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ARTICLE INFO ABSTRACT

Keywords: Given the growing interest in nanosized spinel-type ferrite nanoparticles for biomedical applications and the
DNA damage limited information on their safety, this study aimed to assess their cellular and genotoxic effects in an in vitro 3D
Genotoxicity

human hepatic cell model (HepG2 spheroids). Ferrite nanoparticles — yFe;O3 (FeNPs; 14 + 4 nm), Zng 7Fe3 304
(ZnNPs; 14 + 5 nm), and Mng 4Fe; 604 (MnNPs; 7 + 2 nm) — were synthesised through a microwave-assisted
polyol route, functionalized with citric acid, and characterised using Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-OES), Transmission Electron Microscopy (TEM), X-ray Diffraction (XRD), and
Fourier Transform Infrared Spectroscopy (FTIR). Nanoparticle uptake was analysed using TEM, cytotoxicity was
measured with CellTiter-Glo®, and oxidative stress induction was assessed using the 2',7-Dichlorodihydro-
fluorescein diacetate (DCFH-DA) and malondialdehyde (MDA) assay. Genotoxic effects were evaluated using the
comet, yH2AX and p-H3 assays. Cellular stress responses were assessed using toxicogenomic analysis. Significant
cytotoxicity of the tested nanoparticles (0.1-250 ug/mL) was observed; however, TEM analysis revealed limited
penetration to the outermost cell layers of spheroids. Notably, only FeNPs induced ROS generation, while MDA
levels remained unchanged in all tested samples. Low DNA damage was detected at 24 h, but a significant in-
crease was observed at 96 h (5-50 ug/mL). No increase in YH2AX or p-H3 was found. No substantial alterations
in DNA damage or oxidative stress-response gene expression were detected. Altogether, our findings suggest that
the effects of ferrite nanoparticles are time- and composition-dependent, underlining the importance of further
mechanistic and chronic exposure evaluations in 3D cell models.
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tunable physicochemical properties, the aspect of their safety is often
overlooked.

1. Introduction

Nanosized spinel-type ferrites, a novel class of engineered nano-
materials, have attracted considerable interest among researchers in
various fields, including physics, chemistry, biology, medicine, mate-
rials science, and engineering [1-3]. While they have proven to be
valuable and interesting in both their practical applications and funda-
mental scientific significance, due to their unique and remarkable

Ferrites are a broad class of ceramic ferrimagnetic materials with the
general formula MyFe,O,, where M denotes a divalent cation from
transition metals. Iron oxides such as magnetite (Fe3O4) and maghemite
(yFe303) are ferrites composed only of iron cations; however, the term
“ferrite” often refers to doped or mixed-metal ferrites in which Fe,03 is
combined with other metal ions [4]. This compositional tunability
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allows precise control over magnetic, electrical, and structural proper-
ties. Common dopants include cobalt, manganese, magnesium, nickel,
zine, copper, and silver, which can significantly enhance performance
and stability depending on the targeted application [3, 5-7].

Since Fe, Zn, and Mn are involved in many biological processes [8], it
is assumed that they can be safely incorporated into the labile pools of
all three elements [9-11] and thus ferrite nanoparticles (NP) containing
Zn and Mn are widely exploited. Manganese ferrite NP exhibit notable
advantages over others because of their high catalytic activity, easy
synthesis, and simple modifications. They are considered environmen-
tally friendly and can be separated from the reaction medium, utilising
their magnetic properties [12]. Zinc ferrite NP have attracted consid-
erable attention as well, due to their valuable electrical, dielectric,
chemical, optical, and especially magnetic properties [13]. Namely,
their distinctive magnetic properties are due to the non-magnetic nature
of the zinc atom; thus, their modification and improvement are possible
simply by tuning the chemical position of the NP [14].

Publications related to the synthesis and application of various
ferrite NP, including zinc and manganese ferrite NP, have increased
tremendously in the last few years [4]. Yet, the potential use of zinc and
manganese ferrite NP in biomedicine applications requires an in-depth
study of the possible toxicity induced by NP administration. Previous
studies have reported decreased cell viability in MCF-7 cells [15],
cytotoxicity, and oxidative stress in different human cell models in vitro
[16], progressive increase of apoptotic and necrotic activity in 4T1 cells
[17], and, on the other hand, non-toxic effects in human breast cancer
(MDA-MB-23) and human prostate cancer (PC-3) cells [18]. Neverthe-
less, the lack of consensus in the experimental conditions, including
methods, materials, and cell models used, makes it difficult to obtain
holistic conclusions, especially when it comes to genotoxicity. Only a
few studies on ferrite NP genotoxicity can be found in the literature.
Abudayyak et al. (2017) [19] reported that cobalt ferrite NPs do not
induce DNA damage in NRK-52E kidney cells (up to 100 pg/mL). Still,
they observed a significant decrease in cell viability due to the induction
of apoptosis/necrosis at 100 pg/mL. Sanz-Sagué et al. (2024) [20]
showed that vanadium spinel ferrite NPs cause low genotoxicity and
cytotoxicity in HepG2 cells (up to 100 pg/cm?); nevertheless, no influ-
ence on the cellular genomic integrity was reported [21].

Overall, the importance of conducting comprehensive safety assess-
ments of ferrite NPs in preclinical studies has been significantly over-
looked. Our study aims to fill this critical knowledge gap by evaluating
the cyto- and genotoxic potential of three metal ferrite nanoparticles
(MNPs) - citric-coated yFey0s3, Zng 7Fes 304, and Mng 4Fe3 604 — in vitro,
thereby contributing to a clearer understanding of their safety for
biomedical applications, such as targeted drug delivery, imaging sys-
tems and/or magnetic hyperthermia [22].

The studied MNPs were prepared through a sustainable and scalable
microwave-assisted polyol method and functionalised with citric acid
for colloidal stability. For the toxicological assessment, an advanced 3D
cell model, spheroids prepared from human hepatocellular carcinoma
(HepG2) cells, was applied for the first time, offering increased validity
and predictivity for human exposure.

The cytotoxicity of the tested MNPs was evaluated using a lumi-
nescent assay, measuring ATP, and the generation of reactive oxygen
species (ROS) was measured using the DCFH-DA probe. Additionally,
the malondialdehyde (MDA) assay was performed to evaluate lipid
peroxidation. Genotoxic potential was assessed through the alkaline
comet assay and by flow cytometry analysis of yH2AX and p-H3 as
genotoxicity biomarkers. A toxicogenomics approach based on targeted
gene expression analysis was applied to evaluate the stress response of
cells exposed to the MNPs.

Our findings will substantially advance our understanding of ferrite-
type NP safety, bringing us one step closer to minimizing potential risks
to human health.
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2. Materials and methods
2.1. Synthesis of ferrite nanoparticles

Metal ferrite NP MxFe3.xO4 (M = Fe, Mn, Zn), hereinafter referred to
as MNPs, were synthesised via a microwave-assisted polyol route [23]
using a Monowave 300® reactor (Anton Paar GmbH, Graz, Austria)
operating at 2.45 GHz. In a typical synthesis, 1.73 mmol of iron(Il) ac-
etate was dissolved in 19 mL of a solvent mixture composed of 96.3 %
diethylene glycol (DEG) and 3.7 % deionised water (v/v), contained in a
30 mL borosilicate glass vial equipped with a magnetic stir bar. For
doped samples, manganese(I) acetate or zinc(Il) acetate was added to
the reaction mixture to achieve a Fe:M molar ratio of 2:1, where M
represents either Mn or Zn. The reaction suspension was stirred at
600 rpm and heated at a rate of 3.75 °C per minute until reaching
170 °C, which was maintained for 2 h before rapidly cooling to 55 °C.
The resulting dispersion was centrifuged at 8000 rpm for 45 min, and
the recovered solid was washed three times with ethanol (15 min each,
8000 rpm). The purified NP were dried under ambient air flow and
redispersed in distilled water. The undoped ferrite sample was further
subjected to acidic treatment following a previously reported protocol to
improve colloidal stability by fully oxidising the sample [24].

All MNPs were then functionalised with citric acid to improve
colloidal stability. For the coating process, 200 mg of citric acid was
dissolved in 30 mL of deionised water, and the pH was adjusted to 4.0
using 5 M KOH. Then, 20 mL of NP suspension (at a concentration of
5 mg/mL) was added to the solution under continuous mechanical
stirring. The mixture was heated to 80 °C and maintained at that tem-
perature for 1 h to facilitate citrate adsorption onto the NP surface. The
resulting citrate-coated NP were recovered by centrifugation, washed
with ethanol to remove unbound citrate, and redispersed in water.

2.2. Nanoparticles characterisation

The elemental composition of the MNPs was determined by induc-
tively coupled plasma optical emission spectroscopy (ICP-OES) using a
PerkinElmer OPTIMA 2100DV system (Waltham, MA, USA). Before
analysis, the samples were subjected to acid digestion in aqua regia
(HCIL: HNOs, 3:1 v/v) at 90 °C for 12 h to ensure complete dissolution of
the metal oxides. The resulting solutions were then analysed to quantify
iron and dopant (Zn or Mn) concentrations, allowing the calculation of
the actual stoichiometry of each sample.

The structural and morphological features of the MNPs were char-
acterised by transmission electron microscopy (TEM), employing a JEOL
JEM 1010 (JEOL Ltd., Tokyo, Japan) operating at an acceleration
voltage of 100 kV. For analysis, aqueous suspensions of the NP were
drop-cast onto copper grids coated with amorphous carbon and allowed
to air-dry at ambient temperature. Particle size distributions were ob-
tained by measuring approximately 200 individual particles per sample
on representative TEM micrographs using ImageJ software, considering
their longest internal axis. Crystalline phase identification and structural
analysis were performed by X-ray diffraction (XRD) using a Bruker D8
Advance (Bruker AXS GmbH, Karlsruhe, Germany) diffractometer
equipped with a CuKa radiation source. Diffractograms were recorded in
the 26 range of 20° to 70°, and the average crystallite size was calculated
from the [311] reflection using the Scherrer equation, based on the
peak's full width at half maximum (FWHM). To confirm the presence of
the coating, FTIR spectra in the range of 250 — 4000 cm ™' were obtained
using a Bruker IFS 66VS. The samples were prepared by pressing into
pellets a mixture of dried powder in KBr at 2 % w/w.

To assess the colloidal stability of the MNPs, dynamic light scattering
(DLS) measurements were conducted using a Zetasizer Nano SZ (Mal-
vern Instruments Ltd., UK) equipped with a 633 nm He-Ne laser. Hy-
drodynamic diameters were recorded using water as dispersant at
neutral pH, with size values reported based on intensity-weighted
distributions.
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2.3. Cell cultivation, spheroid preparation, and exposure to MNPs

The human hepatocellular carcinoma-derived cell line HepG2
(ATCC-HB-8065™, Manassas, VA, USA) was cultivated in MEM medium
(MEM-10370-046) supplemented with 10 % FBS, all from Gibco
(Paisley, Scotland, UK) and 1 mM sodium pyruvate, 2 mM L-glutamine,
100 IU/mL penicillin/streptomycin, and NEAA, all from Sigma-Aldrich
(St. Louis, MO, USA), at 37 °C in a humidified atmosphere with 5 %
CO3. Cell passages between 3 and 13 were used to prepare spheroids
using the force floating method as previously described by Stampar et al.
[25]. Briefly, cells were seeded onto 96-well U-bottom plates (Corning
Costar Corporation, New York, USA) at 3,000 cells/well in complete cell
growth medium containing 4 % methylcellulose. The plates were
centrifuged at 900 x g for 90 min, and the formed spheroids were left to
mature for 72 h before the experiments, at 37 °C and 5 % COs.

For the experiments, three-day-old HepG2 spheroids were exposed to
graded concentrations of MNPs for 24 and 96 h. For the cytotoxicity
experiments, spheroids were exposed to MNP concentrations in the
range of 0.1-250 pg/mL, corresponding to 0.04-100 pg/cm? Tested
concentrations were determined based on the OECD Test Guideline No.
487, adapted by Michael J Burgum et. al. (2024) [26]. For all subsequent
experiments, noncytotoxic concentrations in the range of 5-50 ug/mL,
corresponding to 2-20 pg/cm?, were evaluated.

A negative (cell medium), a vehicle (up to 3.12 % MiliQ water), and
assay-specific positive controls were included in all experiments. For the
NP internalisation experiments, the spheroids were exposed to the MNPs
at a concentration of 50 ug/mL.

2.4. Analysis of nanoparticle distribution in spheroids — transmission
electron microscopy (TEM)

To assess the spatial distribution of MNPs within the 3D cellular
architecture of HepG2 spheroids, TEM analysis was performed after 24
and 96 h of exposure. HepG2 spheroids were prepared as described
above and incubated with each NP type at a concentration of 50 ug/mL.
Following incubation, spheroids were collected, gently washed with
phosphate-buffered saline (PBS, pH 7.4) to remove unbound NP, and
fixed in 2 % glutaraldehyde in 0.1 M phosphate buffer (PB, pH 7.2) for
2 h at room temperature, followed by incubation in 1.5 % glutaralde-
hyde in 0.05 M PB at 4°C overnight. Post-fixation was carried out with
1 % osmium tetroxide for 1 h at room temperature, followed by dehy-
dration through a graded ethanol series (30 %, 50 %, 70 %, 90 %, and
absolute ethanol) and infiltration with epoxy resin. For cross-sectional
analysis, resin-embedded spheroids were polymerised at 60 °C for
48 h, and ultrathin sections (~70 nm) were obtained using an ultrami-
crotome. Sections were collected on copper grids and stained with
uranyl acetate (2 % aqueous) and lead citrate to enhance contrast. Im-
aging was performed using a Tecnai T20 transmission electron micro-
scope (Thermo Fisher Scientific, USA) operated at 200 kV. For each
sample and time point, at least three spheroids were analysed. Addi-
tionally, in one selected spheroid, a systematic series of TEM images was
acquired along a straight linear trajectory across the section, beginning
at one external edge of the spheroid and progressing through consecu-
tive adjacent fields until reaching the opposite border, and then the
images were composed into a single frame.

2.5. Cytotoxicity — measurement of the ATP content

After the exposure, cytotoxicity of MNPs was evaluated with the
CellTiter-Glo® Luminescent Cell Viability Assay (Promega, Madison,
WI, USA), a method to determine the number of viable cells based on
luminometric quantitation of ATP. The assay was performed according
to the manufacturer's instructions with minor modifications. Shortly, the
spheroids in 50 uL of cell media were transferred to a white-opaque 96-
well plate (Thermo Scientific™, Waltham, MA, USA), and 50 uL of the
assay reagent was added to each well. The content of each well was
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resuspended by pipetting to ensure complete lysis of cells in the
spheroid, and the reaction was incubated for 20 min at room tempera-
ture altogether. The luminescence was measured using a luminometer
(Sinergy MX, BioTek, Winooski, VT, USA). The experiment was per-
formed in five replicates per experimental point and repeated three
times independently. DMSO (23 % for 24 and 5 % for 96 h) was used as
the positive control (PC). Half-maximal inhibitory concentrations (ICs)
and concentrations reducing cell viability to 70 % (IC3o) were calculated
using the GraphPad Prism v10 software (GraphPad Software, San Diego,
CA, USA), using a nonparametric local regression method (LOWESS),
which fits a smoothed curve to the dose-response data without assuming
a predefined model.

2.6. Generation of reactive oxygen species (ROS) — DCFH-DA probe

To measure the generation of ROS in HepG2 spheroids after exposure
to MNPs, we used the probe DCFH-DA (Abcam, Cambridge, UK), which
has excitation and emission wavelengths of 498 nm and 522 nm,
respectively. Before MNPs exposure, spheroids were treated with a
DCFH-DA probe for 30 min. After that, the probe was removed, and
spheroids were washed with 1x PBS. HepG2 spheroids were then
exposed to graded concentrations of MNPs prepared in Hank's Buffered
Salt Solution (HBSS, Merck, Darmstadt, Germany) for 2 and 4 h. The
fluorescence was detected with an excitation wavelength of 485 nm and
an emission wavelength of 530 nm at each time point using a BioTek
Cytation 5 Cell Imaging Multimode Reader (Agilent, Santa Clara, USA).
The experiment was performed in five replicates per experimental point
and repeated three times independently. 1 mM tBHP was included as a
positive control.

2.7. Lipid peroxidation — MDA assay

Lipid peroxidation as a valuable marker for oxidative stress and
cellular damage was measured using the Lipid Peroxidation (MDA)
Assay Kit (Abcam, Cambridge, UK). Lipid peroxidation is determined by
the reaction of MDA (malondialdehyde) with thiobarbituric acid (TBA)
to form a colourimetric/fluorometric product proportional to the MDA
present in the sample. After exposure, the spheroids were collected,
washed with 1x PBS at each exposure time point, and homogenised
using MDA Lysis Buffer supplemented with butylated hydroxytoluene
(BHT). Homogenised samples were then centrifuged at 13000 x g for
10 min, and the supernatant was placed into a microcentrifuge tube
containing TBA solution, prepared as described by the manufacturer.
Samples were then incubated at 95 °C for 60 min and cooled down for
10 min in an ice bath. Fluorescence was measured at Ex/Em 531/
590 nm using the BioTek Cytation 5. The experiment was performed in
three replicates per experimental point and repeated three times inde-
pendently. A positive control (1 mM tBHP, 3-hour exposure) was
included in the experiments.

2.8. The alkaline comet assay

After exposure to MNPs, DNA damage induction was studied using
the alkaline comet assay. After 24 and 96 h of exposure, spheroids were
dissociated into a single-cell suspension by collagenase treatment. The
comet assay was conducted as described by Stampar et. al. [27] under
conditions described in the Supplement material (Table S1). For comet
scoring, slides were stained using the GelRed nucleic acid stain (Biotium,
USA) according to the manufacturer's instructions. Analysis and scoring
were performed using a fluorescent microscope and Comet Assay IV
software (Instem, Philadelphia, USA). The percentage of DNA in the tail
(% tail DNA) of the comet was evaluated. A positive (30 and 5 uM benzo
[alpyrene; BaP for 24 and 96 h, respectively) control was included. Each
experiment was conducted independently three times, analysing 50
nuclei per experimental point.
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2.9. Analysis of yYH2AX and p-H3 positive cells by flow cytometry

The phosphorylation of the histones H2AX (yH2AX) and H3 (p-H3),
which are biomarkers for the induction of DNA double-strand breaks
(DSBs) - clastogenic effects — and mitotic disturbance — aneugenic ef-
fects, respectively, was evaluated by flow cytometry. After exposure, the
spheroids were dissociated to a single-cell suspension, washed twice
with 1x PBS, fixed with 4 % formaldehyde (PFA), and stored at 4 °C. For
immunolabeling, cells were washed with 1x PBS and incubated for
30 min in 1 % BSA with 50-fold diluted antibodies against yH2AX
pSer139-APC [130-123-256] and pH3-PE [130-105-700] or REA
Control (I)-APC [130-120-709] and REA Control (I)-PE [130-104-613]
to discriminate unspecific binding of antibodies. As positive controls
(PC), spheroids exposed to etoposide (1.7 uM) and colchicine (0.1 pM)
were used. Samples were analysed using a flow cytometer MACSQuant
Analyzer 10 with MACSQuantify™ software (Miltenyi Biotech, Ger-
many) and FlowJo V10 software (Becton Dickinson, New Jersey, USA).
Each experiment was carried out independently three times, and 10,000
events were acquired per sample.

2.10. Targeted toxicogenomic analysis

The expression of selected genes after exposure to MNPs was ana-
lysed by qPCR primer assays (Applied Biosystems, USA) and One 48.48
Dynamic Array IFC for Gene Expression (Fluidigm, USA). After 24 and
96 h of exposure, the spheroids were collected, and total RNA was iso-
lated using the RNeasy Mini Kit from Qiagen (Qiagen, Germany) ac-
cording to the manufacturer's instructions. 10 ug/mL etoposide served as
the positive control for the toxicogenomic analysis. The concentration,
purity and quality (Figure S2) of the isolated RNA, the reverse tran-
scription (using the Transcription Kit from Applied Biosystems, MA,
USA), the preamplification of the selected genes (using the TATAA
PreAmp GrandMasterMix from Tataa Biocenter, Gothenburg, Sweden),
and the gene expression analysis (using the TagMan Universal PCR
Master Mix and Tagman Gene Expression Assays in Table S2) were
performed as described by Stern et. al. [30]. Reaction conditions for
toxicogenomic analysis are presented in Table S5, Table S6, and
Table S7. Biologically important up- or downregulation was defined as a
relative expression change greater than 1.5-fold.

2.11. Statistical analysis

Statistically significant differences between MNPs-exposed cells and
the vehicle control groups (VC; up to 3 % MilliQ water in cell media)
were analysed using the GraphPad Prism v10 software (GraphPad
Software, San Diego, CA, USA). Before statistical analysis, data sets were
tested for normality (Shapiro-Wilk for all sample sets and Kolmogorov-
Smirnov for flow cytometry data) and heteroscedasticity (Spearman's
test). One-way analysis of Variance (ANOVA) and Dunn's or Dunnett's
multiple comparison test were used for the analysis of the data gener-
ated in the CellTiter-GLO®, DCFH-DA, yH2AX, and p-H3 assays. The
Kruskal-Wallis nonparametric test and Dunn's multiple comparison test
were used for the comet assay data analysis. Two-way ANOVA followed
by Sidék's multiple comparisons test and Fisher’s LSD test were used for
the analysis of the MDA assay and toxicogenomic analysis, respectively.

3. Results & discussion

Magnetic nanoparticles (MNPs) are widely used across industries,
including pharmaceuticals, food, agriculture, cosmetics, electronics,
construction, and packaging. Their growing utilisation is driven not only
by their versatile properties but also by the expanding recognition of
their potential in biomedical applications. Notably, MNPs are being
explored for targeted drug delivery [31-33], cancer therapy [34-39],
wound healing [40], and treatment of Alzheimer’s disease [41-44],
raising concerns about their potential impact on human health and the
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environment. To address this need, the present study evaluated the
safety of three types of ferrite MNPs using advanced in vitro 3D models,
providing insight into their potential biological effects.

The microwave-assisted polyol method employed to prepare the
MNPs samples offers a sustainable and scalable route for the synthesis of
high-quality ferrite NP. It combines the advantages of rapid, energy-
efficient heating with precise control over particle size and crystal-
linity, while significantly shortening reaction times and reducing energy
consumption [45]. Given the increasing use of this method for
biomedical nanomaterial production, a thorough toxicological assess-
ment of the resulting NP is essential to ensure their safe application.

In the present study, the toxicological effects of MNPs were
comprehensively evaluated using an advanced 3D HepG2 spheroid
model established using the forced floating method [46]. The HepG2 cell
line is widely used in liver toxicity studies and for elucidating toxicity
mechanisms [47], as it expresses wild-type p53 [48] and retains the
activity of key metabolizing enzymes [49]. The HepG2 cell line serves as
a widely adopted in vitro model for hepatotoxicity studies, offering ad-
vantages such as an unlimited lifespan, stable phenotype, high avail-
ability, and ease of handling [50]. Considering that the liver is the main
organ for nanoparticle accumulation after entering the body [51], using
3D HepG2 spheroids allows for a physiologically relevant assessment of
potential hepatotoxic effects. HepG2 cells are traditionally cultured as
monolayers, but under these conditions, they fail to recapitulate the
physiological properties of tissues and are limited in their ability to
predict in vivo responses. In the present study, we therefore employed a
3D cell model (spheroids), in which cells are surrounded by a natural
extracellular matrix (ECM). This arrangement promotes tissue-specific
architecture, facilitates direct cell-cell and cell-ECM interactions, and
provides a more physiologically relevant, in vivo-like environment.
Additionally, spheroids exhibit enhanced stability, maintaining high cell
viability and morphology over several weeks, which allows for pro-
longed exposure studies [52]. Cytotoxicity of the MNPs was assessed by
measuring luminescence, while genotoxicity was evaluated through
several endpoints, including cell proliferation, DNA damage, genomic
instability, and gene expression.

3.1. Nanoparticles characterisation

The elemental composition determined by ICP-OES was used to
calculate the actual stoichiometry of the doped ferrites, yielding
ZngyFez 304 for ZnNPs and Mng 4Fe; 604 for MnNPs, confirming the
effective incorporation of the dopants into the spinel structure and
enabling a detailed comparison of their structural and colloidal prop-
erties. Fig. 1 illustrates these differences across all samples. TEM mi-
crographs (Fig. 1A) revealed that FeNPs, ZnNPs and MnNPs consisted of
predominantly quasi-spherical to slightly faceted particles, with no
elongated or plate-like morphologies observed. Particle size histograms
(Fig. 1B) showed that FeNPs and ZnNPs exhibited similar average par-
ticle sizes (~14 nm), while MnNPs consisted of significantly smaller NP
(7 + 2 nm), indicating a larger surface-to-volume ratio. X-ray diffraction
(Fig. 1C) revealed that the crystallite sizes of FeNPs and ZnNPs were also
~13-14 nm, whereas MnNPs displayed a much smaller crystallite size of
7 nm. The close match between particle and crystallite size suggests that
these particles are predominantly monocrystalline. Notably, only the
Mn-doped ferrite (MnNPs) exhibited a pronounced reduction in particle
size, likely due to its lower ionic radius and weaker metal-oxygen bond
strength compared to iron, promoting rapid nucleation and limiting
crystal growth. Conversely, Zn?*, with its larger ionic radius and pref-
erence for tetrahedral sites, tends to induce surface enrichment and
lattice distortion, stabilising larger crystallites and even promoting
particle coarsening. The presence of Zn at the particle surface, as re-
ported in related XPS studies, may also passivate active growth sites,
thereby altering the crystallisation pathway and limiting size confine-
ment [53]. These structural differences were further reflected in the
lattice parameters. FeNPs, composed of pure maghemite, displayed a
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Fig. 1. Characterisation of ferrite samples: yFe,O3 (FeNPs), Zng ;Fez 304 (ZnNPs), Mng 4Fe; 04 (MnNPs). A) Transmission electron microscopy (TEM) images
showing particle morphology (scale bar = 100 nm). B) Size distribution histograms derived from TEM micrographs (n < 200) fitted with a log-normal function. C) X-
ray diffraction (XRD) patterns indexed to the magnetite spinel structure (JCPDS 19-0629), crystal sizes were estimated using the Scherrer equation. D) hydrodynamic
size distributions given in intensity (PDI = polydispersity indices). E) Fourier-transform infrared (FTIR) spectra.
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lattice parameter of 8.346 + 0.001 A, while ZnNPs and MnNPs exhibited
expanded unit cells of 8.438 + 0.037 A and 8.417 + 0.043 A, respec-
tively. The observed expansion is consistent with the partial substitution
of Fe® * by Zn** and Mn?** [54], confirming successful doping and its
influence on the crystal structure.

Altogether, between the three formulations, differences in compo-
sition and primary particle size, rather than marked changes in
morphology, appear to be the key structural factors likely to influence
their differential biological behaviour.

Dynamic light scattering (Fig. 1D), on the other hand, provides
insight into the colloidal behaviour of the NP in aqueous media. All three
samples exhibited hydrodynamic diameters compatible with stable
colloidal suspensions, which is attributed to the presence of the citrate
coating that enhances negative surface charge and electrostatic repul-
sion. Although zeta potential was not measured here, citrate-coated
ferrite nanoparticles commonly exhibit negative surface potentials at
neutral pH (~ —10 to —40 mV) due to surface carboxylate groups,

——5um
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consistent with previous reports [55,56]. FeNPs and ZnNPs showed
hydrodynamic diameters of 70 nm (PDI = 0.23) and 89 nm (PDI =
0.24), respectively, likely reflecting mild aggregation or hydration
layers around the citrate-capped surfaces. In contrast, MnNPs presented
a notably smaller hydrodynamic diameter (~36 nm) and a slightly
broader distribution (PDI = 0.29).

The FTIR spectra (Fig. 1E) of the ferrite NP displayed distinct
vibrational features that provide insight into surface chemistry and
functionalization. A broad band centred around 3420 cm™ was
observed in all samples and was attributed to the O-H stretching vi-
bration of surface-adsorbed water. In contrast, the peak at
2910 cm™! corresponded to the C-H stretching vibration of the citrate
coating, accompanied by an additional characteristic band at
1620 cm™ , assigned to asymmetric -COO~ stretching. The FeNPs spec-
trum (blue line) shows a strong band at 1390 cm™ that can be ascribed
to the presence of nitrate residues from the acidic treatment. And finally,
the fingerprint region (630-385cm™) shows prominent peaks

Fig. 2. Example TEM images showing MNP penetration and internalisation in HepG2 spheroids. (a) Peripheral region of a HepG2 spheroid showing ZnNPs (24 h of
exposure) accumulation on the spheroid border and in the outer cell layers. (b) Close-up of the boxed area in (a), showing ZnNPs penetration into the intercellular
space between adjacent cells and ZnNPs internalised by cells. (c) Example image of endosome formation, internalising ZnNPs after 24 h of exposure, marked by a red
circular dashed line. (d, e, f) Representative images of intracellular endosomes containing MNPs. (d) A distinct circular endosome containing ZnNPs after 24 h of
exposure, marked by a red arrow. (e) An endosome containing MnNPs (96 h of exposure). The early endosome, with visible budding-off vesicles, is marked by a red
arrow. (f) An endosome containing big MnNPs aggregates after 24 h of exposure, marked by a red arrow.
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corresponding to metal-oxygen stretching modes in the spinel ferrite
structure.

3.2. Nanoparticle penetration into the spheroids and cellular
internalisation

Transmission electron microscopy (TEM) was employed to investi-
gate the spatial distribution of MNPs within the 3D spheroid architecture
after 24 and 96 h of exposure to 50 pg/mL. Across all conditions and NP
compositions (FeNPs, ZnNPs, and MnNPs), NP accumulation was pre-
dominantly confined to the peripheral cell layers of the spheroids.
Internalised NP were consistently detected in the cytoplasmic
compartment of the outermost cell layer, often enclosed within vesicular
structures (Fig. 2). In contrast, the inner cell layers appeared devoid of
NP, with no detectable electron-dense particles observed within their
cytoplasm or intercellular spaces. This limited penetration was consis-
tently observed at both exposure time points, suggesting that the
compact architecture and high cell density of the spheroids constitute a
significant barrier to NP diffusion beyond the surface layers. Fig. 2 de-
picts examples of MNPs penetration into the intercellular space between
adjacent cells and cellular internalisation (Fig. 2: a,b,c,e,f), endosome
formation (Fig. 2: c¢) and examples of MNPs-containing endosomes
(Fig. 2: b,d,e,f). Additional high-resolution TEM images are available at
Zenodo (10.5281/zenodo.15862860). The findings of the TEM analysis
highlight a critical limitation of NP delivery in HepG2 spheroids and
underscore the importance of employing advanced imaging techniques
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to accurately assess nanomaterial distribution within complex in vitro
models.

3.3. Cytotoxicity of MNPs

The cytotoxicity of MNPs was evaluated in the HepG2 spheroids to
determine their toxicity profile and to identify non-cytotoxic concen-
trations, since cytotoxic concentrations could produce misleading out-
comes in genotoxicity assays. Cell viability was assessed using the
CellTiter-Glo® 2.0 Assay, which measures ATP levels in culture. Since
ATP is indicative of metabolic activity, the assay provides a direct esti-
mate of the number of viable cells. Our results show that after 24 h of
exposure, MnNPs exhibited the highest cytotoxicity among the tested
MNPs, with an ICsg 43.23 + 14.29 pg/mL, followed by ZnNPs with an
ICs0 48.43 + 13.86 pg/mL and FeNPs having an ICsg 96.37 + 18.01 pg/
mL (Fig. 3). After the 96-hour exposure, the cytotoxic effects were more
pronounced, following the same pattern as at the earlier time point.
MnNPs were the most cytotoxic (IC5o = 18.96 + 10.49 pg/mL), followed
by ZnNPs (ICsp = 26.20 + 15.93 pg/mL). Again, the least cytotoxic
sample was FeNPs, whose ICso value was approximately 1.8 times
higher (33.96 + 14.80 ug/mL) compared to MnNPs.

Iron oxide NPs have been approved by the Food and Drug Admin-
istration (FDA) for clinical application in magnetic resonance imaging
(MRI) [57], and many reports indicate that they are generally biocom-
patible and highly tolerated by cells [58-60]. However, other reports
have highlighted their potential cytotoxic effects [61-63], a finding that
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Fig. 3. Cytotoxicity of MNPs in HepG2 spheroids with corresponding IC values. A) Cell viability was determined with the CellTiter-Glo assay after exposure to graded
concentrations of the MNPs (FeNPs, ZnNPs, and MnNPs) for 24 and 96 h. Data are presented relative to the vehicle control, VC (up to 3 % MilliQ water in cell media).
NC - cell culture media, PC — 23 and 5 % DMSO for 24 and 96 h, respectively. * denotes statistically significant differences between the vehicle control and MNPs
exposed spheroids; statistical analysis: ANOVA; Dunnett's Multiple Comparison test, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. B) ICso and IC3q
values were estimated using a nonparametric local regression method (LOWESS). The experiment was performed in five replicates per experimental point and

repeated three times independently.



1. Rozgman et al.

is consistent with our results. The results show that yFeoO3 NPs (sample
FeNPs) were cytotoxic for HepG2 spheroids at concentrations above
50 ug/mL and above 5pug/mL after 24 and 96 h of exposure,
respectively.

Still, higher cytotoxicity was observed in the samples ZnNPs and
MnNPs at both exposure times, which may be due to ion release. Ac-
cording to the literature, zinc ferrite NP decrease cell viability in a dose-
dependent manner in MCF-7 cells at tested concentrations up to 200 pg/
mL [15]. The decrease in cell viability in HepG2, A549, and A431 cell
lines by zinc ferrite (dosage range of 10-40 pg/mL) was also shown by
Alhadlaq et. al. [64]. Furthermore, Martinez-Rodriguez et al. (2019)
[65] conducted an in vitro study on human blood cells, testing magnetite
and zinc, nickel, and nickel-zinc ferrite NP at different concentrations
(50, 100, and 200 pg/mL). They concluded that some of the ferrite NP at
a concentration of 200 pg/mL induce hemolysis. In addition, manganese
ferrite is believed to be non-toxic to cells [66]; however, inorganic
manganese materials carry a risk of triggering various types of toxicity
[67]. Zhang et. al. [68] reported that manganese ferrite NP decrease cell
viability in RAW264.7 cells in a dose-dependent manner after 24 h of
treatment at concentrations ranging from 22 to 1800 pM. Shin et. al.
[66] also reported a slight decrease in cell viability when testing man-
ganese NP in murine hepatoma Hepal-6 cells at a 0-50 ug/mL for 24,
48, and 72 h. In contrast, in vitro studies conducted by Andrade et. al.
[69] confirmed cytocompatibility of manganese NP in the human HEK
293 T cell line over a 0-250 ug/mL range after 24 h.

Our study shows that ZnNPs and MnNPs were cytotoxic to HepG2
spheroids at concentrations above 25 pg/mL after 24-hour exposure and
above 5pg/mL after 96h, exhibiting higher cytotoxic potential
compared to FeNPs. We assume that the observed toxic effects of all
three MNPs samples are not primarily dependent on MNPs' cellular
uptake, as TEM analysis showed limited internalisation. Instead, the
effects are likely attributable to one or more of the following mecha-
nisms: (i) interactions with the cell membranes, inducing mechanical
stress, altering receptor signalling or membrane fluidity [70-72], (ii)
ROS generation (see section below), or (iii) metal ion release from the
MNPs. MNPs are known to dissolve in aqueous media, releasing
potentially toxic metal ions into the surrounding media [73] and causing
toxicity. On the other hand, some studies show that the particles
themselves, rather than the dissolved ions, are the major source of
toxicity [74]. However, further testing on ion release is needed to clarify
the underlying mechanism of cytotoxicity.

Biomedicine & Pharmacotherapy 195 (2026) 118950
3.4. Oxidative stress and oxidative damage

Given that the primary mechanism of action in metallic and metal
oxide NPs is considered the generation of ROS and subsequent oxidative
stress [75], one of our goals was to determine whether the tested MNPs
induced ROS production and oxidative damage.

Reactive oxygen species (ROS) levels in HepG2 spheroids, measured
using the DCFH-DA probe, are presented in Fig. 4, along with MDA
measurements (Fig. 5), a marker of lipid peroxidation. DCFH-DA is a
fluorescent probe that indicates oxidation by hydrogen peroxide, per-
oxynitrite, or hydroxyl radicals. Superoxide anions can also contribute
to DCFH-DA oxidation, albeit to a lesser degree [76]. Our results showed
no significant increase in ROS levels after 2 h of exposure in any of the
tested samples, while after 4 h, a dose-dependent increase was observed
in FeNPs and MnNPs-treated samples. What is also intriguing is that a
slight but non-significant increase in ROS was observed already after 2 h
of exposure to FeNPs, implicating that FeNPs are the most potent and
rapid inducers of ROS among the tested samples. Their higher rate of
ROS production compared to ZnNPs and MnNPs could be explained by
the electronic structure of NP and their redox activity. Specifically, the
surfaces of iron oxide NP can catalytically generate ROS through the
Fenton and Haber-Weiss reactions (Fe** = Fe* redox cycling), thus
having high redox activity [77]. Furthermore, Mn ions are known to
accelerate the Fenton reaction [78], which may explain the significant
dose-dependent increase in ROS after 4 h of exposure to MnNPs. The
difference in the rate of ROS generation between FeNPs and MnNPs is
probably due to the kinetic release of ions from NP. We assume that
FeNPs dissolve and release Fe ions more readily, leading to faster
Fenton-like reactions, while Fe and Mn ions from MnNPs are released
more slowly, delaying the onset of ROS production [79]. On the other
hand, ZnNPs include Zn ions, which can directly scavenge ROS, reducing
their levels and preventing oxidative damage to cellular components
[80]. Thus, incorporating Zn ions can modulate iron redox activity,
potentially altering ROS levels. Our results also support this, as there
was no significant elevation of ROS after 2 and 4 h of exposure to ZnNPs.

These findings are in line with previous electron paramagnetic
resonance (EPR) analyses on the same Mn- and Zn-ferrite NP, which
showed distinct ROS profiles: MnNPs generated significant amounts of
hydroperoxyl radicals (¢OOH), while ZnNPs exhibited negligible radical
formation [53]. This difference is likely due to the redox-active nature of
Mn?* versus the redox-inert behaviour of Zn?*, whose stable d!°
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Fig. 4. Generation of reactive oxygen species (ROS). The DCFH-DA assay was used to measure elevation in ROS production after 2- and 4-hour exposure to graded
concentrations of FeNPs, ZnNPs, and MnNPs samples. The measurements are expressed as relative fluorescence units (RFU). tBHP (1 mM) was used as the positive
control (PC); NC - negative control (cell medium). Statistically significant difference (Kruskal-Wallis and Dunn's post-test) between MNPs-exposed cells and vehicle
control, VC (up to 3 % MilliQ water in cell media), is indicated by *P < 0.05 and ****P < 0.0001. The experiment was performed in five replicates per experimental

point and repeated three times independently.
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Fig. 5. Lipid peroxidation. MDA, a marker of lipid peroxidation, was used to evaluate oxidation of lipids after 24- and 96-hour exposure to graded concentrations of
FeNPs, ZnNPs, and MnNPs samples. The measurements are expressed as relative fluorescence units (RFU) in percentage of the vehicle control (VC, up to 3 % MilliQ
water in cell media). tBHP (1 mM) was used as the positive control (PC); NC — negative control (cell medium). Statistically significant difference (Kruskal-Wallis and

Dunn's post-test) between MNPs-exposed cells and VC is indicated by ****P < 0.0001. The experiment was performed in three replicates per experimental point and

repeated three times independently.

electronic configuration prevents its participation in electron transfer
processes [81,82]. Such surface passivation by Zn may account for the
absence of oxidative stress markers in ZnNPs, despite their cytotoxicity,
suggesting alternative, non-oxidative cellular stress mechanisms.

Furthermore, previous studies have suggested that various NP
(including ferrites) can induce ROS, leading to cell damage through
indirect mechanisms [83]. Since our results indicated ROS production
by two of the three tested MNPs, we measured MDA as a marker of lipid
peroxidation and hence excessive oxidative stress. As can be seen from
Fig. 5, there was no significant increase in MDA formation at any of the
tested concentrations or for any MNPs type, neither at 24 nor 96 h of
exposure.

Cells maintain a robust antioxidant defence system within the cyto-
plasm and cellular organelles, comprising enzymatic and non-enzymatic
antioxidants that synergise with ROS and preserve redox balance [84].
Key antioxidant enzymes include superoxide dismutase (SOD), catalase
(CAT), and various peroxidases, such as glutathione peroxidase (GPX1)
[85]. Among non-enzymatic antioxidants, glutathione (GSH) plays a
central role. Its biosynthesis is tightly regulated by glutamate cysteine
ligase (GCLC), while its redox cycling depends on glutathione reductase
(GSR) [86]. GSR is essential for converting oxidised glutathione (GSSG)
back to its reduced form, GSH, thereby maintaining the intracellular
redox balance and protecting cells from oxidative damage [87].
Expression profiling of oxidative stress-response genes (CAT, SODI,
GCLC, GSR, and GPX1) (Fig. 8) revealed no significant upregulation
across all samples, concentrations, and timepoints, except for GPX1,
which was upregulated after 24 h of exposure to the highest FeNPs
concentration (50 pg/mL). GPX1 is extremely sensitive, and its
increased expression can be triggered by a subtle, non-damaging redox
signal or metal ion-mediated stress [88]. This is consistent with the in-
duction of ROS observed after exposure to FeNPs, indicating activation
of antioxidant defence mechanisms. If these antioxidant defences are
active and effective, ROS levels may rise transiently, without causing
lipid damage, which could explain our results on ROS and MDA mea-
surements. Furthermore, cells possess enzymatic systems that repair or
remove oxidised lipids before they accumulate. By reducing lipid hy-
droperoxides, these enzymes prevent further oxidation and free radical
formation. This reduction is carried out by diverse antioxidant enzymes,
including selenocysteine-containing proteins like glutathione peroxi-
dase (GPX) [89]. Finally, although the DCFH-DA assay detected a sig-
nificant rise in ROS, and transcriptomic analysis indicated the activation
of antioxidant defence mechanisms, ROS production was likely below a

critical threshold required to induce lipid peroxidation.

3.5. Potential in vitro genotoxicity of FeNPs, ZnNPs, and MnNPs

Given the increasing biomedical and technological applications of
MNPs, ensuring their safety is a critical prerequisite for their translation
to clinical and industrial use. Among the different aspects of nanosafety,
genotoxicity assessment is a key priority, as DNA damage can lead to
long-term health effects, including carcinogenesis. Our study examined
the genotoxicity potential of the tested MNPs using the comet assay and
yH2Ax and p-H3 assays, coupled with transcriptomics analysis of genes
deregulated in response to DNA damage and/or oxidative stress. Con-
centrations of MNPs for genotoxicity testing were determined based on
cytotoxicity measurements, specifically those that did not decrease cell
viability by more than 25-30 %. The comet assay, also known as single-
cell gel electrophoresis, is a simple, rapid and sensitive technique for the
detection of DNA single- and double-strand breaks (SSBs/DSBs), alkali-
labile sites, and cross-linking sites in a single individual cell [90]. The
assay can also detect transient SSBs, emerging during DNA damage
repair processes [91]. Our results (Fig. 6) show a slight but statistically
significant increase in DNA damage for ZnNPs and MnNPs at the highest
concentration tested after 24 h of exposure, while FeNPs did not induce
detectable DNA damage. On the other hand, all tested MNPs induced a
significant increase in DNA damage after 96 h of exposure. Previous
studies have shown that metal-based NP, like Ag-NP, CuO-NP, and
ZnO-NP, tend to release their metallic ions while they dissolve in the
cytoplasm and that the interaction of these ions with DNA is the primary
cause of genotoxicity [92]. Furthermore, Gosh and coworkers (2019)
confirmed the induction of DNA strand breaks by Mn oxide NP due to
Mn dissolution, uptake and internalisation in Physcomitrella patens, a
model plant system used for evolutionary developmental genetics [93].
A similar study with Mn oxide NP was conducted by Alarifi (2017), who
showed that Mn oxide NP induce DNA damage in SH-SY5Y cells [94].
Our results align with earlier studies indicating that MNPs can induce
DNA damage, likely through mechanisms involving metal ion release
and ROS production. Although produced at low levels, the sustained
elevation of ROS, as indicated by our results, may have led to oxidative
DNA damage and transient lesions, resulting from their elevated repair,
contributing to the DNA damage observed in the comet assay. However,
caution is warranted when interpreting the significant DNA damage
observed after 96 h of exposure. Extended exposure may compromise
the cytoskeleton and nuclear envelope, reducing nuclear stability and
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Fig. 6. DNA damage induction by FeNPs, ZnNPs, and MnNPs samples in HepG2 spheroids. DNA damage was assessed by the comet assay after exposure to graded
concentrations of the MNPs (FeNPs, ZnNPs, and MnNPs) for 24 and 96 h. Data are expressed as % of DNA in the “comet tail” and presented as quantile box plots
(95 % confidence interval). Benzo[a]lpyrene (30 and 5 uM for 24 and 96 h, respectively) was used as the positive control (PC), and NC represents cell medium. Fifty
cells were analysed per experimental point in the three independent experiments. A statistically significant difference (Kruskal-Wallis and Dunn's post-test) between
MNPs-exposed cells and the vehicle control, VC (up to 3 % MilliQ water in cell media), is indicated by *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

altering chromatin organization [95].

To confirm whether the tested MNPs induce DNA DSBs or aneugenic
effects, we assessed YH2AX, a DSB biomarker reflecting clastogenic ef-
fects, and p-H3, a marker of mitotic cells indicative of chromosome
missegregation, using immunofluorescence labelling and flow cyto-
metric analysis. Among various types of DNA damage, DSBs are
considered the most harmful, as they are inherently challenging to
repair. Their occurrence can lead to genomic instability and mutations,
increasing the risk of tumorigenesis [91]. Efficient repair of DNA DSBs
requires a coordinated DNA damage response, which includes phos-
phorylation of a component of the histone octamer in nucleosomes,
histone H2Ax, forming yH2Ax [96]. The phosphorylated form yH2AX
accumulates at DSB sites and forms foci that directly correlate with the
amount of DSBs [97]. Therefore, YH2AX is a well-established biomarker
of DSB induction and clastogenic activity. During mitosis, histone H3
undergoes phosphorylation to facilitate chromosome condensation and
segregation [98]. As a biomarker of mitotic cells, phosphorylated H3
(p-H3) is widely used as a surrogate marker for aneugenic compounds
[99]. Namely, aneugenic compounds induced either an increase or a
decrease in p-H3, depending on their mode of action, because they can
interfere with the mitotic machinery, disrupting spindle formation,
centromere attachment, or chromosome segregation [100].

Analysis of YH2AX (Fig. 7A) and p-H3-positive events (Fig. 7B) after
24 and 96 h of exposure to the tested MNPs showed that none of them
induced DSBs or increased the percentage of p-H3-positive events at any
of the concentrations tested. Based on these results, the slight increase in
DNA damage observed in the comet assay could be due to oxidative DNA
damage caused by ROS generated from the tested MNPs. While clasto-
genic and aneugenic activities can be excluded, the exact mechanism
underlying the DNA damage detected by the comet assay remains
unclear.

In addition to assessing the previously mentioned endpoints, tox-
icogenomic analyses were conducted to identify gene expression
changes linked to a (geno)toxicological response. Recent research in-
dicates that gene expression profiling is a powerful approach for
assessing human health risks, offering both qualitative and quantitative
information about the specific biological pathways and molecular
mechanisms triggered by the tested material [101]. This approach al-
lows the identification of early molecular events that may precede overt
toxicity, supporting a mechanistic understanding of adverse outcomes
and facilitating the development of predictive biomarkers for hazard
assessment. In the present study, the expression of selected DNA

10

damage-responsive genes (TP53, MDM2, GADD45a, CDKN1A, OGG],
and JUNB), apoptosis-related genes (BCL2 and BAX) and oxidative stress
response genes (SOD1, CAT, GPX1, GCLC, and GSR - discussed above)
was evaluated upon exposure to MNPs. These genes encode proteins that
play vital roles in maintaining cellular homeostasis and responding to
genotoxic stress. The wild-type TP53 gene encodes p53 protein, a tran-
scription factor crucial in coordinating diverse cellular responses,
including DNA repair, cell cycle arrest, senescence, cell death, differ-
entiation, and metabolism. By suppressing tumorigenesis and preserving
genomic integrity, p53 is also known as the "guardian of the genome”
[102,103]. MDM2 (mouse double minute 2 homolog) is a negative
regulator of the tumour suppressor p53 [104], modulating its activity to
maintain cellular homeostasis. GADD45a belongs to a family of genes
whose transcript levels are increased in response to growth arrest and
DNA-damaging stress [105]. Additionally, it plays a crucial role in the
stabilisation of the p53 protein [29], thereby reinforcing the cellular
DNA damage response. CDKN1A is a potent cyclin-dependent kinase
inhibitor that regulates cell cycle progression at the G1 phase [28].
Furthermore, OGG1 encodes for 8-oxoguanine glycosylase, a bifunc-
tional glycosylase vital for the recognition and excision of oxidised DNA
bases, thereby maintaining genomic integrity [106]. Finally, JUNB, a
member of the AP-1 (activator protein-1) family of dimeric transcription
factors, is best known as a cell proliferation inhibitor, senescence
inducer, and a tumour suppressor [107].

Expression levels of tested genes were visualised using heatmaps
(Fig. 8), and the corresponding induction factors with p-values are
summarised in Table S3 and Table S4. At 24 h, no significant changes in
gene expression were observed for DNA damage-responsive and
apoptosis-related genes, except for GADD45A, which showed slight
upregulation across all tested samples. The most pronounced increase
(fold change ~1.5) was detected in FeNPs at 50 ug/mL, suggesting
activation of a p53-mediated DNA damage response. Notably, TP53
mRNA levels remained unchanged at both 24 and 96 h, consistent with
the well-established concept that p53 is primarily regulated post-
translationally [108,109]. Additionally, BCL2 was modestly upregu-
lated in cells exposed to FeNPs and ZnNPs, with fold changes above 1.5,
particularly in FeNPs at 50 pg/mL, potentially reflecting a pro-survival
adaptation to NP-induced stress.

By 96 h, a broader pattern of gene activation emerged. GADD45A
and CDKNI1A were consistently but modestly upregulated across all
samples, with the strongest induction observed in ZnNPs at 50 ug/mL.
Importantly, BCL2 expression increased significantly in cells exposed to
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Fig. 7. Potential induction of DNA double-strand breaks (DSBs) and p-H3 positive events by MNPs in HepG2 spheroids. A) Flow cytometric analysis of yYH2AX
expression in individual cells after exposure to graded concentrations (5-50 pg/mL) of FeNPs, ZnNPs, and MnNPs for 24 and 96 h is shown. Etoposide (1.7 uM) was
used as a positive control (PC). Data are displayed as violin plots representing normalised fluorescence intensity relative to the vehicle control (dashed line; up to 3 %
Milli-Q water in cell medium). The width of a “violin” reflects value frequency; the central line marks the median, while the upper and lower lines indicate the 75th
and 25th quartiles. Significant differences versus control were assessed by ANOVA with Dunnett's post-test (**P < 0.01, ***P < 0.001). B) The mean percentage of p-
H3-positive cells following exposure to increasing concentrations (5-50 pg/mL) of FeNPs, ZnNPs, and MnNPs for 24 and 96 h, as measured by flow cytometry, is
shown. Colchicine (0.1 mM) served as a positive control (PC). Statistically significant differences compared to the vehicle control (up to 3 % Milli-Q water in cell
medium) were determined by ANOVA, followed by Dunnett's post-test and are denoted as ****P < 0.0001. Each experiment was carried out independently three
times, and 10,000 events were acquired per sample.

ZnNPs at 25 and 50 pg/mL, and to a lesser extent in MnNPs at 15 and Nevertheless, we emphasise that this represents only a small piece of the
25 ug/mL, with fold changes exceeding 1.5 and reaching statistical overall safety evaluation, and further investigations using diverse
significance (*p < 0.001). This pattern suggests an anti-apoptotic advanced in vitro models are necessary. Such studies will provide a more
response or adaptive mechanism to counteract prolonged NP expo- comprehensive and physiologically relevant understanding of MNPs'
sure. BCL2 encodes a key anti-apoptotic protein, while BAX, a pro- interactions in the human body, considering the complex interplay be-
apoptotic counterpart, promotes apoptosis by antagonising BCL2 func- tween their physicochemical properties, composition, cellular uptake,
tion [110]. The observed expression patterns reflect a cellular effort to exposure conditions, and the resulting cellular responses.
prevent apoptosis, likely facilitating DNA repair and maintaining sur- To advance the field, more systematic and standardised approaches
vival under sustained stress. This is supported by the slight elevation of are needed to fully characterize the spectrum of potential toxic effects.
DNA damage response genes at 96 h. Overall, these data indicate that Integrating advanced imaging techniques, omics technologies, and in
MNPs exposure triggers dynamic, time- and dose-dependent transcrip- vitro/in vivo correlation models would deepen our understanding of the
tional responses, reflecting the activation of DNA damage repair path- mechanistic pathways underlying MNP-induced toxicity. Furthermore,
ways and anti-apoptotic mechanisms aimed at preserving cellular evaluating long-term exposures and the role of NP-induced epigenetic
viability under prolonged stress. changes would provide valuable insights into their biological impact.
In conclusion, assessing (geno)toxic potential of MNPs remains a Finally, incorporating predictive toxicology frameworks and safe-by-
critical aspect in evaluating their safety for biomedical and other ap- design strategies would support the development of MNPs with opti-
plications. Our findings indicate that the tested MNPs exhibit no sig- mized efficacy and minimized adverse effects, bridging the gap between
nificant genotoxic effects in a 3D human hepatic model. In line with fundamental research and safe translational applications.

previous studies suggesting their use in biomedical applications, such as
targeted drug delivery, imaging systems or magnetic hyperthermia [22],
these results support the potential feasibility of these applications.
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Fig. 8. Heatmaps illustrate the expression profiles of DNA damage response,
apoptosis-related, and oxidative stress response genes following (A) 24 h and
(B) 96 h of exposure. Gene expression changes are shown as fold change rela-
tive to the vehicle control (VC; <3 % MilliQ water), which is normalised to 1
and represented in white. Upregulation is visualised in shades of red to dark
red, while downregulation appears in grey tones, according to the accompa-
nying scale. NC denotes the negative control (growth medium), and PC repre-
sents the positive control (10 pg/mL etoposide). Statistically significant
differences compared to the vehicle control (<3 % Milli-Q water in cell me-
dium) were determined by two-way ANOVA and Fisher’s LSD test, denoted as
*P < 0.05, **P < 0.01, ***P < 0.001. The experiment was repeated three times
independently.

List of abbreviations

FTIR, Fourier-transform infrared; ICP-OES, Inductively Coupled
Plasma-Optical Emission Spectroscopy; MDA, malondialdehyde; MNPs,
metal ferrite nanoparticles; tBHP, tert-Butyl hydroperoxide; XRD, X-ray
diffraction

Study limitations

This study has certain limitations. As the experiments were con-
ducted in vitro using a 3D HepG2 cell model, direct translation to whole-
organism physiology should be approached with caution. The study
focused on relatively short-term exposures, while long-term effects are
yet to be studied. Finally, nanoparticle behaviour in culture conditions
(such as potential agglomeration or protein corona formation over time)
was not fully examined and will require further characterisation in
future work.
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