 (2017) 1, https://doi.org/ 
10.2174/1389557517666170425102827.
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