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This study evaluates the cytocompatibility of cerium-doped mesoporous bioactive glasses (Ce-MBGs) loaded with
polyphenols (Ce-MBGs-Poly) for possible application in bone tissue engineering after tumour resection. We tested
MBGs powders and pellets on 2D and 3D in vitro models using human bone marrow-derived mesenchymal stem
cells (hMSCs), osteosarcoma cells (U20S), and endothelial cells (EA.hy926). Promisingly, at a low concentration
in culture medium, Poly-loaded MBGs powders containing 1.2 mol% of cerium inhibited U20S metabolic ac-

tivity, preserved hMSCs viability, and had no adverse effects on EA.hy926 migration. Moreover, the study dis-
cussed the possible interaction between cerium and Poly, influencing anti-cancer effects. In summary, this
research provides insights into the complex interactions between Ce-MBGs, Poly, and various cell types in
distinct 2D and 3D in vitro models, highlighting the potential of loaded Ce-MBGs for post-resection bone tissue
engineering with a balance between pro-regenerative and anti-tumorigenic activities.

Abbreviations
BGs bioactive glasses
MBGs mesoporous bioactive glasses

Ce-MBGs cerium-doped mesoporous bioactive glasses
Poly polyphenols

1. Introduction

Biomaterials, and specifically bioactive glasses (BGs), have been
widely studied and used for the treatment of bone defects, as they are
able to bind to the bone and stimulate osteogenesis through the release
of biologically active ions (bioactivity) [1-3]. The implant of a bioma-
terial often creates an inflammatory state with the production of reactive
oxygen species (ROS) that can require lengthy drug treatments. In recent
years, research in the field has focused on the development of bio-
materials with antioxidant properties that can convert ROS into
non-hazardous species and reduce post-implantation complications
[4-7]. To this end, one strategy employed is the doping of BGs with
therapeutic inorganic ions (TIIs), which can confer antioxidant and/or
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osteogenic, angiogenic, cementogenic and antibacterial properties on
the BGs [8-10]. Among TIIs, cerium exhibits significant antioxidant and
anti-inflammatory activities for its ability to quench ROS and regulate
their level within the microenvironment and is thus of particular in-
terest. Cerium-based compounds have long shown relevant pharmaco-
logical properties and have been used, for example, as antiemetics,
bacteriostats and anticancer agents [11-19].

Another well-established strategy to confer desirable biological
properties on BGs is their loading with organic compounds able to elicit
specific cellular responses onto the target tissue. These compounds
include drugs and biomolecules and can add antioxidant properties, but
also antitumour, antibacterial, anti-inflammatory, vasoprotective and
bone-promoting effects to the loaded biomaterial [1,20-31]. Recently,
we evaluated the effect of the loading of biomolecules (such as gallic
acid, anthocyanins and polyphenols) on the antioxidant properties of
Ce-doped BGs (specifically, mesoporous bioactive glasses, Ce-MBGs).
We found that doping with cerium does not affect the bioactivity of
the BGs while having a positive effect on their biocompatibility and
giving the materials the ability to dismutate hydrogen peroxide, one of
the main ROS species [16]. The loading of Ce-MBGs with polyphenols

E-mail addresses: gigliola.lusvardi@unimore.it (G. Lusvardi), lia.rimondini@med.uniupo.it (L. Rimondini).

1 Co-shared First Authors — equal input from both authors in the manuscript.

https://doi.org/10.1016/j.bbiosy.2024.100095

Received 27 March 2024; Received in revised form 9 May 2024; Accepted 24 May 2024

Available online 31 May 2024

2666-5344/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:gigliola.lusvardi@unimore.it
mailto:lia.rimondini@med.uniupo.it
www.sciencedirect.com/science/journal/26665344
https://www.elsevier.com/locate/bbiosy
https://doi.org/10.1016/j.bbiosy.2024.100095
https://doi.org/10.1016/j.bbiosy.2024.100095
https://doi.org/10.1016/j.bbiosy.2024.100095
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbiosy.2024.100095&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

K. Menshikh et al.

(Ce-MBGs-Poly) removes a second important ROS species, the super-
oxide anion, presumably by radical scavenging. Doping with cerium and
loading with Poly thus add complementary antioxidant properties to
MBGs, while maintaining their bioactivity.

In bone healing, osteogenesis and angiogenesis processes are closely
connected. Newly formed vessels deliver not only necessary nutrients
but also differentiation factors. Thus, it is of particular importance that
the biomaterials designed for bone tissue engineering promote — or, at
least, do not interfere in - angiogenesis [32]. Extracts of
cerium-containing bioactive glasses were shown to promote prolifera-
tion, migration and lymphatic vascular network formation in an in vitro
model set up with the use of lymphatic endothelial cells [33].

Bone regeneration is a coordinated action of multiple cell types, such
as mesenchymal stem cells, osteoblasts, chondrocytes, and immune and
endothelial cells, which is why it is important to test material in various
in vitro models [34]. Additionally, for a multifunctional material aiming
not only at assisting bone regeneration but also at suppressing cancer
cell activity — which may be the case on the site of bone cancer resection
— the activity towards cancer cells should also be taken into account
[35]. Other factors, e.g., form, surface area and particle size of the ma-
terial are to be considered in the design of the experiment to avoid in-
terferences such as excessive absorption of nutrients from culture
medium or blocking gas exchange by the material [36-38]. Nowadays,
there is no universal testing method available that could be sufficient
and applicable for a comprehensive biological evaluation of materials
for bone repair. For these reasons, in the design of our study, we
exploited different cell lines, as well as 2D and 3D in vitro models.

This study aims to evaluate the in vitro performance of Ce-MBGs and
Ce-MBGs-Poly towards cell lines representing the bone microenviron-
ment. First, to assess the cytocompatibility of the materials, we tested
them in conventional 2D-monolayer in vitro models simulating “physi-
ological” and “pathological” conditions — with human bone marrow-
derived mesenchymal stem cells and human osteosarcoma cells,
respectively. In the following steps, the cytocompatibility was evaluated
in a 3D spheroid-based set-up using the same cell lines. Next, consid-
ering angiogenesis as a key factor in bone regeneration, we analysed the
influence of Ce-MBGs on endothelial cell migration. Finally, considering
the potential application of these materials, pellets of Ce-MBGs were
produced and tested in vitro towards all three above-mentioned cell
lines.

2. Materials and methods
2.1. MBGs production

Ce-MBGs were synthesized using the modified sol-gel evaporation-
induced self-assembly process (EISA) method as previously described
[12,39]; they were then ground to obtain powders in the range of
50-150 pm. The nominal composition is reported in Table S1 and was
verified by X-ray fluorescence spectroscopy (XRF) as previously
described [39]. The same powders were pressed to obtain pellets of 12
mm in diameter and 1 mm in height.

Poly loading was performed as previously reported [16] using a
mixture of Poly extracted from chestnut flour. 1.0 mg/mL of loading
solution was prepared by dissolving Poly mixture in double-distilled
water for 2 hrs under magnetic stirring. Loading was performed by
soaking 0.1 g of each MBGs for 3 hrs at 37 °C in 5 mL of loading solution.
All samples were covered with aluminium foil to avoid exposure to light.

2.2. MBGs characterization

2.2.1. UV-Vis analyses - Folin&Ciocalteau (F&C) method — Gallic Acid
Equivalents (GAE) determination

A modified Folin&Ciocalteau (F&C) method was utilised to quantify
the amount of Poly loaded onto the MBGs directly on the solid mixture
[16]. The results are reported as a percentage of Gallic Acid Equivalents
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(GAE), the most common spectrophotometric parameter for the esti-
mation of antioxidant properties. 0.1g of each grafted MBG was mixed
with 8 mL of double distilled water, 0.5 mL of F&C reagent (Sigma-Al-
drich), and 1.5 mL of 20 % (p/V) NayCOj3 (Sigma-Aldrich) solution. After
2 hrs, UV-Vis measurements were carried out on the resulting solution
by means of UV-Vis Spectrophotometer (JASCO V-570). A calibration
curve was prepared with eight solutions at defined GA concentrations
(0.0015, 0.0030, 0.0060, 0.0090, 0.0150, 0.0300, 0.0600 and 0.3000
mg/mL). The results are reported as GAE% in weight.

2.2.2. Elemental analysis

Elemental analysis was carried out with a FLASH 2000 Thermo
Fisher analyser in order to quantify the Poly amount in the loaded MBGs
by the measurement of carbon content (%C). These results are then
compared with those obtained with the F&C method; it must be noted
that this comparison holds only qualitative values for Poly which are
complex mixtures of several biomolecules of variable molecular weight.

2.2.3. Specific surface area (SSA) determination

Specific surface area (SSA) was evaluated before and after loading in
order to assess possible textural changes arising from this process. SSA
was determined by nitrogen adsorption porosimetry using a Micro-
meritics Chemisorb 2750 and the Brunauer-Emmett-Teller (BET)
method.

2.3. Cell lines and culturing conditions

Human bone marrow-derived stem cells (hMSCs Y201) were kindly
provided by Prof. P. Genever, University of York. They were isolated
from bone marrow and immortalized through the hTERT lentiviral
vector as described previously [40]. Cells were cultivated in low-glucose
Dulbecco’s Modified Eagle Medium (DMEM, Sigma-Aldrich, USA) sup-
plemented with 15 % fetal bovine serum (FBS, Sigma-Aldrich, USA) and
1 % penicillin-streptomycin (PS, Invitrogen, USA). Human osteosarcoma
cells (U20S, HTB96, American Type Culture Collection, Manassas, VA,
USA) and human endothelial umbilical vein cells (EA.hy926, American
Type Culture Collection, Manassas, VA, USA, CRL-2922) were cultivated
in high-glucose DMEM (Sigma-Aldrich, USA) supplemented with 10 %
FBS and 1 % PS. All cell lines were cultivated at 37 °C in the humidified
atmosphere containing 5 % CO,. Before experiments, cells were culti-
vated until 80-90 % confluence, detached by trypsin-EDTA solution
(Sigma-Aldrich, USA), harvested, and used for experiments.

2.4. MBGs powders preparation for in vitro assays

MBGs powders were weighed and sterilized by heating at 160 C for 2
hrs or, in the case of Poly-loaded powders, disinfected by UV exposure
for 20 mins [19,33]. Prior to each experiment, MBGs powders were
quickly washed with phosphate-buffered saline (PBS, Sigma-Aldrich,
USA). All MBGs (Table S1) were tested at concentrations of 1 and 5
mg/mL.

2.5. 2D cytocompatibility assay

For the monolayer-based cytocompatibility assay, hMSCs and U20S
cells were seeded in a 24-well plate in a defined concentration (1 x 10*
cells/well) and allowed to adhere and spread overnight. After this, the
culture medium in the wells was substituted with MBGs powders sus-
pension in the culture medium at concentrations 1 and 5 mg/mL. Fresh
culture medium was added to the control, and cells were cultivated for 3
days.

On the 1st and 3rd days, the metabolic activity of the cells was
evaluated by the fluorescent Alamar blue assay (alamarBlue™, Life
Technologies, USA) following the manufacturer’s instructions. Briefly,
supernatants were removed from each well and replaced with Alamar
blue solution in fresh culture medium. Plates were incubated in the dark



K. Menshikh et al.

for 4 hrs, and then 100 pL were transferred into a black opaque 96-well
plate and read with a spectrophotometer (Spark®, Tecan Trading AG,
CH) using the following set-up: fluorescence excitation wavelength at
570 nm, emission reading at 590 nm. Results were presented in relative
fluorescent units (RFU).

After the metabolic activity assay on the last day of the experiment,
we furthermore visualized the hMSCs and U20S cell morphology by
staining the cytoskeleton. For this, cells were washed with PBS and fixed
with 4 % paraformaldehyde (reagent grade, crystalline, Sigma-Aldrich,
USA) solution at room temperature for 20 mins. Cells were washed with
PBS again to eluate the fixative reagent and permeabilized for 10 mins
with 0.5 % Triton in PBS (Triton™ X-100, Sigma-Aldrich, USA) at RT.
Furthermore, Alexa Fluor™ 488 Phalloidin (Life Technologies, USA)
and 4,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, USA) in PBS
were added and incubated for 40 mins at RT. Images were obtained with
the EVOS Floid Microscope Imaging System (Invitrogen, USA).

2.6. 3D cytocompatibility assay

For the spheroid-based cytocompatibility assay, firstly, wells of a 48-
well plate were coated with 1.5 % agarose solution in sterile conditions
and let solidify and disinfect at RT under UV exposure for 2 hrs. Then,
hMSCs and U20S cells were seeded in the amount of 5 x 10* cells per
well of the agarose-coated plate. Cells were incubated in standard con-
ditions with the medium being changed every 2 or 3 days. After the 7
days of complete self-aggregation of spheroids confirmed by light mi-
croscopy, the culture medium in the wells was substituted with MBGs
powder suspension in the culture medium at concentrations of 1 and 5
mg/mL. Fresh culture medium was added to the control, and spheroids
were cultivated for 7 days. By introducing the 7th-day time point we aim
at detecting possible effects which might not be present at the earlier
time points due to the features of the spheroids — their permeability and
the presence of cells which are not directly exposed to the tested
materials.

Metabolic activity assay was performed on the 1st, 3rd and 7th days
as described above. Additionally, the cell viability was further
confirmed by evaluating them with the fluorescent live/dead assay
(LIVE/DEAD, Invitrogen, L3224, Thermo Fisher, USA) following the
manufacturer’s instructions. Briefly, 2 uM Calcein AM and 4 pM
Ethidium Homodimer-1 (EthD-1) solutions in fresh culture medium
were added to spheroid-containing wells and then incubated in the dark
for 45 min. After incubation, spheroids were visualized with Leica
THUNDER Imager 3D Live Cell (Leica Microsystems, USA).

2.7. MBGs extracts angiogenic potential assay

To estimate the potential influence of MBGs on angiogenesis, an
endothelial cell spheroid migration assay was set up. For this, spheroids
of endothelial EA.hy926 cells were prepared as described above. After
spheroid maturation, spheroids were transferred to a new 24 multi-well
plate and let adhere overnight. Ce-MBGs and Ce-MBGs-Poly weighed
and sterilized powders were transferred into sterile 15-mL tubes and
resuspended in a complete medium (up to concentrations of 1 and 5 mg/
mL). Tubes were incubated at 37 °C, 5 % CO5 in the humidified atmo-
sphere, and extracts were obtained and added to the spheroids. Spheroid
migration was assessed after 0, 24, 48 and 72 hrs of incubation with
extracts. At each time point, phase-contrast light microscopy images of
spheroids were collected, and results were analysed in the ImageJ
software with the use of a free toolset for cell invasion analysis (Analyse
Spheroid Cell Invasion In 3D Matrix, RRID: SCR_021204 [41]).

2.8. MBGs pellets cytocompatibility assay
Biological characterization of 12-mm MBGs pellets (Table S2) was

performed on hMSCs, U20S and EA.hy926 cells. Prior to incubation in
direct contact with cells, the specimens were disinfected by UV exposure
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for 1 h and placed in a 24-well plate.

Cells were seeded dropwise directly onto the specimens’ surface at a
defined concentration (1.5 x 10* cells/specimen), allowed to adhere for
2 hrs, and then 1 mL of a relevant culture medium was added to the well.
Cell-seeded pellets were incubated for 4 days. On the 1st, 3rd and 4th
days, the metabolic activity of the cells in direct contact with specimens
was evaluated by the fluorimetric Alamar blue assay, as described
before.

2.9. Statistical analysis

Each group of samples was represented by three replicates. Results
are shown as mean value + standard deviation. Comparison between
groups within experimental time points was performed in Prism (v8,
GraphPad Software, USA) using two-way ANOVA with Dunnett’s
correction. Before that, Shapiro-Wilk’s test for normal distribution and
ROUT (Robust regression and Outlier removal) method for outliers’
identification were performed. For each comparison, the difference was
determined as significant for p < 0.05.

3. Results
3.1. MBGs characterization

Loading values on the Ce-MBGs-Poly powders were confirmed to be
around 1 %, by elemental analysis and F&C method, in agreement with
our previous results [16].

SSA of Ce-MBGs before and after Poly loading are reported in Fig. S1.
All unloaded Ce-MBGs present SSA values around 300 m?/g regardless
of their cerium content, as previously observed; these values are
consistent with the mesoporous nature of the glasses [12,16,42].
Loading with Poly results in a significant reduction of SSA to around 100
m?/g regardless of the cerium amounts. SSA values were optimised
compared to previous works using a thermoshaker in order to achieve a
more homogeneous loading.

3.2. MBGs powders cytocompatibility assay: 2D

In-vitro evaluation of MBGs powders’ cytocompatibility was done
towards hMSCs, which were selected as representatives of the self-
healing process during bone regeneration. The other cell line of choice
for this assay was the osteoblast-like osteosarcoma U20S cell line,
frequently used both as a representative of the osteoblast compartment
of the bone microenvironment and as a model to test anticancer activity.
First, we incubated MBGs powders with cells in a standard 2D mono-
layer to evaluate the direct influence of the material on cell metabolic
activity.

The complete results of the cytocompatibility assay toward hMSCs
are presented in Fig. S2, and the results of the terminal time point are in
Fig. 1 (a). After 1 day of direct contact, there is no significant difference
in hMSCs metabolic activity observed between control and Ce-MBGs at 1
and 5 mg/mL and Ce-MBGs-Poly, at 1 mg/mL (Fig. S2(a)). Ce-MBGs-
Poly at 5 mg/mL negatively influence the cell metabolic activity at the
highest cerium amounts (3.6 and 5.3 mol %). On the 2nd day of culti-
vation, the relative metabolic activity of cells drops in the majority of
groups of Ce-MBGs and Ce-MBGs-Poly at 1 mg/mL except those with the
highest cerium amount, and in all groups at 5 mg/mL except MBG-Poly;
however, this group is still significantly lower than the control in terms
of raw RFU values. On the 3rd day, it remains low for MBGs without
cerium (1 and 5 mg/mL) and MBG1.2 at 1 mg/mL (Fig. 1 (a)). The same
trend is observed for Ce-MBGs-Poly on the 3rd day at 1 mg/mL; at 5 mg/
mL, on the contrary, the lowest metabolic activity is observed for the
group with the highest amount of cerium (MBG5.3 Poly). In summary,
both Ce-MBGs and Ce-MBGs-Poly are generally well tolerated. Without
Poly for both concentrations and with Poly at 1 mg/mL, the lowest
hMSCs cell metabolic activity is correlated with the lowest cerium
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Fig. 1. Metabolic activity of hMSCs (a) and U20S (c) cells cultivated for 72 hrs in direct contact with Ce-MBGs and Ce-MBGs-Poly powders (1 and 5 mg/mL).
*Control’ represents cells cultivated in the medium without powders addition. The values are presented as mean + SD of relative cell viability. Statistical analysis was
performed on relative fluorescent units (RFU) of three biological replicates, * - significant differences compared to control, p < 0.05; ** - p < 0.01; *** - p < 0.001.
Panels b and d: cell morphology evaluation after 72 hrs of cultivation in direct contact with Ce-MBGs and Ce-MBGs-Poly powders. Actin cytoskeleton is stained red
(Phalloidin) and nuclei are stained blue (DAPI). Asterisks indicate cells with altered morphology in contact with powders. Arrows indicate powders attached to the
U20S cells in the samples of Ce-MBGs, which is not the case in Ce-MBGs-Poly (clearer area). Scale bar 25 um.

amount; in contrast, the highest cerium amount (5.3 mol %) in the Ce-
MBGs-Poly at 5 mg/mL negatively affects cell viability.

The results of the metabolic activity assay on U20S differ markedly
from those of hMSCs. For instance, on the 1st day relative cell viability is
above the 70 % threshold and there are no significant differences be-
tween the control and experimental groups except for the group Ce-
MBG1.2 at 5 mg/mL (Fig. S2(b)). On the 2nd day, there is a decrease
in metabolic activity in most of the experimental groups in comparison

to the control. The 3rd day of incubation also resulted in an overall
decrease in metabolic activity, but much less marked for the Ce-MBGs-
Poly group (Fig. 1 (c)). In summary, Poly loading seems to compen-
sate for the detrimental effect of cerium doping on the viability of U20S
cells.

In addition to the metabolic activity assay, cells cultivated in direct
contact with the Ce-MBGs powders were visualized using fluorescence
microscopy to detect possible cell morphology alterations and particle
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internalization. The selected images are presented in Fig. 1 (b) and (d),
additional images can be found in Fig. S3. No changes in hMSCs
morphology were visible: cells had elongated morphology and were well
spread in the presence of powders (Fig. 1 (b)). Moreover, Ce-MBGs
powders were strongly attached to cells at all concentrations, which
could also explain a slightly lower confluency of these samples: due to
aggregation with particles, cells might have been rinsed off during the
staining procedure. As for Ce-MBGs-Poly, the morphology of hMSCs was
also found normal; in comparison to the Ce-MBGs groups, larger parti-
cles were attached to the cells. Very low confluency was observed in the
group of MBG5.3 Poly 5 mg/mL with still some particles strongly
attached to the remaining cells, in line with the metabolic activity
results.

Conversely, U20S cell morphology was frequently found altered in
the groups of Ce-MBGs - in particular, for the cells attached to powders.
In contrast, there was no alteration in morphology observed in the
groups of Ce-MBGs-Poly even in the cells attached to powders (Fig. 1
(d).

3.3. MBGs powders cytocompatibility assay: 3D

After performing the cytotoxicity assay in a 2D monolayer, we
further evaluated the MBGs powders in a 3D spheroid-based model in a
prolonged direct contact experiment. In Fig. 2, we present the results of
the terminal point (1 week) of the metabolic activity assay; the other
time points can be found in Fig. S4.

On day 1, hMSCs cell viability for Ce-MBGs at both 1 and 5 mg/mL is
slightly higher than control for the groups with higher cerium content
(MBG3.6 and MBGS5.3), while being significantly higher than control on
day 3 for all cerium-doped groups (Fig. S4(a)). For Ce-MBGs-Poly, cell
viability is significantly higher than control for all groups on the 1st day
both at 1 and 5 mg/mL, and comparable to control on day 3. After 1
week, Ce-MBGs are generally in line with the control, and Ce-MBGs-Poly
are generally slightly lower, except for the MBG5.3 Poly group at 5 mg/
mL (Fig. 2 (a)). Interestingly then, both doping with cerium and Poly
loading seem to boost spheroids growth at early time points, but this
effect wanes at longer cultivation times.

In the case of U20S spheroids, after 1 day of incubation with Ce-
MBGs powders in both concentrations, the spheroids demonstrate
significantly lower metabolic activity compared to the control, however,
with some groups being still higher than the cell viability threshold (Fig.
S4(b)). On day 3, Ce-MBGs are in line with controls for both concen-
trations, while at the 7-day point cell viability for the Ce-MBGs is
somewhat lower than control, with the no-cerium MBG group being
significantly lower for both concentrations (Fig. 2 (c)). Remarkably, Ce-
MBGs-Poly show a different behavior, having a higher viability (albeit
not significantly so) on the 1st day for the MBG3.6 Poly and MBGS5.3
Poly at both concentrations and generally viabilities comparable to
control at later time points for all groups and concentrations. In sum-
mary, at early time points, cerium doping seems to decrease U20S
spheroid growth while further functionalization with Poly seems to
promote it, and at later time points, the presence of MBGs does not seem
to affect spheroid growth for U20S.

In addition to the metabolic activity assay, spheroids cultivated in
direct contact with the MBGs powders were visualized using light mi-
croscopy and fluorescent microscopy with Live/Dead staining to assess
the possible change in morphology of the cell spheroids. Fig. 2 (b) il-
lustrates the control hMSCs spheroids and one of the spheroids that
demonstrated the lowest viability rates. Interestingly, even though the
spheroids were disaggregated throughout the experiment by the 2-week
time point, cells of the disaggregated spheroid were attached to MBGs
powders lining their surface.

As for the visual observation of U20S spheroids, spheroids in all
groups including control tend to disaggregate with time, while when
cultivated with MBGs powders, cells aggregate with the adjacent pow-
ders, therefore forming stable units. Staining live U20S cells with
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Calcein AM and visualization via fluorescent microscopy confirmed the
cells’ aggregation to MBGs powders and demonstrated their viability
(Fig. 2 (d)). The cells were seen to attach to MBGs powders lining their
surface. Bright-field images of hMSCs and U20S spheroids at the other
time points can be observed in Fig. S5.

3.4. MBGs extracts angiogenic potential assay

After performing the 2D-monolayer and 3D-spheroid cytocompati-
bility of MBGs powders, we further investigated the potential influence
of the material on angiogenesis by setting up a spheroid migration assay.
Fig. 3 (a) illustrates the principle of the assay on the example of the
control and MBG5.3 Poly 5 mg/mL groups; other groups are presented in
Supplementary (Figs. S6-S9).

Quantitative analysis does not provide any evidence of any signifi-

cant influence on endothelial cell migration in any of the experimental
groups throughout the first 24 hrs. Migration was also not altered at 48
hrs in the case of Ce-MBGs, whereas it was inhibited by the extract of
MBG3.6 Poly at the concentration of 1 mg/mL and MBG Poly, MBG3.6
Poly, and MBG5.3 Poly of 5 mg/mL. By the 3rd day, in most of the
spheroids monitored, there was a complete spread of cells within the
area of observation. Inhibition of migration was only observed in two
samples of 5 mg/mL — MBG3.6 and MBG5.3 Poly (Fig. 3 (b)). Thus,
extracts of the lowest (1 mg/mL) MBGs powders concentrations had no
inhibition effect on the migration of endothelial EA.hy926 cells from
spheroid to monolayer. High concentrations of Poly-loaded powders
inhibited the migration at 48 hrs. However, by the end of the experi-
ment, only marginal inhibition was observed in some groups of Ce-MBGs
and Ce-MBGs-Poly at 5 mg/mL (MBG3.6 and MBG5.3 Poly).
The results of the 2D-based and 3D-based MBGs cytocompatibility
assays performed on hMSCs, U20S, and EA.hy926 are summarized in
Fig. 4. In order to avoid overload with data, only the most significant
time points are reported (3 days in the case of monolayer-based cyto-
toxicity, 7 days in the case of spheroid-based cytotoxicity assays, and all
affected time points in the case of endothelial cell migration assay).

3.5. MBGs pellets cytocompatibility assay

The aim of the Ce-MBGs and Ce-MBGs-Poly powders is to promote
bone repair by direct placement into the bone tumor resection site. So,
the powders were compressed into pellets, and their cytocompatibility
was assessed in vitro towards hMSCs and EA.hy926 in direct contact.
Moreover, we studied the possible toxic effect of cerium and/or Poly
released from the MBGs pellets on U20S. Due to the irrelevance of the
comparison of cells seeded on polystyrene to cells seeded on the surface
of the pellets, the results were normalized and are reported as relative
cell viability.

As shown in Fig. 5 (a), left panel, for the viability of hMSCs after 1, 3,
and 4 days of cultivation on the pellets, no difference was noticed be-
tween MBG and MBG1.2, whereas in MBG3.6 and MBG5.3 the cell
viability was almost two times lower. This trend was observed at all time
points, however, neither of the groups demonstrated any remarkable
changes in relative cell viability between time points. As shown in Fig. 5
(a), right panel, Ce-MBGs-Poly pellets appeared to be more cytocom-
patible in comparison with the MBG Poly without cerium; the loading
with Poly concomitant with cerium doping thus preserves cell metabolic
activity.

In the case of direct contact with endothelial cells, both Ce-MBGs and
Ce-MBGs-Poly did not show any cytotoxic effect on EA.hy926, and the
cells showed an increase in metabolic activity, especially evident from 3
days onwards when cultured with all Ce-MBGs and with MBG5.3 Poly
pellets in comparison to MBG and MBG Poly, respectively (Fig. 5 (b)).

The pellets’ compatibility was tested in direct contact with U20S to
assess the potential antitumor activity of cerium and Poly. Generally, in
function of time, all tested groups resulted in a gradual decrease in cell
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Fig. 2. Metabolic activity of hMSCs (a) and U20S (c) cell spheroids cultivated for 1 week in direct contact with Ce-MBGs and Ce-MBGs-Poly powders (1 and 5 mg/
mL). ’Control” represents cells cultivated in the medium without powder addition. The values are presented as mean + SD of relative metabolic activity. Statistical
analysis was performed on relative fluorescent units (RFU) of three biological replicates, * - significant differences compared to control, p < 0.05; ** - p < 0.01; *** - p
< 0.001. Panels b and d: bright-field and fluorescent microscopy images of cell spheroids formed from 5 x 10* cells cultivated in standard conditions (Control) and
MBGs powders for 3 days and 2 weeks. Live cells stained green (Calcein AM). The channel of EthD-1 staining is not presented due to the absence of dead cells in the
area of observation and high background signal. Arrows indicate MBGs powders.



K. Menshikh et al. Biomaterials and Biosystems 14 (2024) 100095

a
1
I
o)
>
.
<
S
B
kS
3
(@]
—
S
£
o
€
[t}
=
S
o
«
It}
Q
[an]
=
b s 6
5x10 M@ Control 5x10 [ Control
N§ 4x1064 O MBG 1 mg/mL “‘g 4x104 ** B MBG Poly 1 mg/mL
g‘ O MBG1.2 1 mg/mL < B MBG1.2 Poly 1 mg/mL
64 o o
£ 3x10 0 MBG3.61mgmL & 3x10° B MBG3.6 Poly 1 mg/mL
S 2x10°] BMBGS3 1mgml  § ] B MBGS5.3 Poly 1 mg/mL
[ [
2 =)
= 1x10°%4 S 1x10°4
0+ 0
0 24 48 72 Hours 0 24 48 72 Hours
5x%106: 5x106
* *x @ Control * —**  —* _|m@control
r 1 *%k
“E 4x1064 0 MBG 5 mg/mL "g_ 4x1064 o B MBG Poly 5 mg/mL
:.‘ O MBG1.2 5 mg/mL g — B MBG1.2 Poly 5 mg/mL
2 3x106 O MBG3.6 5 mg/mL g 3x1064 B MBG3.6 Poly 5 mg/mL
< O MBG535mg/mL = B MBG5.3 Poly 5 mg/mL
2 2x1064 2 2x1064
: 4
=) k=
S 1x1064 = 1x10°54
0+ 0
0 24 48 72 Hours 0 24 48 72 Hours

Fig. 3. Panel a: example of EA.hy926 spheroid migration quantitative analysis using ImageJ software (Control and MBG5.3 Poly 5 mg/mL groups). Panel b: EA.
hy926 endothelial cell spheroids migration assay. Spheroids migration was analysed after 0, 24, 48, and 72 hrs of incubation with MBGs extracts. The values are
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Fig. 4. Summary of MBGs in vitro testing. Red fields indicate either a decrease in metabolic activity (hMSCs and U20S) or a decrease in cell migration rate (EA.
hy926) compared to control. Asterisks indicate the level of significance: * - p < 0.05; ** - p < 0.01; *** - p < 0.001.

metabolic activity. In comparison to Ce-MBGs, MBG without cerium activity has decreased comparably equally in all groups.
demonstrated the lowest relative cell viability (Fig. 5 (c), left), and in the
case of Poly-functionalized pellets (Fig. 5 (c), right), U20S cell metabolic
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Fig. 5. Ce-MBGs and Ce-MBGs-Poly pellets compatibility towards hMSCs (a), EA.hy926 (b) and U20S (c). Metabolic activity is presented as normalized means of
relative fluorescent units of three biological replicates, and error bars represent SD.

4. Discussion

In this study, we performed the in vitro cytocompatibility evaluation
of Ce-MBGs and Ce-MBGs-Poly, two types of bioactive glasses with
distinct antioxidant properties. The intended use of these materials is
their direct application to the site of a bone defect, including defects
caused by bone tumor resection. Accordingly, we selected cell lines
linked to bone repair and bone tumor growth: hMSCs, which are known
to be recruited in the process of bone healing in vivo; osteosarcoma U20S
cells, which represent the possible tumor residues on the site of resec-
tion; and endothelial EA.hy926 cells as representatives of angiogenesis
crucial for bone regeneration.

Modern approaches to the biological evaluation of materials
encompass a wide variety of study designs aiming at approximating
physiologically relevant conditions. Thus, standard monolayer-based
approaches are being complemented with 3D-based ones [43,44].
However, it is debated whether 3D-based in vitro testing is more relevant
than 2D in vitro testing for every type of cell and type of tested material.
In this work, we considered both, and firstly evaluated the influence of
direct contact with MBGs powders on the cells in a monolayer (2D), and
then - in a spheroid-based (3D) model. Finally, considering the possible
application of the material, we formed the pellets from the MBGs

powders and tested their cytocompatibility by seeding the cells on their
surface.

The heterogeneity of the results, which depends not only on the type
of cells and presence of cerium and Poly but also on the testing approach
(2D vs 3D), is of particular interest. For instance, the Ce-MBGs 1.2 (5
mg/mL), 3.6, and 5.3 (1 and 5 mg/mL) decrease the metabolic activity
of U20S in the monolayer-based model but do not demonstrate any
cytotoxic effect towards U208 spheroids; conversely, Ce-MBGs Poly 1.2
(5 mg/mL) and 3.6 (1 and 5 mg/mL) are not cytotoxic in the 2D model
but inhibit proliferation of hMSCs spheroids.

One of the factors causing such diversity of results is the abundance
of direct cell-material contact in 2D models: while in a cell monolayer,
the cells are equally exposed to the powders, in a spheroid, only the cells
present in the outer layer are exposed. Next, direct contact with the
material surface may alter the fate of a cell: the bioactive ions and
biomolecules (which are, in our case, cerium and Poly) are being
released in the culture medium, altering thus the biochemical environ-
ment. Again, in contrast to cells in monolayer, there would be a gradient
of cerium ions and Poly concentration reaching cells located in different
layers of the spheroid [45]. We saw, however, that both U20S and
hMSCs spheroids tend to disaggregate with time (Fig. 2), so both these
factors — dissimilar cell-material contact and exposure to the released
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ions and biomolecules — might be an accurate explanation for the early
incubation time points only.

Yet another factor to consider in the context of 2D in vitro models —
especially, in the case of testing material in high concentrations - is the
barrier created by the material between cells seeded on polystyrene and
culture media. As could be observed in bright-field microscopy (Fig.
$10), in comparison to 1 mg/mL concentration, MBGs at a concentration
of 5 mg/mL were covering an overwhelming area of the cultured
monolayer, possibly creating conditions in which cells experience nu-
trients and gas exchange deficiency.

Taking these factors together, there are technical drawbacks coupled
with both types of in vitro models used — monolayer-based and spheroid-
based, — as well as with the dosage of the tested material. Thus, we
demonstrate in our study that a combination of distinct approaches,
different cell lines, and amounts of the tested material provides a wider
and more comprehensive observation of the material’s cytocompati-
bility and cytotoxicity.

When testing MBGs pellets, we observed a correlation of results with
2D assays. For instance, there was a gradual decrease in metabolic ac-
tivity of U20S cells seeded on the top of the pellets in all tested groups —
and we observed the same effect when culturing U20S monolayer with
MBGs at 5 mg/mL. Such correlation is expected since the overwhelming
number of cells are being cultured in direct contact with a high amount
of material — the same circumstances that are being created in a 2D
monolayer model.

In our study, we also observed contrasting patterns of cell metabolic
activity depending on functionalisation with Poly, which points to an
ambiguous effect of dual MBGs loading. Poly have a complex biological
role, as they act both as reductive radical scavengers and pathway
modulators [46] on healthy tissues. Furthermore, in some specific set-
tings, Poly can act as pro-oxidants, supposedly by complexation of
transition metals [47]. Similarly, along with other research groups, we
demonstrated the antioxidant activity of Ce-MBGs, but cerium nano-
particles are known to produce ROS at the lower pH values character-
istic of the cancer environment, which contributes to their toxicity
towards tumor cells [48,49]. This effect could be offset by the presence
of antioxidant Poly, as observed on the U20S monolayer model on
which Ce-MBGs show cytotoxicity and Ce-MBGs-Poly does not.

This picture suggests a complex interplay between cerium doping
and Poly functionalization, as evidenced by the discrepant results of Ce-
MBGs and Ce-MBGs-Poly in different assay settings, and the choice of
the most promising material should then be driven by a balance of their
effect in the various assays. In this context, considering the initial
objective of developing the material for bone tissue engineering able to
tackle the balance between pro-regenerative and anti-tumorigenic ac-
tivity, our attention is drawn mainly to the MBG1.2 Poly group in the
lowest (1 mg/mL) concentration. This group was able to significantly
inhibit the metabolic activity of U20S cells maintaining at the same time
the viability of hMSCs. Also, this material did not alter the migration
ability of endothelial EA.hy926 cells.

Furthermore, our present findings correspond with observations of
cerium release reported previously [16]. Ce-MBGs loaded with various
biomolecules showed - regardless of the amount of cerium, — a cerium
release about 1.6 % for MBGs loaded with gallic acid and anthocyanins,
and about 3 % for MBGs loaded with polyphenols. MBG1.2 Poly were
the most promising ones with the highest percentages. This trend is in
agreement with the results of the more pronounced activity of MBG1.2
Poly against U20S.

5. Conclusion

In our study, we examined the in vitro cytocompatibility of two types
of mesoporous bioactive glasses with different antioxidant properties
designed for bone tissue engineering, including tumor resection: MBGs
doped with cerium and dually loaded with both cerium and poly-
phenols. By using both 2D and 3D in vitro models and relevant cell lines,
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we were able to demonstrate a complex relationship between the
experimental design, material composition and dosage, and cellular
responses. Variations in cytotoxicity between the 2D and 3D models
highlighted how important it is to take different physiological circum-
stances into account. Factors such as direct cell-material contact, the
release of bioactive ions, and potential nutrient barrier effects influ-
enced outcomes of cell metabolic activity, cell morphology, cell mem-
brane integrity, and migration assays. Furthermore, functionalization
with polyphenols exhibited contrasting effects, showing mitigated
cytotoxicity in comparison to Ce-MBGs without loading, suggesting a
role in modulating oxidative stress responses. Supported by our previous
observations of cerium release, the MBG1.2 Poly group at 1 mg/mL
concentration emerged as promising, inhibiting osteosarcoma cell
metabolic activity while preserving hMSCs viability and endothelial cell
migration. These findings highlight the importance of comprehensive
evaluation approaches integrating diverse assay settings and cell types
to enhance bioactive glasses research, as well as the need for further
investigations of the biological effects of dual doping of MBGs with
agents with distinct mechanisms of antioxidant activity.
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