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Abstract
Iron-oxide magnetic nanoparticles (MNPs) have been extensively investigated 
as magnetically actable nanocatalysts for diagnostic and therapeutic 
applications. However, because wüstite/magnetite/maghemite phases can 
interconvert, coexisting Fe2+/Fe3+ species may redirect Fenton-like chemistry 
and generate reactive oxygen species (ROS) profiles that differ from the 
intended biocatalytic pathway. Here we investigate monodisperse biphasic 
FeO@Fe3O4 core-shell MNPs with average particle size ⟨d⟩ = 9.6(5) nm, and 
their glucose-coated analogue, combining EPR radical analysis with toxicity 
testing in a 3D HepG2 hepatic spheroid model. Naked particles exhibited 
conventional Fenton-like behavior dominated by hydroxyl radicals (•OH), 
whereas glucose coating markedly suppressed •OH while increasing 
hydroperoxyl radicals (•OOH; ≈55 pM at 60 min), demonstrating ligand-
controlled rerouting of the radical pathway. TEM mapping across spheroid 
cross-sections showed preferential MNP accumulation in the outer layer, with 
most observed events confined to the outer 10-15 mm, corresponding to an 
approximately one-cell-thick rim; sparse deeper events were observed up to 
30-35 mm. MNPs produced dose- and time-dependent cytotoxicity in HepG2 
spheroids, with IC50 values of 29.3 (24 h) and 10.8 (96 h) mg·cm-2, without 
evidence of lipid peroxidation or genotoxicity. MDA levels remained 
unchanged, the comet assay showed no increase in DNA damage, and gH2AX 
and phospho-H3 (p-H3) positive events were not detected. Our results show 
that glucose functionalization provides a simple route to modulate radical 
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pathways and define operational windows for redox-active FeO@Fe3O4 nano-
reactors in oxidative nanomedicine.
Keywords: iron-oxide nanoparticles, Fenton-like catalysis, cytotoxicity, 
genotoxicity, HepG2 spheroids

Introduction
An increasing number of targeted therapies with innovative strategies for 

cancer treatments are based on the ability of magnetic nanoparticles (MNPs) 

to be remotely actuated by magnetic fields.1,2 This physical property and their 

tunable surface chemistry make them particularly suitable for biomedical 

applications.3–5 Thus, oncology strategies are seeking for such systems, 

adequately optimized, that could exploit both an efficient magnetic actuation 

and a controllable redox reactivity at the tumor interface.6 Previous reports on 

MNPs capable of maintaining the Fe2+/Fe3+ cycle to catalyze peroxide 

activation Fenton-like pathways in acidic, H2O2-enriched microenvironments 

characteristic of many solid tumors have already shown partial success.7 

Despite their promise for biotechnological applications, it is increasingly 

evident that current MNPs remain suboptimal in atomic-level design control,8 

and that a more rigorous understanding of their interactions with biological 

systems (together with comprehensive safety evaluation) is still required.9

Conversely, in other bio-based applications, the very same generation of 

reactive oxygen species (ROS) by certain iron-oxide phases is problematic, 

since oxidative stress and enzyme-like reactivity can introduce off-target 

biological effects and compromise the intended functionality.10,11 The diverse 

surface reactivities of several iron oxide phases commonly used in biomedical 
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applications, such as magnetite Fe3O4 and maghemite g-Fe2O3 (and, less 

frequently, wüstite FeO) makes it difficult to predict their type of behavior in 

biological media.12–15 These oxides can show a different catalytic role in 

Fenton-like reactions and, consequently, in their ROS generation capacity and 

biological impact.16 Understanding how specific iron oxide phases and their 

combinations affect these properties is essential for defining their potential 

toxicity.

In this study, we engineered glucose-coated FeO@Fe₃O₄ core-shell 

nanoparticles aiming at a system with a coupled electron-rich (wüstite) core 

with a magnetite shell, creating a biphasic architecture that simultaneously 

enhances magnetic responsiveness and surface redox activity. By integrating 

thorough physicochemical insight with evaluation of their potential (geno)toxic 

effects in a three-dimensional (3D) human hepatic cell model prepared from 

the HepG2 cell line, we establish direct links between nanoscale structure, 

controlled •OOH radical generation, and their biological effects in vitro. Our 

findings position biphasic magnetic nanoparticles as tunable, remotely 

activatable oxidative nano-effectors for precision therapeutic applications.

Materials and Methods
Reagents
Iron(III) acetylacetonate (Fe(acac)3, 97%), oleic acid (analytical standard), and 

trioctylamine (98%) were used for nanoparticle synthesis. Toluene (≥99.5%) 

and acetone (≥99.5%) were used for washing and dispersion. Anhydrous 

glucose (99.8%) and ammonium hydroxide solution (27% w/w) were employed 
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for the coating step. Unless otherwise stated, chemicals were purchased from 

Sigma-Aldrich (Merck) and used as received without further purification. 

Dulbecco’s phosphate-buffered saline (DPBS) 10× (Gibco) was diluted to 1× 

with sterile water and used for washing coated nanoparticles; sterile water 

was also used for the final resuspension. For spin-trapping assays, EPR-grade 

5,5-dimethyl-1-pyrroline N-oxide (DMPO, ≥97%; Sigma-Aldrich) served as the 

spin trap. Ultrapure water (Milli-Q, 18.2 MΩ·cm) and a 10 mM acetate buffer 

adjusted to pH 5 were used as dispersion media in these experiments. MEM 

medium (MEM-10370-046) and Fetal Bovine Serum (FBS, 10%) for cell culture 

and spheroid preparation were obtained from Gibco (Paisley, Scotland, UK). 

Sodium pyruvate (1 mM), L-glutamine (2 mM), penicillin/streptomycin (100 

IU/mL), Non-Essential Amino Acids (NEAA) and methylcellulose were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). The CellTiter-Glo® 

Luminescent Cell Viability Assay for the cytotoxicity evaluation was acquired 

from Promega (Madison, WI, USA) to quantify ATP levels. Dimethyl sulfoxide 

(DMSO) was obtained from Sigma Aldrich (Missouri, U. S.) and used as a 

positive control. The Lipid Peroxidation (MDA) Assay Kit for the MDA assay was 

obtained from Abcam (Cambridge, UK) to measure lipid peroxidation. tert-

Butyl hydroperoxide (tBOOH) was purchased from Micropolo (Maribor, 

Slovenia) and used as a positive control. For the preparation of single cell 

suspensions, Collagenase was obtained from Thermo Fisher Scientific 

(Waltham, Massachusetts, U.S.). GelRed nucleic acid stain was acquired from 

Biotium (USA) and used for slide analysis. Benzo[a]pyrene purchased from 
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Merck (New Jersey, U. S.), etoposide and colchicine (both purchased from 

Sigma, St. Louis, MO, USA) served as positive controls. Paraformaldehyde 

(PFA, 4%) for flow cytometry analysis was obtained from Merck (New Jersey, 

U. S.) and used for cell fixation. Bovine Serum Albumin (BSA, 1%) was obtained 

from Sigma (St. Louis, Missouri, U. S.) and used for antibody incubation. The 

following antibodies were acquired from Miltenyi Biotech (Germany): γH2AX 

pSer139-APC (130-123-256) and pH3-PE (130-105-700). REA controls (Miltenyi 

Biotech) were included for non-specific antibody binding assessment. 

Etoposide (1.7 μM) and colchicine (0.1 μM), purchased from ChemCruz (Dallas, 

U. S.) and Merck (New Jersey, U. S.), respectively, were used as positive 

controls.

Nanoparticle Synthesis
FeO@Fe₃O₄ nanoparticles were obtained by thermal decomposition of 

organometallic precursors in trioctylamine. Iron(III) acetylacetonate (1 mmol) 

and oleic acid (3 mmol) were dispersed in trioctylamine (15 mL) in a three-

neck round-bottom flask under mechanical stirring. The mixture was heated 

under a nitrogen atmosphere (»3.7 L·min⁻¹) from room temperature to 200 °C, 

with a temperature increase of 5 ± 2 °C·min⁻¹,and from 200 °C to 350 °C, with 

a temperature increase of 18 ± 6 °C·min⁻¹. A water-cooled Allihn condenser 

(see Figure S1) was used throughout. Upon reaching 350 °C, the heating 

mantle was removed, and the reaction was allowed to cool to room 

temperature. The crude product was a homogeneous black dispersion that 

was weakly magnetically responsive. To collect the as-prepared material, the 
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resulting dark solution was treated with toluene and acetone in a 1:1:5 ratio 

in an Erlenmeyer flask to prevent solvent evaporation. A precipitate was 

obtained through magnetic decantation. Subsequently, the as-prepared 

precipitate was subjected to an organic excess removal protocol to obtain the 

labelled non-coated nanoparticles. The precipitate was repeatedly suspended 

in toluene, diluted in acetone, and magnetically precipitated; this cycle was 

performed until no further changes were observed in the FTIR spectra of the 

supernatant or the solid. It should be noted that while this process significantly 

reduces the organic layer to allow for aqueous interaction, trace amounts of 

hydrophobic residues remained on the nanoparticle surface. Samples of pure 

magnetite Fe3O4, used as control, were synthesized through the same route, 

but using different solvent and temperature profile (see Figures S3 and S4), 

as described in the Supplementary Material.

Glucose Coating Procedure
For the glucose coating procedure, non-coated FeO@Fe3O4 nanoparticles were 

suspended through sonication in a glucose-ammonium hydroxide solution at 

a 1:10 (w/v) ratio, which was prepared by dissolving anhydrous glucose in a 

27% ammonium hydroxide solution (glucose mass being 5 times the initial 

nanoparticle weight). The mixture was then kept overnight with mechanical 

agitation. The entire coating process, including subsequent washing steps with 

PBS, was conducted under sterile conditions. Due to the excellent dispersion 

of the nanoparticles in water, recovery of the glucose-coated nanoparticles 

involved diluting the suspension in sterile PBS, centrifuging, and carefully 
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removing the supernatant while the pellet was held immobilized by a magnet. 

This washing process was repeated until a neutral pH was reached. Finally, the 

recovered glucose-coated nanoparticles were resuspended in 1500 μL of 

sterile water. The concentration of the final solution was determined 

gravimetrically by drying a known volume of the suspension at 75 °C and 

weighing the recovered nanoparticles.

Characterization of nanoparticles
Unless otherwise specified, XRD, TEM/SAED/HRTEM, and magnetic 

characterization were performed on the as-synthesized FeO@Fe3O4 

nanoparticles before glucose coating. FTIR, SAXS, EPR, and all biological 

experiments were carried out using the glucose-coated material.

Crystallographic Structure
Structural characterization of the nanoparticles was performed using a Bruker 

D8 Advance powder X-ray diffractometer (Cu Ka, l=0.154 nm) at room 

temperature. Samples were prepared by depositing a concentrated 

MNP/acetone suspension onto a rounded glass substrate and allowing the 

solvent to evaporate completely, forming a tightly adhered dark powder layer.

Nanoparticle Morphology and Size
The morphology and size distribution of the nanoparticles were determined by 

TEM using a Tecnai T20 (Thermofisher) microscope operated at 200 kV and 

room temperature. TEM samples were prepared by applying a droplet of a low-

concentration (translucent) nanoparticle suspension in toluene onto a carbon-

coated copper grid and allowed to dry. A size histogram was obtained from 
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randomly labelled MNPs (using ImageJ 1.54f software), and the mean diameter 

and standard deviation were estimated by fitting a log-normal distribution.

Magnetic Properties
The magnetic properties of the nanoparticles were characterized using a 

S700X Superconducting Quantum Interference Device (SQUID) magnetometer 

(Quantum Design). Field-dependent magnetization (M vs. H) was measured at 

300 K and at 90 K. The exchange bias effect signature was examined after 

cooling the sample from room temperature to 90 K in the presence of a 10 

kOe applied field.

Surface Functionalization
Glucose coating effectiveness was evaluated through ATR-FTIR spectra, 

recorded at a spectral resolution of 4 cm−1 from 500 to 4000 cm−1 with a 

Spectrum Two spectrometer (PerkinElmer). In general, measurements were 

made by applying a droplet of a concentrated nanoparticle suspension in 

toluene or Milli-Q water directly onto the ATR crystal, and spectra were 

recorded as volatile substances evaporated.

Colloidal Properties
Size, polydispersity, and interparticle interactions of the glucose-coated 

nanoparticles in solution were measured using X-ray scattering at both Cu Kα 

and Mo Kα wavelengths on a Xenocs Xeuss 2.0 SAXS instrument. The data 

collected from these two sources were subsequently merged to provide a 

broader Q-range for analysis. The solution was contained in a 1.5 mm diameter 

borosilicate glass tube. Scattering Length Densities (SLDs) for the various 
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components were calculated using the NIST Center for Neutron Research 

(NCNR) scattering length density calculator, specifically for the Cu Kα source. 

These calculations were based on the known bulk densities of 5.41 g cm-3 for 

FeO, 5.17 g cm-3 for Fe3O4, 1.56 g cm-3 for glucose, and 1 g cm-3 for water. 

Data analysis and model fitting were performed using SasView 6.0.1 software.

Given the proximity in Scattering Length Densities (SLDs) of the FeO core 

(44.607×10−6 Å−2) and Fe3O4 shell (40.452×10−6 Å−2), as well as the low 

contrast between the glucose coating (14.170×10−6 Å−2) and the aqueous 

solvent (9.469×10−6 Å−2), the nanoparticles were approximated to 

“homogeneous” spheres with a weighted average SLD of 41.6985×10−6 Å−2, 

based on the phase proportions estimated from XRD (ϕcore ~0.3 and ϕshell 

~0.7). All these SLDs were fixed during the whole fitting analysis. A fit to reveal 

the primary particle contributions was first performed over the Q-range from 

5.040×10−2 to 4.837×10−1 A−1. The distribution of radius from this initial 

result (0.0794(9)) was then fixed during the subsequent analysis, combining 

a sphere form factor and a square-well structure factor.

Free Radicals Detection and Quantification
For EPR, the non-coated FeO@Fe3O4 reference was evaluated only under 

acidic conditions (10 mM acetate buffer, pH 5). Water-condition EPR data are 

reported only for the glucose-coated nanoparticles and the corresponding 

nanoparticle-free control. The generation of DMPO adducts was determined at 

room temperature using an ELEXSYS II-E500 EPR spectrometer equipped with 

an X-band resonant cavity (9.4 GHz). Reaction mixtures for the EPR 
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experiments were prepared by dispersing 20 mL of glucose-coated 

FeO@Fe3O4 MNPs (2 mg/mL) in 20 mL of either a 10 mM pH 5 acetate buffer 

solution or Milli-Q water (for neutral pH conditions). This was followed by the 

addition of 10 mL of a DMPO/water solution (0.167 g/mL). The reaction was 

initiated by the addition of 2 mL of H2O2 30% (0.49 M). The solution was 

contained in a 1 mm diameter Q-band quartz tube. EPR spectra of each 

solution were recorded simultaneously with an MgO pattern crystal doped with 

a known concentration of Mn2+ attached to the tube, which served as an 

internal standard for DMPO adduct quantification. All spectra were processed 

using the Spin Fit software from Bruker. The baseline for each spectrum was 

computed with a 3rd-degree polynomial and then subtracted. Subsequently, 

the resonance lines were fitted using the hyperfine parameters of the 

identified components. The concentrations of DMPO adducts were then 

determined by comparing the fitted EPR spectrum area of each species with 

the area of the MgO/Mn2+ standard. For EPR, the non-coated FeO@Fe3O4 

reference was evaluated only under acidic conditions (10 mM acetate buffer, 

pH 5). Water-condition EPR data are reported only for the glucose-coated 

nanoparticles and the corresponding nanoparticle-free control. In addition, the 

Fe3O4 control experiments (Figure S7 in Supplementary Material) were 

performed under the same spin-trapping EPR conditions used for FeO@Fe3O4, 

including the corresponding non-coated and glucose-coated Fe3O4 samples.
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Assessment of (geno)toxicity in vitro
Cell Cultivation
The in vitro model of choice in our study was a 3D cell model (spheroids) 

derived from the human hepatocellular carcinoma cell line (HepG2) (ATCC HB-

8065™, Manassas, VA, USA). Cells were grown in MEM medium supplemented 

with 10% FBS and 1 mM sodium pyruvate, 2 mM L-glutamine, 100 IU/mL 

penicillin/streptomycin, and NEAA, at 37 °C in a humidified atmosphere with 

5% CO2.

Spheroid Preparation
The spheroids were prepared using the force floating method as described by 

Štampar et al. 17. Cell passages up to 13 were used. In brief, cells were seeded 

at a density of 3,000 cells per well into 96-well U-bottom plates (Corning Costar 

Corporation, New York, USA) using complete growth medium supplemented 

with 4% methylcellulose. The plates were centrifuged at 900 × g for 90 

minutes to promote spheroid formation. The resulting spheroids were then 

incubated for 72 hours at 37 °C in a humidified atmosphere with 5% CO₂ to 

allow for maturation before experimentation.

Spheroids were exposed to FeO@Fe3O4 MNPs at concentrations ranging from 

0.01 to 200 μg/mL, corresponding to 0.004 to 80 μg/cm². These concentrations 

refer to the mass of the whole MNPs. The range was selected based on the 

OECD Study Report and Preliminary Guidance on the Adaptation of the In Vitro 

Micronucleus Assay (OECD TG 487) for Testing of Manufactured Nanomaterials 

(September 2022).18 Concentrations were calculated per surface area rather 
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than volume, as the tested FeO@Fe3O4 MNPs tend to settle onto the surface 

of the cells when in suspension.

Nanoparticle interaction with the cells in the spheroids – TEM
The study of the MNP’s penetration into the 3D architecture of HepG2 

spheroids was undertaken through a systematic analysis of sequential 

transmission electron microscopy (TEM) images along the cross section of the 

spheroids. After spheroids generated as described above and incubated with 

a MNPs concentration of 50 µg/mL were harvested, gently rinsed with 

phosphate-buffered saline (PBS, pH 7.4) to remove non-associated MNPs. The 

rinsed spheroids were chemically fixed in 2% glutaraldehyde in 0.1 M 

phosphate buffer (PB, pH 7.2) for 2 h at room temperature, followed by fixation 

in 1.5% glutaraldehyde in 0.05 M PB at 4 °C overnight. Samples were post-

fixed with 1% osmium tetroxide for 1 h at room temperature, dehydrated 

through a graded ethanol series (30%, 50%, 70%, 90%, and 100%), and 

infiltrated with epoxy resin. For cross-sectional imaging, resin blocks were 

polymerized at 60 °C for 48 h, and ultrathin sections (~70 nm) were cut using 

an ultramicrotome. Sections were collected on copper grids and contrasted 

with 2% aqueous uranyl acetate and lead citrate. TEM imaging was carried out 

on a Tecnai T20 microscope (Thermo Fisher Scientific, USA) operating at 200 

kV. For each condition at least three spheroids were analyzed. In addition, for 

one representative spheroid, a continuous linear montage was acquired across 

the section by collecting consecutive adjacent fields from one outer edge to 

the opposite border and stitching the images into a single composite.
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Oxidative stress induction – MDA Assay
To check the degree of oxidative stress produced by the FeO@Fe3O4 MNPs, 

malondialdehyde (MDA) was used as a marker of lipid peroxidation. For this 

purpose, the Lipid Peroxidation (MDA) Assay Kit (Abcam, Cambridge, UK) was 

used. This kit measures lipid peroxidation by detecting MDA, which reacts with 

thiobarbituric acid (TBA) to form a colorimetric/fluorometric product, with 

intensity proportional to the MDA concentration in the sample. HepG2 

spheroids were exposed to graded concentrations of FeO@Fe3O4 MNPs (2-20 

µg/cm2) for 4 and 24 hours. Evaluated concentrations were determined based 

on the results of the cell viability assay in a way that the highest tested 

concentration did not decrease cell viability by more than 25-30%. At each 

time point, spheroids were collected, rinsed with 1×PBS, and homogenized in 

MDA Lysis Buffer supplemented with BHT. The homogenates were centrifuged 

at 13,000 × g for 10 minutes, and the resulting supernatant was transferred 

to microcentrifuge tubes containing the TBA solution, prepared according to 

the manufacturer's instructions. Samples were then incubated at 95 °C for 60 

minutes, followed by a 10-minute cooling period in an ice bath. Absorbance at 

532 nm was measured using the BioTek Cytation 5 Cell Imaging Multimode 

Reader (Agilent, Santa Clara, USA). Each experimental condition was tested in 

triplicate, and the experiment was independently repeated three times. 

Negative (cell medium), solvent (up to 3% Milli-Q water), and positive (1 mM 

tBOOH) controls were included in all assays.
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Cytotoxicity – measurement of the ATP content
The cytotoxicity of FeO@Fe3O4 MNPs was assessed using the CellTiter-Glo® 

Luminescent Cell Viability Assay. This homogeneous method quantifies ATP 

levels as an indicator of metabolically active, viable cells. HepG2 spheroids 

were exposed to varying concentrations of FeO@Fe3O4 MNPs (0.004–80 

µg/cm2) for 24 and 96 hours. The assay was carried out according to the 

manufacturer’s instructions with slight modifications. Briefly, spheroids in 50 

µL of culture medium were transferred to a white opaque 96-well plate, 

followed by the addition of 50 µL of CellTiter-Glo® reagent per well. The 

contents were mixed by pipetting to ensure complete cell lysis within the 

spheroids, and the plate was incubated for 20 minutes at room temperature. 

Luminescence was then measured using a luminometer (Synergy MX, BioTek, 

Winooski, VT, USA). Experiments were conducted in five replicates for each 

condition and repeated independently three times to ensure reproducibility. A 

negative (cell medium), a solvent (up to 3% Milli-Q water), and a positive 

control (15% DMSO), were included in the experiments. Significant differences 

in cell viability between exposed cells and the solvent control group (non-

exposed cells) were analyzed using a One-Way Analysis of Variance (ANOVA) 

and Dunn’s multiple comparison test in GraphPad Prism 10 (GraphPad 

Software, San Diego, CA, USA).

The Alkaline Comet Assay
DNA damage following exposure to FeO@Fe3O4 MNPs was assessed using the 

alkaline comet assay. HepG2 spheroids were exposed to graded non-cytotoxic 
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concentrations of MNPs (0.004–10 µg/cm2) for 24 and 96 hours. After each 

exposure period, spheroids were dissociated into single-cell suspensions. 

Namely, spheroids were collected and washed with 1× PBS, then incubated 

with a mixture of collagenase , MEM, and TrypLE for 10 min (37 °C, 5% CO2). 

Following enzymatic treatment, spheroids were further dissociated by gentle 

pipetting. Enzymatic activity was subsequently quenched by the addition of 

complete cell culture medium. The comet assay was performed according to 

the protocol described by Štampar et al.17 and the conditions are detailed in 

Table S3 of the Supplementary Material. Slides were stained with GelRed 

nucleic acid stain (Biotium, USA) following the manufacturer’s instructions, 

and comet scoring was carried out using a fluorescence microscope and 

Comet Assay IV software (Instem, Philadelphia, USA). Controls included 

negative control (cell culture medium), solvent control (up to 3% Milli-Q water), 

and positive controls (30 µM and 5 µM benzo[a]pyrene for 24 and 96-hour 

exposures, respectively). Each experiment was independently repeated three 

times, with 50 nuclei analyzed per experimental point. Statistical analysis was 

conducted in GraphPad Prism 10 using the Kruskal–Wallis nonparametric test, 

followed by Dunn’s multiple comparison test to evaluate differences in tail 

DNA percentage between groups.

Analysis of γH2AX and p-H3 positive cells by flow cytometry
To further evaluate the potential genotoxic effects of FeO@Fe3O4 MNPs, 

phosphorylation of two histones – H2AX and H3 – was examined by flow 

cytometry. Phosphorylated histone H2Ax, forming γH2Ax, is a marker of 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



double-strand breaks (DSBs),19 while phosphorylation of H3 (pH3) reflects 

mitotic cells and is a marker for exposure to aneugenes.20 Three-day-old 

HepG2 spheroids were exposed to graded non-cytotoxic concentrations of 

MNPs (0.04–20 μg/cm2) for 24 and 96 hours, after which they were dissociated 

into single-cell suspensions. The cells were washed twice with 1×PBS, fixed in 

4% paraformaldehyde (PFA), and stored at 4 °C. Before analysis, cells were 

washed again with 1×PBS and incubated for 30 minutes in 1% BSA containing 

antibodies against γH2AX pSer139-APC (130-123-256) and pH3-PE (130-105-

700), diluted 1:50. REA controls were included to account for non-specific 

antibody binding.

Etoposide (1.7 µM) and colchicine (0.1 µM) were used as positive controls, 

while fixed cells in complete growth medium and medium containing up to 3% 

Milli-Q water served as negative and solvent controls, respectively. The 

experiment was repeated three times independently. Samples were analyzed 

on a MACSQuant Analyzer 10 flow cytometer using MACSQuantify™ (Miltenyi 

Biotech, Germany) and FlowJo V10 (Becton Dickinson, New Jersey, USA). 

Statistical analysis was conducted using GraphPad Prism 10.

Results and Discussion
The FeO@Fe3O4 MNPs investigated here were intentionally engineered as 

redox-active, magnetically actable nano-reactors in which controlled ROS 

fluxes are desirable (e.g., as “oxidative nanomedicine” effectors). The FeO 

(Fe2+-rich) core coupled to a Fe3O4 shell was selected to combine a local 

reservoir of Fe²⁺/Fe³⁺ redox pairs that can sustain Fenton-like cycling in the 
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presence of different substrates. In parallel, the glucose coating was intended 

to deliberately probe whether a simple, biogenic ligand can tune the radical 

pathway (shifting the balance away from highly reactive •OH). Because these 

design choices target eventual biological use, as a first step in their potential 

applications we established both their physicochemical performance in ROS 

generation by EPR and also whether the resulting constructs operate within a 

safe biological window. The X-ray diffraction (XRD) pattern of the synthesized 

nanoparticles showed two distinct phases of iron oxides, wüstite (FeO, space 

group Fm3m) and magnetite (Fe3O4, space group Fd3m). Relative amounts of 

phases were 27% and 73% and estimated grain sizes of ∼6.9 nm and ∼2.4 

nm, for FeO and Fe3O4, respectively. A quantitative refinement of these phases 

by the Rietveld method (Figure 1) was done using two models. In the first, no 

coupling between the phases was considered, and the lattice parameter of 

FeO (4.2079 Å) was found to be half of the lattice parameter of Fe3O4 (8.4050 

Å). A second approach, with a coupling between the phases introduced in the 

refinement, yielded a shared microstrain parameter of ∼0.25% (see Table S1 

in Supplementary Material). These results indicate that the FeO@Fe3O4 MNPs 

are composed of two coupled phases, with Fe3O4 governing the overall 

crystalline framework, as inferred from the bulk lattice parameter (8.3941 

Å).21 The structural predominance of Fe3O4 results in a lattice distortion of the 

FeO component, whose parameter departs by 2.3% from the bulk value (4.301 

Å).22,23
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Figure 1. X-ray diffraction (XRD) pattern of synthesized FeO@Fe3O4 nanoparticles. The raw experimental 
data is shown in black. The Rietveld refinement fits for the wüstite (FeO)* and magnetite (Fe3O4) phases 
are displayed in blue and green, respectively. The red line represents the combined Rietveld fit of both 
phases, showing its agreement with the raw data.

Bright field TEM micrographs (Figure 2a) allowed for the determination of the 

morphology and size distribution of the synthesized MNPs. The size histogram, 

fitted with a log-normal function, yielded a mean diameter ⟨d⟩=9.6(5) nm; 

thus, the system can be considered as monodisperse (σ<10%). The 

determined value was consistent with the grain size estimated by Rietveld 

refinement when considering biphasic nanoparticles.

Electron diffraction patterns (Figure 2b) revealed rings indexed to an Fm3m 

structure, characterized of the FeO phase.24 While the {111} reflections of the 

Fd3m structure (Fe3O4) identified in X-ray data25 were not distinctly resolved 

in the selected area electron diffraction (SAED) patterns due to overlapping 

interplanar distances and the phase coupling suggested by Rietveld 

refinement, HRTEM provide two representative conditions to resolve the 

heterostructure: i) The core oriented in a Bragg condition (Figure 2c-d) 

displayed lattice fringes (2.4 Å) corresponding to the (111) planes of FeO, while 

the shell remained off-Bragg, allowing for an estimation of the core radius 

(~2.7 nm) and shell thickness (~2.7 nm) for an individual nanoparticle. In 
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contrast, oriented shell (Fe3O4) into Bragg condition (Figure 2e-f), lattice 

fringes (2.9 Å) corresponding to the (220) planes were resolved. These local 

structural observations confirmed the core-shell architecture, which is further 

validated by the magnetic exchange bias effect (Figure S2), a characteristic 

fingerprint of the ferrimagnetic-antiferromagnetic coupling at the Fe3O4/FeO 

interface.

Figure 2. 
Transmission electron microscopy (TEM) characterization of synthesized FeO@Fe3O4 nanoparticles. 
Panel a: Bright-field TEM micrograph; the inset shows the size distribution histogram with a log-normal 
fit (9.6(5) nm). Panel B: Selected area electron diffraction (SAED) pattern with rings indexed to the Fm3m 
(FeO) and Fd3m (Fe3O4) phases. Panel c-d: HRTEM image (c) and corresponding FFT (d) of a single 
nanoparticle with core in Bragg condition, while the shell remains off-Bragg. Panel (e-f) HRTEM image 
(e) and corresponding FFT of a nanoparticle with the shell in Bragg condition (core off-Bragg).
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Nanoparticle Coating

The presence of a glucose coating on the FeO@Fe3O4 MNPs after 

functionalization was assessed through Fourier Transform Infrared (FTIR) 

spectroscopy (Figure 3). The spectrum of the ‘naked’, non-coated MNPs taken 

for comparative purposes showed the characteristic C-H stretching vibrations 

at 2921 cm−1 and 2852 cm−1, alongside a prominent 1538 cm−1 band 

indicative of surface-bound carboxylate from oleic acid,26,27 as expected from 

the synthesis route. For the glucose-coated MNPs, the strong absorption band 

at 1012 cm−1 (C-O stretching) was evident, closely matching the 

corresponding band of pure glucose. This strong correlation of both spectra 

confirmed the attachment of glucose to the nanoparticle surface with good 

efficiency. Also, the C-H stretching vibrations in the 2900 cm−1 region could 

still be observed, probably associated with the glucose coating as evidenced 

by their similarity to the pure glucose spectrum. Moreover, the functionalized 

MNPs exhibited those additional absorption bands characteristic of glucose, 

including a very broad O-H stretching band centered around 3280 cm−1 and 

broader C-H stretching vibrations at 2923 cm−1 and 2854 cm−1.27 The broad 

absorption bands below 600 cm−1 could be assigned to the Fe-O stretching 

vibrations of the MNPs cores.28
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Figure 3. Fourier Transform Infrared (FTIR) spectra comparing non-coated and glucose-coated 
FeO@Fe3O4 nanoparticles. The non-coated FeO@Fe3O4 nanoparticles (black line) and after glucose 
coating (red line) were normalized to 2921 cm-1 C-H asymmetric stretching peak. The dark green and 
blue dashed lines provide a reference spectrum of the as-prepared nanoparticles and pure hydrated 
glucose. The "non-coated" designation refers to particles that have undergone a cleaning procedure to 
remove the organic surfactant from "as-prepared" nanoparticles.

Colloidal Properties
The size, polydispersity, and interparticle interactions of the glucose-coated 

FeO@Fe3O4 nanoparticles in solution were studied through Small-Angle X-ray 

Scattering (SAXS) (Figure S5). The fitting results yielded a mean radius 

〈d〉=5.957(4) nm and polydispersity s=0.0794(9) when considering only a 

sphere form factor. Both parameters are consistent with the TEM-derived 

FeO@Fe3O4 mean diameter and polydispersity (σ<10%), suggesting a glucose 

shell thickness of about ∼1.2 nm. However, the initial approach failed in the 

high-Q region, and fitting the full Q-range with many free parameters 

introduced strong correlations. Fixing the polydispersity from the sphere form-

factor fit and using a square-well structure factor (parameters summarized in 

Table S2 of Supplementary Material) markedly improved the full-range fit, 

yielding a mean radius of 6.031(3) nm, still consistent with TEM and the initial 
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SAXS estimate. The resulting parameters also indicated an attractive 

interparticle interaction among the glucose-coated nanoparticles in solution, 

with well-width parameters, suggesting that this attraction extends for 

approximately 60% of the particle's radius beyond its surface.

EPR Evidence for Fenton-Like Radical Pathways

Spin-trapping EPR spectroscopy was performed to identify reactive oxygen 

species generated by glucose-coated FeO@Fe3O4 nanoparticles at pH 5 and in 

water, and by non-coated FeO@Fe3O4 nanoparticles at pH 5 (Figure S6 in the 

Supplementary Material). In the blank control (i.e., without nanoparticles), low 

concentrations of •OH radicals were observed, with negligible •OOH radicals 

(Figure 4B). As expected for Fenton-like reactions mediated by the Fe2+ ion, 

the non-coated nanoparticles led to a significant increase in •OH radical 

concentration, approaching 15 pM after 60 min.
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Figure 4. A: EPR spectrum (black line) of DMPO-adducts after exposure of the nanoparticles to H2O2 in 
water. The raw data is fitted (red line) to contributions from hydroxyl radicals (DMPO-•OH, green area) 
and hydroperoxyl radicals (DMPO-•OOH, violet area). A Mn2+ standard (blue area) is included for DMPO-
adducts' quantification. The estimated concentration of hydroxyl and hydroperoxyl radicals as a function 
of time in the control (i.e., without nanoparticles) (B), and the time-dependent radical generation in 
nanoparticle-containing samples (C).

In contrast, the glucose-coated nanoparticles significantly suppressed the 

generation of •OH radicals (below 5 pM) and instead led to a sustained 

increase in the concentration of •OOH radicals (Figure 4C), reaching a peak of 

approximately 55 pM before slowly decaying over 60 min. These results 

suggest that the glucose coating is actively influencing the radical generation 

mechanism by acting as a scavenger of the highly reactive •OH radicals, 

promoting a dominant pathway towards the generation of •OOH species. For 

comparison, pure Fe₃O₄ nanoparticles of similar size and synthesis origin 

exhibit a predominant production of •OH radicals in their non-coated state 

(Figure S7 in the Supplementary Material); however, upon glucose coating, the 

radical output shirts toward •OOH, while maintaining the characteristic 

kinetics decay of magnetite.
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The above data indicate that FeO@Fe3O4 MNPs are controllable oxidative 

nano-reactors. The coupled FeO/Fe3O4 biphasic architecture provides 

accessible Fe²⁺/Fe³⁺ redox couples required for peroxide activation, whereas 

glucose functionalization strongly attenuates •OH and shifts the radical output 

toward •OOH. This effect may arise from ligand-mediated scavenging of 

surface-bound •OH and/or from a reduction in interfacial Fe-site accessibility, 

as commonly reported for coated iron-oxide nanozymes. This rerouting of 

radical speciation is relevant for biomedical use because •OH is highly reactive 

and diffusion-limited, whereas •OOH/•O₂⁻ participates in longer-lived redox 

cycles. Moreover, the modest DMPO-adduct levels observed under our assay 

conditions are consistent with catalytic activity being retained while the most 

damaging radical channel is suppressed, in the absence of detectable lipid 

peroxidation and genotoxicity under the tested conditions.

Although the present study examined only glucose as the surface ligand, the 

rerouting of radical speciation is not expected to be unique to this molecule. 

In the case of glucose, the literature suggests that carbohydrate oxidation is 

promoted by •OH generated at Fe2+ sites, and that this oxidation is strongly 

reduced by the addition of •OH radical scavengers or Fe2+-chelating agents.29 

This process involves the formation of a glucose peroxyl radical intermediate, 

which can subsequently release •OOH radicals into the solution30. More 

generally, surface ligands can alter peroxide access to Fe sites, modulate 

interfacial electron transfer, and scavenge short-lived radicals, thereby 

shifting the relative •OH/•OOH output. In this context, other coordinating or 
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hydrophilic ligands, such as carboxylates or polysaccharides, may also modify 

the radical pathway, although the direction and magnitude of the effect will 

depend on ligand binding strength, surface density, and redox activity. For 

instance, it has been reported that organic acids or alcohol groups can produce 

carbon-centered radicals in presence of •OH generated from Fe2+ sites.31 Our 

data therefore support a ligand-dependent, rather than glucose-exclusive, 

control of radical speciation; systematic comparison among ligands lies 

beyond the scope of the present work.

Safety evaluation of FeO@Fe3O4 nanoparticles
Nanoparticle interaction with Spheroids
The MNP penetration’s profile into 3D spheroids was assessed through a 

reconstruction from a sequential ~35–40 TEM images acquired along the 

spheroid cross-section was performed. A high-magnification reconstruction of 

an untreated control spheroid is provided in Figure S9 of the supplementary 

material to serve as a baseline for the intact spheroid architecture. Following 

24-hour exposure to glucose-coated FeO@Fe₃O₄ MNPs, a low-magnification 

cross-section (~120 µm) of the exposed spheroid showed a clear preferential 

accumulation of NP clusters at the spheroid rim (Figure 5, upper panel). 

Higher-magnification images were then analyzed qualitatively to identify 

localization patterns in the examined sections. A major fraction of the MNPs 

was found forming clusters at the spheroid surface, consistent with the 

densely packed rim acting as a barrier to penetration (Figure 5d). However, 

also transcellular uptake with morphological alterations in the periphery was 
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observed (Figure 5a) and, within this region, MNPs were found confined to 

membrane-bound vesicles (endosomes), consistent with endocytosis. A main 

fraction of the internalized MNPs were detected distributed at 7-10 µm depth 

from the rim, defining the initial penetration zone. Deeper inside penetration 

was scarce (Figure 5b,c): few MNPs were observed at ≈10-15 µm (Figure 5c) 

and exceptionally at »30-35 µm (Figure 5b) from the rim. In Figure 5c, MNPs 

lie in intercellular spaces, indicative of paracellular transport, whereas in 

Figure 5b they appear in the cytosol without visible endosomal membranes, 

suggesting either non-endocytic entry or post-endocytic endosomal escape. 

The deepest penetration co-localizes with regions showing greater 

morphological damage, suggesting an association between MNP exposure and 

compromised cellular integrity.

From this single-spheroid dataset, we identify three modes of NP localization: 

(i) adsorption at the spheroid surface (rim), (ii) presence in intercellular clefts 

consistent with paracellular transport, and (iii) intracellular localization via 

transcellular uptake, the latter resolved into endosome-confined and cytosolic 

populations. The images also showed penetration to defined depths and a 

spatial co-occurrence between deeper NP presence and increased peripheral 

morphological damage, suggesting a possible association of these two effects. 

Considered together with the NP surface chemistry, the data are compatible 

with the hydrophilic glucose shell favoring interaction with the spheroid 

periphery and allowing both intercellular and intracellular localization. These 

TEM observations are qualitative and limited to the analyzed sections under a 
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single exposure condition; they describe localization patterns and penetration 

depths, but do not quantify the amount of nanoparticles internalized within 

spheroids or establish uptake efficiency at the population level. Although MNPs 

appear as clusters (consistent with SAXS indications of attractive interparticle 

interactions), the glucose coating likely reduces nonspecific protein fouling 

that would otherwise promote larger, immobilizing aggregates.32
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Figure 5. Transmission electron microscopy (TEM) images showing the qualitative localization of glucose-
coated FeO@Fe3O4 nanoparticles across HepG2 spheroid cross-sections after 24 h exposure. The top 
panel provides a panoramic overview of the spheroid cross-section, with blue arrows indicating the 
outward-to-inward direction of MNP uptake. Panels a–d show higher-magnification regions in which 
nanoparticles were observed. Nanoparticles are highlighted by red dashed circles (a), red arrows (b, c), 
and red dashed lines (d).
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Cyto and Genotoxiciy of the FeO@Fe3O4 nanoparticles

Potential adverse effects (cyto and genotoxicity) of FeO@Fe3O4 MNPs were 

evaluated using an advanced human hepatic in vitro model, HepG2 spheroids 

(Figure S8), which offers a compelling alternative to traditional monolayer 

cultures by enhancing cell–cell interactions and better preserving liver-specific 

functions, such as the expression of metabolic enzymes. As a result, it more 

closely mimics in vivo hepatic conditions.33 Furthermore, the HepG2 cell line 

is widely used as an in vitro model for toxicological studies due to its 

expression of the wild-type p53 tumor suppressor protein and its retained 

activity of various xenobiotic-metabolizing enzymes.34

The cytotoxicity of the tested FeO@Fe3O4 MNPs was assessed using the 

CellTiter-Glo Assay. As shown in Figure 6, cell viability decreased in a dose- 

and time-dependent manner following 24 and 96 hours of exposure. Notably, 

after 96 hours, a more pronounced cytotoxic effect was observed even at 

lower concentrations, indicating increased sensitivity with prolonged 

exposure. Furthermore, after 24 hours of exposure, an IC50 value was 29.3 

μg/cm², while after 96 hours the IC50 value decreased to approximately 10.8 

μg/cm².
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Figure 6. Cytotoxicity of glucose-coated FeO@Fe3O4 MNPs for HepG2 spheroids. Cell viability was 
measured by using the CellTiter-Glo assay. The panels show cell viability after 24- and 96-hour exposure 
to graded concentrations of the nanoparticles (0.2 to 80 µg/cm2 and 0.02 to 40 µg/cm2, respectively). 
Data is presented relative to the vehicle control (VC; up to 3% Milli-Q water in cell media). NC – cell 
culture media, PC - 15% DMSO. **** denotes statistically significant difference between the vehicle 
control and MNPs exposed cells, ANOVA; Dunnett's Multiple Comparison test, ***P < 0.001, ****P < 
0.0001).

The surfaces of iron oxide nanoparticles are known to be capable of 

catalytically generating reactive oxygen species (ROS) through the Fenton and 

Haber-Weiss reactions,35 consequently leading to oxidative stress.36 Physico-

chemical characterization of FeO@Fe3O4 MNPs showed that the tested 

nanoparticles are capable of free radical generation, which may react with 

different cellular macromolecules, such as DNA, cell membranes or proteins, 

eventually leading to different pathological and toxicological processes.37 In 

our study, malondialdehyde (MDA) was measured as a marker of lipid 

peroxidation, since it is one of the most frequently used biomarkers of 

oxidative stress.38 The results (Figure 7) showed no significant increase in MDA 

formation in a concentration range up to 20 µg/cm2 at 4 or 24 hours of 

exposure. Tested concentrations were determined based on the results of the 

cell viability assay in a way that the highest tested concentration did not 

decrease cell viability by more than 25-30 %.
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Figure 7. MDA formation after exposure to glucose-coated FeO@Fe3O4 MNPs in HepG2 spheroids. MDA 
was measured by the Lipid Peroxidation (MDA) Assay Kit. The panels show MDA levels after a 4- and 24-
hour exposure to graded concentrations of the nanoparticles (from 2 to 20 µg/cm2). The results are 
expressed as the normalized values to vehicle control (VC; up to 3% Milli-Q water in cell media), marked 
as a dotted line. NC is the negative control (media), and PC is the positive control (1 mM tert-Butyl 
hydroperoxide; tBOOH, 4 h). A statistically significant difference (ANOVA and Dunnett's post-test) 
between MNPs-exposed cells and the VC is indicated by ****P < 0.0001.

Potential DNA damage at the level of individual cells was evaluated using 

single-cell gel electrophoresis (SCGE), commonly known as the comet assay. 

This assay is capable of detecting various forms of DNA damage, including 

single- and double-strand breaks (SSBs and DSBs), alkali-labile sites such as 

apurinic/apyrimidinic (AP) sites, DNA-DNA and DNA-protein cross-links, 

oxidized and alkylated bases, UV-induced cyclobutane pyrimidine dimers, and 

certain chemically induced DNA adducts.39,40 Furthermore, it can detect 

transient SSBs that appear during DNA damage repair.41 Exposure of HepG2 

spheroids to graded concentrations of FeO@Fe3O4 MNPs (up to 10 µg/cm2) 

resulted in no significant increase in DNA damage, as shown in Figure 8.
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Figure 8. Potential DNA damage induction by glucose-coated FeO@Fe3O4 MNPs in HepG2 spheroids. DNA 
damage was assessed by using the comet assay, measuring the percentage of DNA in the comet tail. 
The panels show results after 24- and 96-hour exposure to graded concentrations of the nanoparticles 
(0.04 to 10 µg/cm2 and 0.004 to 0.4 µg/cm2, respectively). Data are presented as quantile box plots. The 
edges of the box represent the 25th and 75th percentiles, the median is a solid line through the box, 
and the error bars represent 95% confidence intervals. PC is the positive control (30 μM and 5 µM BaP 
for 24 and 96 h, respectively). A statistically significant difference (Kruskal-Wallis and Dunn's post-test) 
between MNPs-exposed cells and the vehicle control (VC; up to 3% Milli-Q water in cell media) is 
indicated by ****P < 0.0001.

To verify that the tested FeO@Fe3O4 MNPs do not induce DNA DSB or exhibit 

aneugenic activity, further evaluation was performed using 

immunofluorescent labelling of the DSB biomarker gH2AX and the 

aneugenicity marker phospho-histone H3 (p-H3), followed by flow cytometric 

analysis.

DNA DSBs trigger the rapid phosphorylation of histone H2AX, a component of 

the nucleosomal histone octamer. The phosphorylated form, gH2AX, 

accumulates at DSB sites, forming nuclear foci that correlates directly with the 

extent of DNA damage. This makes gH2AX a well-established biomarker for 

DSB induction and clastogenic activity.42 Similarly, histone H3 becomes 

phosphorylated during mitosis to facilitate chromosome condensation and 

segregation. Since aneugenic compounds can induce this phosphorylation, p-

H3 serves as a reliable biomarker for mitotic activity and aneugenic effects.43
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Analysis of the induction of DNA DSBs and p-H3-positive events after exposure 

to the tested FeO@Fe3O4 MNPs confirmed that none of them induced the 

formation of DSBs (Figure 9A), nor increased the percentage of p-H3-positive 

events (Figure 9B), at any of the concentrations tested.

Figure 9. Potential induction of DNA double-strand breaks (DSBs) and p-H3 positive events by glucose-
coated FeO@Fe3O4 MNPs in HepG2 spheroids. A) The fluorescence intensity of γH2AX was measured in 
individual cells by flow cytometry and normalized to the vehicle control (VC; up to 3% Milli-Q water in 
cell culture media), represented by dotted line. Cells were exposed to increasing concentrations of the 
nanoparticles for 24 hours (up to 20 μg/cm²) and 96 hours (up to 2 μg/cm²). Etoposide (1.7 µM) served 
as a positive control (PC). Statistically significant differences between MNPs–treated cells and the VC 
were determined using ANOVA, followed by Dunnett’s post-test and are indicated as ****P < 0.0001. B) 
The average percentage of p-H3–positive events, indicative of mitotic activity, was also determined by 
flow cytometry following exposure to graded concentrations of the nanoparticles for 24 hours (up to 20 
μg/cm²) and 96 hours (up to 2 μg/cm²). Colchicine (0.1 µM) was used as a positive control. Significant 
differences compared to the VC (up to 3% Milli-Q water in cell media) were identified by ANOVA and 
Dunnett’s post-test and are marked as ****P < 0.0001.

The above description shows that the limited penetration depth observed for 

the FeO@Fe₃O₄ MNPs could be connected to the low genotoxicity observed.44 

Namely, the average spheroid diameter of ~320 µm (Figure S8) implies a 
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medium spheroid volume of ~1.7×107 µm3. A very approximate estimation 

yields a number of ~2.6×104 cells/spheroid. The penetration depth observed 

from TEM of 7-10 mm implies that the volume of the rim accessible to 

nanoparticles is ≈7-9×105 mm3, i.e., ≈3-5×103 cells in the rim, which 

represents 12-17 %of the total spheroid volume. Thus, the majority of cells 

within the spheroid remain physically separated from the nanoparticles and 

are not directly exposed to them. It is known that, once nanoparticles are 

internalized through endocytic pathways, they can be transported through the 

endolysosomal network within membrane-bound vesicles by motor proteins 

and cytoskeletal elements.45 This vesicular sequestration likely acts as a 

protective mechanism for the cell’s core structures, limiting the nanoparticles’ 

access to sensitive targets such as nuclear DNA. To reach cytoplasmic or 

nuclear components, nanoparticles must first escape the endolysosomal 

compartment; only then can they directly interact with genomic DNA.46,47

On the other hand, despite the low penetration observed, FeO@Fe3O4 MNPs 

exhibited dose- and time-dependent cytotoxicity. In general, several 

mechanisms may underline the cytotoxicity induced by iron-based 

nanoparticles. Extracellularly, iron-based nanoparticles can generate ROS that 

mechanically disrupt the plasma membrane by creating nanoscale pores, or 

bind to membrane proteins such as NADPH oxidase, Ca²⁺ channels, and 

various receptors. These interactions can trigger oxidative signaling pathways, 

elevate intracellular Ca²⁺ levels, and activate downstream second-messenger 

cascades. Additional intracellular mechanisms may include ROS generation 
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following internalization of those nanoparticles, lysosomal destabilization, 

disruption of the cytoskeleton through direct interactions with structural 

proteins, and the induction of protein conformational changes.48 Nevertheless, 

once internalized, nanoparticles may interfere with mitochondrial metabolism, 

leading to impaired ATP production and activation of apoptotic pathways.49–51 

Since internalization of tested nanoparticles was limited in the present study, 

cytotoxicity may instead arise from the release of ions from these 

nanoparticles,52 especially since no increase in MDA levels and no DNA 

damage was detected. Namely, ions released from MNPs and consequently 

iron overload could interfere with mitochondrial iron homeostasis53 and 

electron transport, impairing energy metabolism and leading to metabolic 

failure before the onset of widespread lipid peroxidation.54,55 Such 

mitochondrial impairment may represent an early event in iron-dependent cell 

death pathways, such as ferroptosis, which can be initiated by iron 

dysregulation and localized redox imbalance before detectable changes in 

oxidative stress markers, such as MDA.56

While a complete determination of the exact mechanisms underlying the 

observed cytotoxicity is beyond the scope of this work, we would like to 

emphasize that, although certain aspects of nanoparticle toxicity can be 

reasonably predicted using in vitro assays, it remains challenging to determine 

whether the detected cytotoxic responses are truly indicative of clinically 

relevant effects. The absence of genotoxic activity observed in our system is 

a fundamental step since genotoxicity poses a major barrier to clinical 
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translation. Still, the dose- and time-dependent cytotoxicity observed 

highlights the need to carefully assess exposure limits and underscores the 

importance of balancing therapeutic benefit with potential off-target effects.

Moreover, the absence of detectable genotoxicity, despite the radical-

generating capacity demonstrated by EPR, can be discussed in light of the 

observed TEM localization patterns. In the analyzed sections, MNPs were 

predominantly found at the spheroid periphery and frequently within 

membrane-bound vesicles, which may reduce direct access to nuclear DNA. 

Sparse cytosolic events were also observed, but the present data do not allow 

inference about their downstream intracellular consequences. Accordingly, 

the TEM observations provide a plausible qualitative explanation for the lack 

of genotoxicity, although they cannot be considered conclusive regarding the 

intracellular origin of the ATP decline or on localized oxidative processes within 

specific compartments.

Conclusions
The present work showed that FeO@Fe₃O₄ core–shell MNPs with a glucose 

coating displayed sustained redox activity, while their hydrophilic coating 

nature enabled penetration through intercellular spaces and cellular uptake. 

A tightly coupled biphasic lattice (27% FeO / 73% Fe₃O₄) architecture 

selectively catalyzed hydroperoxyl formation (>50 pM •OOH in 10 min) under 

near-physiological conditions, outpacing hydroxyl production. These MNPs 

produced a dose- and time-dependent cytotoxicity (IC₅₀ ≈10.8 µg/cm², 96 h) 
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without significant lipid peroxidation in HepG2 spheroids. Cross-sectional 

spheroid images analyzed by TEM showed that MNPs were able to penetrate 

to ≈10–15 mm, therefore delineating an essentially one-cell-thick peripheral 

rim where most MNPs accumulated, with only sparse particles deeper in the 

tissue (up to ~30 mm from the spheroid surface). This internalization behavior 

provides a plausible explanation for the absence of genotoxicity by protecting 

the cell’s core structures from direct damage. The lack of lipid peroxidation 

indicates no severe oxidative stress after exposure to the MNPs. This suggests 

that the cytotoxicity, observed as an ATP decline, originated from a different 

mechanism. Although the present data do not establish the underlying 

intracellular pathway, they are compatible with mitochondrial dysfunction. Our 

results suggest a clear structure–activity relationship: the redox-active Fe2+ in 

FeO@Fe₃O₄ modulates Fenton-like catalysis, and the glucose coating governs 

colloidal stability, cellular uptake and spheroid penetration. These findings 

represent a safe operational window in which FeO@Fe₃O₄ nano-reactors can 

deliver controlled oxidative effects without off-target genotoxicity, supporting 

their further development as remotely activatable catalysts for oxidative 

nanomedicine and other biologically integrated redox applications.
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Abstract
Iron-oxide magnetic nanoparticles (MNPs) have been extensively investigated 
as magnetically actable nanocatalysts for diagnostic and therapeutic 
applications. However, because wüstite/magnetite/maghemite phases can 
interconvert, coexisting Fe2+/Fe3+ species may redirect Fenton-like chemistry 
and generate reactive oxygen species (ROS) profiles that differ from the 
intended biocatalytic pathway. Here we investigate monodisperse biphasic 
FeO@Fe3O4 core-shell MNPs with average particle size ⟨d⟩ = 9.6(5) nm, and 
their glucose-coated analogue, combining EPR radical analysis with toxicity 
testing in a 3D HepG2 hepatic spheroid model. Naked particles exhibited 
conventional Fenton-like behavior dominated by hydroxyl radicals (•OH), 
whereas glucose coating markedly suppressed •OH while increasing 
hydroperoxyl radicals (•OOH; ≈55 pM at 60 min), demonstrating ligand-
controlled rerouting of the radical pathway. TEM mapping across spheroid 
cross-sections showed preferential MNP accumulation in the outer layer, with 
most observed events confined to the outer 10-15 mm, corresponding to an 
approximately one-cell-thick rim; sparse deeper events were observed up to 
30-35 mm. MNPs produced dose- and time-dependent cytotoxicity in HepG2 
spheroids, with IC50 values of 29.3 (24 h) and 10.8 (96 h) mg·cm-2, without 
evidence of lipid peroxidation or genotoxicity. MDA levels remained 
unchanged, the comet assay showed no increase in DNA damage, and gH2AX 
and phospho-H3 (p-H3) positive events were not detected. Our results show 
that glucose functionalization provides a simple route to modulate radical 
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pathways and define operational windows for redox-active FeO@Fe3O4 nano-
reactors in oxidative nanomedicine.
Keywords: iron-oxide nanoparticles, Fenton-like catalysis, cytotoxicity, 
genotoxicity, HepG2 spheroids

Introduction
An increasing number of targeted therapies with innovative strategies for 

cancer treatments are based on the ability of magnetic nanoparticles (MNPs) 

to be remotely actuated by magnetic fields.1,2 This physical property and their 

tunable surface chemistry make them particularly suitable for biomedical 

applications.3–5 Thus, oncology strategies are seeking for such systems, 

adequately optimized, that could exploit both an efficient magnetic actuation 

and a controllable redox reactivity at the tumor interface.6 Previous reports on 

MNPs capable of maintaining the Fe2+/Fe3+ cycle to catalyze peroxide 

activation Fenton-like pathways in acidic, H2O2-enriched microenvironments 

characteristic of many solid tumors have already shown partial success.7 

Despite their promise for biotechnological applications, it is increasingly 

evident that current MNPs remain suboptimal in atomic-level design control,8 

and that a more rigorous understanding of their interactions with biological 

systems (together with comprehensive safety evaluation) is still required.9

Conversely, in other bio-based applications, the very same generation of 

reactive oxygen species (ROS) by certain iron-oxide phases is problematic, 

since oxidative stress and enzyme-like reactivity can introduce off-target 

biological effects and compromise the intended functionality.10,11 The diverse 

surface reactivities of several iron oxide phases commonly used in biomedical 
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applications, such as magnetite Fe3O4 and maghemite g-Fe2O3 (and, less 

frequently, wüstite FeO) makes it difficult to predict their type of behavior in 

biological media.12–15 These oxides can show a different catalytic role in 

Fenton-like reactions and, consequently, in their ROS generation capacity and 

biological impact.16 Understanding how specific iron oxide phases and their 

combinations affect these properties is essential for defining their potential 

toxicity.

In this study, we engineered glucose-coated FeO@Fe₃O₄ core-shell 

nanoparticles aiming at a system with a coupled electron-rich (wüstite) core 

with a magnetite shell, creating a biphasic architecture that simultaneously 

enhances magnetic responsiveness and surface redox activity. By integrating 

thorough physicochemical insight with evaluation of their potential (geno)toxic 

effects in a three-dimensional (3D) human hepatic cell model prepared from 

the HepG2 cell line, we establish direct links between nanoscale structure, 

controlled •OOH radical generation, and their biological effects in vitro. Our 

findings position biphasic magnetic nanoparticles as tunable, remotely 

activatable oxidative nano-effectors for precision therapeutic applications.

Materials and Methods
Reagents
Iron(III) acetylacetonate (Fe(acac)3, 97%), oleic acid (analytical standard), and 

trioctylamine (98%) were used for nanoparticle synthesis. Toluene (≥99.5%) 

and acetone (≥99.5%) were used for washing and dispersion. Anhydrous 

glucose (99.8%) and ammonium hydroxide solution (27% w/w) were employed 
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for the coating step. Unless otherwise stated, chemicals were purchased from 

Sigma-Aldrich (Merck) and used as received without further purification. 

Dulbecco’s phosphate-buffered saline (DPBS) 10× (Gibco) was diluted to 1× 

with sterile water and used for washing coated nanoparticles; sterile water 

was also used for the final resuspension. For spin-trapping assays, EPR-grade 

5,5-dimethyl-1-pyrroline N-oxide (DMPO, ≥97%; Sigma-Aldrich) served as the 

spin trap. Ultrapure water (Milli-Q, 18.2 MΩ·cm) and a 10 mM acetate buffer 

adjusted to pH 5 were used as dispersion media in these experiments. MEM 

medium (MEM-10370-046) and Fetal Bovine Serum (FBS, 10%) for cell culture 

and spheroid preparation were obtained from Gibco (Paisley, Scotland, UK). 

Sodium pyruvate (1 mM), L-glutamine (2 mM), penicillin/streptomycin (100 

IU/mL), Non-Essential Amino Acids (NEAA) and methylcellulose were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). The CellTiter-Glo® 

Luminescent Cell Viability Assay for the cytotoxicity evaluation was acquired 

from Promega (Madison, WI, USA) to quantify ATP levels. Dimethyl sulfoxide 

(DMSO) was obtained from Sigma Aldrich (Missouri, U. S.) and used as a 

positive control. The Lipid Peroxidation (MDA) Assay Kit for the MDA assay was 

obtained from Abcam (Cambridge, UK) to measure lipid peroxidation. tert-

Butyl hydroperoxide (tBOOH) was purchased from Micropolo (Maribor, 

Slovenia) and used as a positive control. For the preparation of single cell 

suspensions, Collagenase was obtained from Thermo Fisher Scientific 

(Waltham, Massachusetts, U.S.). GelRed nucleic acid stain was acquired from 

Biotium (USA) and used for slide analysis. Benzo[a]pyrene purchased from 
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Merck (New Jersey, U. S.), etoposide and colchicine (both purchased from 

Sigma, St. Louis, MO, USA) served as positive controls. Paraformaldehyde 

(PFA, 4%) for flow cytometry analysis was obtained from Merck (New Jersey, 

U. S.) and used for cell fixation. Bovine Serum Albumin (BSA, 1%) was obtained 

from Sigma (St. Louis, Missouri, U. S.) and used for antibody incubation. The 

following antibodies were acquired from Miltenyi Biotech (Germany): γH2AX 

pSer139-APC (130-123-256) and pH3-PE (130-105-700). REA controls (Miltenyi 

Biotech) were included for non-specific antibody binding assessment. 

Etoposide (1.7 μM) and colchicine (0.1 μM), purchased from ChemCruz (Dallas, 

U. S.) and Merck (New Jersey, U. S.), respectively, were used as positive 

controls.

Nanoparticle Synthesis
FeO@Fe₃O₄ nanoparticles were obtained by thermal decomposition of 

organometallic precursors in trioctylamine. Iron(III) acetylacetonate (1 mmol) 

and oleic acid (3 mmol) were dispersed in trioctylamine (15 mL) in a three-

neck round-bottom flask under mechanical stirring. The mixture was heated 

under a nitrogen atmosphere (»3.7 L·min⁻¹) from room temperature to 200 °C, 

with a temperature increase of 5 ± 2 °C·min⁻¹,and from 200 °C to 350 °C, with 

a temperature increase of 18 ± 6 °C·min⁻¹. A water-cooled Allihn condenser 

(see Figure S1) was used throughout. Upon reaching 350 °C, the heating 

mantle was removed, and the reaction was allowed to cool to room 

temperature. The crude product was a homogeneous black dispersion that 

was weakly magnetically responsive. To collect the as-prepared material, the 
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resulting dark solution was treated with toluene and acetone in a 1:1:5 ratio 

in an Erlenmeyer flask to prevent solvent evaporation. A precipitate was 

obtained through magnetic decantation. Subsequently, the as-prepared 

precipitate was subjected to an organic excess removal protocol to obtain the 

labelled non-coated nanoparticles. The precipitate was repeatedly suspended 

in toluene, diluted in acetone, and magnetically precipitated; this cycle was 

performed until no further changes were observed in the FTIR spectra of the 

supernatant or the solid. It should be noted that while this process significantly 

reduces the organic layer to allow for aqueous interaction, trace amounts of 

hydrophobic residues remained on the nanoparticle surface. Samples of pure 

magnetite Fe3O4, used as control, were synthesized through the same route, 

but using different solvent and temperature profile (see Figures S3 and S4), 

as described in the Supplementary Material.

Glucose Coating Procedure
For the glucose coating procedure, non-coated FeO@Fe3O4 nanoparticles were 

suspended through sonication in a glucose-ammonium hydroxide solution at 

a 1:10 (w/v) ratio, which was prepared by dissolving anhydrous glucose in a 

27% ammonium hydroxide solution (glucose mass being 5 times the initial 

nanoparticle weight). The mixture was then kept overnight with mechanical 

agitation. The entire coating process, including subsequent washing steps with 

PBS, was conducted under sterile conditions. Due to the excellent dispersion 

of the nanoparticles in water, recovery of the glucose-coated nanoparticles 

involved diluting the suspension in sterile PBS, centrifuging, and carefully 
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removing the supernatant while the pellet was held immobilized by a magnet. 

This washing process was repeated until a neutral pH was reached. Finally, the 

recovered glucose-coated nanoparticles were resuspended in 1500 μL of 

sterile water. The concentration of the final solution was determined 

gravimetrically by drying a known volume of the suspension at 75 °C and 

weighing the recovered nanoparticles.

Characterization of nanoparticles
Unless otherwise specified, XRD, TEM/SAED/HRTEM, and magnetic 

characterization were performed on the as-synthesized FeO@Fe3O4 

nanoparticles before glucose coating. FTIR, SAXS, EPR, and all biological 

experiments were carried out using the glucose-coated material.

Crystallographic Structure
Structural characterization of the nanoparticles was performed using a Bruker 

D8 Advance powder X-ray diffractometer (Cu Ka, l=0.154 nm) at room 

temperature. Samples were prepared by depositing a concentrated 

MNP/acetone suspension onto a rounded glass substrate and allowing the 

solvent to evaporate completely, forming a tightly adhered dark powder layer.

Nanoparticle Morphology and Size
The morphology and size distribution of the nanoparticles were determined by 

TEM using a Tecnai T20 (Thermofisher) microscope operated at 200 kV and 

room temperature. TEM samples were prepared by applying a droplet of a low-

concentration (translucent) nanoparticle suspension in toluene onto a carbon-

coated copper grid and allowed to dry. A size histogram was obtained from 
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randomly labelled MNPs (using ImageJ 1.54f software), and the mean diameter 

and standard deviation were estimated by fitting a log-normal distribution.

Magnetic Properties
The magnetic properties of the nanoparticles were characterized using a 

S700X Superconducting Quantum Interference Device (SQUID) magnetometer 

(Quantum Design). Field-dependent magnetization (M vs. H) was measured at 

300 K and at 90 K. The exchange bias effect signature was examined after 

cooling the sample from room temperature to 90 K in the presence of a 10 

kOe applied field.

Surface Functionalization
Glucose coating effectiveness was evaluated through ATR-FTIR spectra, 

recorded at a spectral resolution of 4 cm−1 from 500 to 4000 cm−1 with a 

Spectrum Two spectrometer (PerkinElmer). In general, measurements were 

made by applying a droplet of a concentrated nanoparticle suspension in 

toluene or Milli-Q water directly onto the ATR crystal, and spectra were 

recorded as volatile substances evaporated.

Colloidal Properties
Size, polydispersity, and interparticle interactions of the glucose-coated 

nanoparticles in solution were measured using X-ray scattering at both Cu Kα 

and Mo Kα wavelengths on a Xenocs Xeuss 2.0 SAXS instrument. The data 

collected from these two sources were subsequently merged to provide a 

broader Q-range for analysis. The solution was contained in a 1.5 mm diameter 

borosilicate glass tube. Scattering Length Densities (SLDs) for the various 
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components were calculated using the NIST Center for Neutron Research 

(NCNR) scattering length density calculator, specifically for the Cu Kα source. 

These calculations were based on the known bulk densities of 5.41 g cm-3 for 

FeO, 5.17 g cm-3 for Fe3O4, 1.56 g cm-3 for glucose, and 1 g cm-3 for water. 

Data analysis and model fitting were performed using SasView 6.0.1 software.

Given the proximity in Scattering Length Densities (SLDs) of the FeO core 

(44.607×10−6 Å−2) and Fe3O4 shell (40.452×10−6 Å−2), as well as the low 

contrast between the glucose coating (14.170×10−6 Å−2) and the aqueous 

solvent (9.469×10−6 Å−2), the nanoparticles were approximated to 

“homogeneous” spheres with a weighted average SLD of 41.6985×10−6 Å−2, 

based on the phase proportions estimated from XRD (ϕcore ~0.3 and ϕshell 

~0.7). All these SLDs were fixed during the whole fitting analysis. A fit to reveal 

the primary particle contributions was first performed over the Q-range from 

5.040×10−2 to 4.837×10−1 A−1. The distribution of radius from this initial 

result (0.0794(9)) was then fixed during the subsequent analysis, combining 

a sphere form factor and a square-well structure factor.

Free Radicals Detection and Quantification
For EPR, the non-coated FeO@Fe3O4 reference was evaluated only under 

acidic conditions (10 mM acetate buffer, pH 5). Water-condition EPR data are 

reported only for the glucose-coated nanoparticles and the corresponding 

nanoparticle-free control. The generation of DMPO adducts was determined at 

room temperature using an ELEXSYS II-E500 EPR spectrometer equipped with 

an X-band resonant cavity (9.4 GHz). Reaction mixtures for the EPR 
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experiments were prepared by dispersing 20 mL of glucose-coated 

FeO@Fe3O4 MNPs (2 mg/mL) in 20 mL of either a 10 mM pH 5 acetate buffer 

solution or Milli-Q water (for neutral pH conditions). This was followed by the 

addition of 10 mL of a DMPO/water solution (0.167 g/mL). The reaction was 

initiated by the addition of 2 mL of H2O2 30% (0.49 M). The solution was 

contained in a 1 mm diameter Q-band quartz tube. EPR spectra of each 

solution were recorded simultaneously with an MgO pattern crystal doped with 

a known concentration of Mn2+ attached to the tube, which served as an 

internal standard for DMPO adduct quantification. All spectra were processed 

using the Spin Fit software from Bruker. The baseline for each spectrum was 

computed with a 3rd-degree polynomial and then subtracted. Subsequently, 

the resonance lines were fitted using the hyperfine parameters of the 

identified components. The concentrations of DMPO adducts were then 

determined by comparing the fitted EPR spectrum area of each species with 

the area of the MgO/Mn2+ standard. For EPR, the non-coated FeO@Fe3O4 

reference was evaluated only under acidic conditions (10 mM acetate buffer, 

pH 5). Water-condition EPR data are reported only for the glucose-coated 

nanoparticles and the corresponding nanoparticle-free control. In addition, the 

Fe3O4 control experiments (Figure S7 in Supplementary Material) were 

performed under the same spin-trapping EPR conditions used for FeO@Fe3O4, 

including the corresponding non-coated and glucose-coated Fe3O4 samples.
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Assessment of (geno)toxicity in vitro
Cell Cultivation
The in vitro model of choice in our study was a 3D cell model (spheroids) 

derived from the human hepatocellular carcinoma cell line (HepG2) (ATCC HB-

8065™, Manassas, VA, USA). Cells were grown in MEM medium supplemented 

with 10% FBS and 1 mM sodium pyruvate, 2 mM L-glutamine, 100 IU/mL 

penicillin/streptomycin, and NEAA, at 37 °C in a humidified atmosphere with 

5% CO2.

Spheroid Preparation
The spheroids were prepared using the force floating method as described by 

Štampar et al. 17. Cell passages up to 13 were used. In brief, cells were seeded 

at a density of 3,000 cells per well into 96-well U-bottom plates (Corning Costar 

Corporation, New York, USA) using complete growth medium supplemented 

with 4% methylcellulose. The plates were centrifuged at 900 × g for 90 

minutes to promote spheroid formation. The resulting spheroids were then 

incubated for 72 hours at 37 °C in a humidified atmosphere with 5% CO₂ to 

allow for maturation before experimentation.

Spheroids were exposed to FeO@Fe3O4 MNPs at concentrations ranging from 

0.01 to 200 μg/mL, corresponding to 0.004 to 80 μg/cm². These concentrations 

refer to the mass of the whole MNPs. The range was selected based on the 

OECD Study Report and Preliminary Guidance on the Adaptation of the In Vitro 

Micronucleus Assay (OECD TG 487) for Testing of Manufactured Nanomaterials 

(September 2022).18 Concentrations were calculated per surface area rather 
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than volume, as the tested FeO@Fe3O4 MNPs tend to settle onto the surface 

of the cells when in suspension.

Nanoparticle interaction with the cells in the spheroids – TEM
The study of the MNP’s penetration into the 3D architecture of HepG2 

spheroids was undertaken through a systematic analysis of sequential 

transmission electron microscopy (TEM) images along the cross section of the 

spheroids. After spheroids generated as described above and incubated with 

a MNPs concentration of 50 µg/mL were harvested, gently rinsed with 

phosphate-buffered saline (PBS, pH 7.4) to remove non-associated MNPs. The 

rinsed spheroids were chemically fixed in 2% glutaraldehyde in 0.1 M 

phosphate buffer (PB, pH 7.2) for 2 h at room temperature, followed by fixation 

in 1.5% glutaraldehyde in 0.05 M PB at 4 °C overnight. Samples were post-

fixed with 1% osmium tetroxide for 1 h at room temperature, dehydrated 

through a graded ethanol series (30%, 50%, 70%, 90%, and 100%), and 

infiltrated with epoxy resin. For cross-sectional imaging, resin blocks were 

polymerized at 60 °C for 48 h, and ultrathin sections (~70 nm) were cut using 

an ultramicrotome. Sections were collected on copper grids and contrasted 

with 2% aqueous uranyl acetate and lead citrate. TEM imaging was carried out 

on a Tecnai T20 microscope (Thermo Fisher Scientific, USA) operating at 200 

kV. For each condition at least three spheroids were analyzed. In addition, for 

one representative spheroid, a continuous linear montage was acquired across 

the section by collecting consecutive adjacent fields from one outer edge to 

the opposite border and stitching the images into a single composite.
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Oxidative stress induction – MDA Assay
To check the degree of oxidative stress produced by the FeO@Fe3O4 MNPs, 

malondialdehyde (MDA) was used as a marker of lipid peroxidation. For this 

purpose, the Lipid Peroxidation (MDA) Assay Kit (Abcam, Cambridge, UK) was 

used. This kit measures lipid peroxidation by detecting MDA, which reacts with 

thiobarbituric acid (TBA) to form a colorimetric/fluorometric product, with 

intensity proportional to the MDA concentration in the sample. HepG2 

spheroids were exposed to graded concentrations of FeO@Fe3O4 MNPs (2-20 

µg/cm2) for 4 and 24 hours. Evaluated concentrations were determined based 

on the results of the cell viability assay in a way that the highest tested 

concentration did not decrease cell viability by more than 25-30%. At each 

time point, spheroids were collected, rinsed with 1×PBS, and homogenized in 

MDA Lysis Buffer supplemented with BHT. The homogenates were centrifuged 

at 13,000 × g for 10 minutes, and the resulting supernatant was transferred 

to microcentrifuge tubes containing the TBA solution, prepared according to 

the manufacturer's instructions. Samples were then incubated at 95 °C for 60 

minutes, followed by a 10-minute cooling period in an ice bath. Absorbance at 

532 nm was measured using the BioTek Cytation 5 Cell Imaging Multimode 

Reader (Agilent, Santa Clara, USA). Each experimental condition was tested in 

triplicate, and the experiment was independently repeated three times. 

Negative (cell medium), solvent (up to 3% Milli-Q water), and positive (1 mM 

tBOOH) controls were included in all assays.
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Cytotoxicity – measurement of the ATP content
The cytotoxicity of FeO@Fe3O4 MNPs was assessed using the CellTiter-Glo® 

Luminescent Cell Viability Assay. This homogeneous method quantifies ATP 

levels as an indicator of metabolically active, viable cells. HepG2 spheroids 

were exposed to varying concentrations of FeO@Fe3O4 MNPs (0.004–80 

µg/cm2) for 24 and 96 hours. The assay was carried out according to the 

manufacturer’s instructions with slight modifications. Briefly, spheroids in 50 

µL of culture medium were transferred to a white opaque 96-well plate, 

followed by the addition of 50 µL of CellTiter-Glo® reagent per well. The 

contents were mixed by pipetting to ensure complete cell lysis within the 

spheroids, and the plate was incubated for 20 minutes at room temperature. 

Luminescence was then measured using a luminometer (Synergy MX, BioTek, 

Winooski, VT, USA). Experiments were conducted in five replicates for each 

condition and repeated independently three times to ensure reproducibility. A 

negative (cell medium), a solvent (up to 3% Milli-Q water), and a positive 

control (15% DMSO), were included in the experiments. Significant differences 

in cell viability between exposed cells and the solvent control group (non-

exposed cells) were analyzed using a One-Way Analysis of Variance (ANOVA) 

and Dunn’s multiple comparison test in GraphPad Prism 10 (GraphPad 

Software, San Diego, CA, USA).

The Alkaline Comet Assay
DNA damage following exposure to FeO@Fe3O4 MNPs was assessed using the 

alkaline comet assay. HepG2 spheroids were exposed to graded non-cytotoxic 
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concentrations of MNPs (0.004–10 µg/cm2) for 24 and 96 hours. After each 

exposure period, spheroids were dissociated into single-cell suspensions. 

Namely, spheroids were collected and washed with 1× PBS, then incubated 

with a mixture of collagenase , MEM, and TrypLE for 10 min (37 °C, 5% CO2). 

Following enzymatic treatment, spheroids were further dissociated by gentle 

pipetting. Enzymatic activity was subsequently quenched by the addition of 

complete cell culture medium. The comet assay was performed according to 

the protocol described by Štampar et al.17 and the conditions are detailed in 

Table S3 of the Supplementary Material. Slides were stained with GelRed 

nucleic acid stain (Biotium, USA) following the manufacturer’s instructions, 

and comet scoring was carried out using a fluorescence microscope and 

Comet Assay IV software (Instem, Philadelphia, USA). Controls included 

negative control (cell culture medium), solvent control (up to 3% Milli-Q water), 

and positive controls (30 µM and 5 µM benzo[a]pyrene for 24 and 96-hour 

exposures, respectively). Each experiment was independently repeated three 

times, with 50 nuclei analyzed per experimental point. Statistical analysis was 

conducted in GraphPad Prism 10 using the Kruskal–Wallis nonparametric test, 

followed by Dunn’s multiple comparison test to evaluate differences in tail 

DNA percentage between groups.

Analysis of γH2AX and p-H3 positive cells by flow cytometry
To further evaluate the potential genotoxic effects of FeO@Fe3O4 MNPs, 

phosphorylation of two histones – H2AX and H3 – was examined by flow 

cytometry. Phosphorylated histone H2Ax, forming γH2Ax, is a marker of 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



double-strand breaks (DSBs),19 while phosphorylation of H3 (pH3) reflects 

mitotic cells and is a marker for exposure to aneugenes.20 Three-day-old 

HepG2 spheroids were exposed to graded non-cytotoxic concentrations of 

MNPs (0.04–20 μg/cm2) for 24 and 96 hours, after which they were dissociated 

into single-cell suspensions. The cells were washed twice with 1×PBS, fixed in 

4% paraformaldehyde (PFA), and stored at 4 °C. Before analysis, cells were 

washed again with 1×PBS and incubated for 30 minutes in 1% BSA containing 

antibodies against γH2AX pSer139-APC (130-123-256) and pH3-PE (130-105-

700), diluted 1:50. REA controls were included to account for non-specific 

antibody binding.

Etoposide (1.7 µM) and colchicine (0.1 µM) were used as positive controls, 

while fixed cells in complete growth medium and medium containing up to 3% 

Milli-Q water served as negative and solvent controls, respectively. The 

experiment was repeated three times independently. Samples were analyzed 

on a MACSQuant Analyzer 10 flow cytometer using MACSQuantify™ (Miltenyi 

Biotech, Germany) and FlowJo V10 (Becton Dickinson, New Jersey, USA). 

Statistical analysis was conducted using GraphPad Prism 10.

Results and Discussion
The FeO@Fe3O4 MNPs investigated here were intentionally engineered as 

redox-active, magnetically actable nano-reactors in which controlled ROS 

fluxes are desirable (e.g., as “oxidative nanomedicine” effectors). The FeO 

(Fe2+-rich) core coupled to a Fe3O4 shell was selected to combine a local 

reservoir of Fe²⁺/Fe³⁺ redox pairs that can sustain Fenton-like cycling in the 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



presence of different substrates. In parallel, the glucose coating was intended 

to deliberately probe whether a simple, biogenic ligand can tune the radical 

pathway (shifting the balance away from highly reactive •OH). Because these 

design choices target eventual biological use, as a first step in their potential 

applications we established both their physicochemical performance in ROS 

generation by EPR and also whether the resulting constructs operate within a 

safe biological window. The X-ray diffraction (XRD) pattern of the synthesized 

nanoparticles showed two distinct phases of iron oxides, wüstite (FeO, space 

group Fm3m) and magnetite (Fe3O4, space group Fd3m). Relative amounts of 

phases were 27% and 73% and estimated grain sizes of ∼6.9 nm and ∼2.4 

nm, for FeO and Fe3O4, respectively. A quantitative refinement of these phases 

by the Rietveld method (Figure 1) was done using two models. In the first, no 

coupling between the phases was considered, and the lattice parameter of 

FeO (4.2079 Å) was found to be half of the lattice parameter of Fe3O4 (8.4050 

Å). A second approach, with a coupling between the phases introduced in the 

refinement, yielded a shared microstrain parameter of ∼0.25% (see Table S1 

in Supplementary Material). These results indicate that the FeO@Fe3O4 MNPs 

are composed of two coupled phases, with Fe3O4 governing the overall 

crystalline framework, as inferred from the bulk lattice parameter (8.3941 

Å).21 The structural predominance of Fe3O4 results in a lattice distortion of the 

FeO component, whose parameter departs by 2.3% from the bulk value (4.301 

Å).22,23
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Figure 1. X-ray diffraction (XRD) pattern of synthesized FeO@Fe3O4 nanoparticles. The raw experimental 
data is shown in black. The Rietveld refinement fits for the wüstite (FeO)* and magnetite (Fe3O4) phases 
are displayed in blue and green, respectively. The red line represents the combined Rietveld fit of both 
phases, showing its agreement with the raw data.

Bright field TEM micrographs (Figure 2a) allowed for the determination of the 

morphology and size distribution of the synthesized MNPs. The size histogram, 

fitted with a log-normal function, yielded a mean diameter ⟨d⟩=9.6(5) nm; 

thus, the system can be considered as monodisperse (σ<10%). The 

determined value was consistent with the grain size estimated by Rietveld 

refinement when considering biphasic nanoparticles.

Electron diffraction patterns (Figure 2b) revealed rings indexed to an Fm3m 

structure, characterized of the FeO phase.24 While the {111} reflections of the 

Fd3m structure (Fe3O4) identified in X-ray data25 were not distinctly resolved 

in the selected area electron diffraction (SAED) patterns due to overlapping 

interplanar distances and the phase coupling suggested by Rietveld 

refinement, HRTEM provide two representative conditions to resolve the 

heterostructure: i) The core oriented in a Bragg condition (Figure 2c-d) 

displayed lattice fringes (2.4 Å) corresponding to the (111) planes of FeO, while 

the shell remained off-Bragg, allowing for an estimation of the core radius 

(~2.7 nm) and shell thickness (~2.7 nm) for an individual nanoparticle. In 
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contrast, oriented shell (Fe3O4) into Bragg condition (Figure 2e-f), lattice 

fringes (2.9 Å) corresponding to the (220) planes were resolved. These local 

structural observations confirmed the core-shell architecture, which is further 

validated by the magnetic exchange bias effect (Figure S2), a characteristic 

fingerprint of the ferrimagnetic-antiferromagnetic coupling at the Fe3O4/FeO 

interface.

Figure 2. 
Transmission electron microscopy (TEM) characterization of synthesized FeO@Fe3O4 nanoparticles. 
Panel a: Bright-field TEM micrograph; the inset shows the size distribution histogram with a log-normal 
fit (9.6(5) nm). Panel B: Selected area electron diffraction (SAED) pattern with rings indexed to the Fm3m 
(FeO) and Fd3m (Fe3O4) phases. Panel c-d: HRTEM image (c) and corresponding FFT (d) of a single 
nanoparticle with core in Bragg condition, while the shell remains off-Bragg. Panel (e-f) HRTEM image 
(e) and corresponding FFT of a nanoparticle with the shell in Bragg condition (core off-Bragg).
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Nanoparticle Coating

The presence of a glucose coating on the FeO@Fe3O4 MNPs after 

functionalization was assessed through Fourier Transform Infrared (FTIR) 

spectroscopy (Figure 3). The spectrum of the ‘naked’, non-coated MNPs taken 

for comparative purposes showed the characteristic C-H stretching vibrations 

at 2921 cm−1 and 2852 cm−1, alongside a prominent 1538 cm−1 band 

indicative of surface-bound carboxylate from oleic acid,26,27 as expected from 

the synthesis route. For the glucose-coated MNPs, the strong absorption band 

at 1012 cm−1 (C-O stretching) was evident, closely matching the 

corresponding band of pure glucose. This strong correlation of both spectra 

confirmed the attachment of glucose to the nanoparticle surface with good 

efficiency. Also, the C-H stretching vibrations in the 2900 cm−1 region could 

still be observed, probably associated with the glucose coating as evidenced 

by their similarity to the pure glucose spectrum. Moreover, the functionalized 

MNPs exhibited those additional absorption bands characteristic of glucose, 

including a very broad O-H stretching band centered around 3280 cm−1 and 

broader C-H stretching vibrations at 2923 cm−1 and 2854 cm−1.27 The broad 

absorption bands below 600 cm−1 could be assigned to the Fe-O stretching 

vibrations of the MNPs cores.28
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Figure 3. Fourier Transform Infrared (FTIR) spectra comparing non-coated and glucose-coated 
FeO@Fe3O4 nanoparticles. The non-coated FeO@Fe3O4 nanoparticles (black line) and after glucose 
coating (red line) were normalized to 2921 cm-1 C-H asymmetric stretching peak. The dark green and 
blue dashed lines provide a reference spectrum of the as-prepared nanoparticles and pure hydrated 
glucose. The "non-coated" designation refers to particles that have undergone a cleaning procedure to 
remove the organic surfactant from "as-prepared" nanoparticles.

Colloidal Properties
The size, polydispersity, and interparticle interactions of the glucose-coated 

FeO@Fe3O4 nanoparticles in solution were studied through Small-Angle X-ray 

Scattering (SAXS) (Figure S5). The fitting results yielded a mean radius 

〈d〉=5.957(4) nm and polydispersity s=0.0794(9) when considering only a 

sphere form factor. Both parameters are consistent with the TEM-derived 

FeO@Fe3O4 mean diameter and polydispersity (σ<10%), suggesting a glucose 

shell thickness of about ∼1.2 nm. However, the initial approach failed in the 

high-Q region, and fitting the full Q-range with many free parameters 

introduced strong correlations. Fixing the polydispersity from the sphere form-

factor fit and using a square-well structure factor (parameters summarized in 

Table S2 of Supplementary Material) markedly improved the full-range fit, 

yielding a mean radius of 6.031(3) nm, still consistent with TEM and the initial 
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SAXS estimate. The resulting parameters also indicated an attractive 

interparticle interaction among the glucose-coated nanoparticles in solution, 

with well-width parameters, suggesting that this attraction extends for 

approximately 60% of the particle's radius beyond its surface.

EPR Evidence for Fenton-Like Radical Pathways

Spin-trapping EPR spectroscopy was performed to identify reactive oxygen 

species generated by glucose-coated FeO@Fe3O4 nanoparticles at pH 5 and in 

water, and by non-coated FeO@Fe3O4 nanoparticles at pH 5 (Figure S6 in the 

Supplementary Material). In the blank control (i.e., without nanoparticles), low 

concentrations of •OH radicals were observed, with negligible •OOH radicals 

(Figure 4B). As expected for Fenton-like reactions mediated by the Fe2+ ion, 

the non-coated nanoparticles led to a significant increase in •OH radical 

concentration, approaching 15 pM after 60 min.
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Figure 4. A: EPR spectrum (black line) of DMPO-adducts after exposure of the nanoparticles to H2O2 in 
water. The raw data is fitted (red line) to contributions from hydroxyl radicals (DMPO-•OH, green area) 
and hydroperoxyl radicals (DMPO-•OOH, violet area). A Mn2+ standard (blue area) is included for DMPO-
adducts' quantification. The estimated concentration of hydroxyl and hydroperoxyl radicals as a function 
of time in the control (i.e., without nanoparticles) (B), and the time-dependent radical generation in 
nanoparticle-containing samples (C).

In contrast, the glucose-coated nanoparticles significantly suppressed the 

generation of •OH radicals (below 5 pM) and instead led to a sustained 

increase in the concentration of •OOH radicals (Figure 4C), reaching a peak of 

approximately 55 pM before slowly decaying over 60 min. These results 

suggest that the glucose coating is actively influencing the radical generation 

mechanism by acting as a scavenger of the highly reactive •OH radicals, 

promoting a dominant pathway towards the generation of •OOH species. For 

comparison, pure Fe₃O₄ nanoparticles of similar size and synthesis origin 

exhibit a predominant production of •OH radicals in their non-coated state 

(Figure S7 in the Supplementary Material); however, upon glucose coating, the 

radical output shirts toward •OOH, while maintaining the characteristic 

kinetics decay of magnetite.
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The above data indicate that FeO@Fe3O4 MNPs are controllable oxidative 

nano-reactors. The coupled FeO/Fe3O4 biphasic architecture provides 

accessible Fe²⁺/Fe³⁺ redox couples required for peroxide activation, whereas 

glucose functionalization strongly attenuates •OH and shifts the radical output 

toward •OOH. This effect may arise from ligand-mediated scavenging of 

surface-bound •OH and/or from a reduction in interfacial Fe-site accessibility, 

as commonly reported for coated iron-oxide nanozymes. This rerouting of 

radical speciation is relevant for biomedical use because •OH is highly reactive 

and diffusion-limited, whereas •OOH/•O₂⁻ participates in longer-lived redox 

cycles. Moreover, the modest DMPO-adduct levels observed under our assay 

conditions are consistent with catalytic activity being retained while the most 

damaging radical channel is suppressed, in the absence of detectable lipid 

peroxidation and genotoxicity under the tested conditions.

Although the present study examined only glucose as the surface ligand, the 

rerouting of radical speciation is not expected to be unique to this molecule. 

In the case of glucose, the literature suggests that carbohydrate oxidation is 

promoted by •OH generated at Fe2+ sites, and that this oxidation is strongly 

reduced by the addition of •OH radical scavengers or Fe2+-chelating agents.29 

This process involves the formation of a glucose peroxyl radical intermediate, 

which can subsequently release •OOH radicals into the solution30. More 

generally, surface ligands can alter peroxide access to Fe sites, modulate 

interfacial electron transfer, and scavenge short-lived radicals, thereby 

shifting the relative •OH/•OOH output. In this context, other coordinating or 
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hydrophilic ligands, such as carboxylates or polysaccharides, may also modify 

the radical pathway, although the direction and magnitude of the effect will 

depend on ligand binding strength, surface density, and redox activity. For 

instance, it has been reported that organic acids or alcohol groups can produce 

carbon-centered radicals in presence of •OH generated from Fe2+ sites.31 Our 

data therefore support a ligand-dependent, rather than glucose-exclusive, 

control of radical speciation; systematic comparison among ligands lies 

beyond the scope of the present work.

Safety evaluation of FeO@Fe3O4 nanoparticles
Nanoparticle interaction with Spheroids
The MNP penetration’s profile into 3D spheroids was assessed through a 

reconstruction from a sequential ~35–40 TEM images acquired along the 

spheroid cross-section was performed. A high-magnification reconstruction of 

an untreated control spheroid is provided in Figure S9 of the supplementary 

material to serve as a baseline for the intact spheroid architecture. Following 

24-hour exposure to glucose-coated FeO@Fe₃O₄ MNPs, a low-magnification 

cross-section (~120 µm) of the exposed spheroid showed a clear preferential 

accumulation of NP clusters at the spheroid rim (Figure 5, upper panel). 

Higher-magnification images were then analyzed qualitatively to identify 

localization patterns in the examined sections. A major fraction of the MNPs 

was found forming clusters at the spheroid surface, consistent with the 

densely packed rim acting as a barrier to penetration (Figure 5d). However, 

also transcellular uptake with morphological alterations in the periphery was 
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observed (Figure 5a) and, within this region, MNPs were found confined to 

membrane-bound vesicles (endosomes), consistent with endocytosis. A main 

fraction of the internalized MNPs were detected distributed at 7-10 µm depth 

from the rim, defining the initial penetration zone. Deeper inside penetration 

was scarce (Figure 5b,c): few MNPs were observed at ≈10-15 µm (Figure 5c) 

and exceptionally at »30-35 µm (Figure 5b) from the rim. In Figure 5c, MNPs 

lie in intercellular spaces, indicative of paracellular transport, whereas in 

Figure 5b they appear in the cytosol without visible endosomal membranes, 

suggesting either non-endocytic entry or post-endocytic endosomal escape. 

The deepest penetration co-localizes with regions showing greater 

morphological damage, suggesting an association between MNP exposure and 

compromised cellular integrity.

From this single-spheroid dataset, we identify three modes of NP localization: 

(i) adsorption at the spheroid surface (rim), (ii) presence in intercellular clefts 

consistent with paracellular transport, and (iii) intracellular localization via 

transcellular uptake, the latter resolved into endosome-confined and cytosolic 

populations. The images also showed penetration to defined depths and a 

spatial co-occurrence between deeper NP presence and increased peripheral 

morphological damage, suggesting a possible association of these two effects. 

Considered together with the NP surface chemistry, the data are compatible 

with the hydrophilic glucose shell favoring interaction with the spheroid 

periphery and allowing both intercellular and intracellular localization. These 

TEM observations are qualitative and limited to the analyzed sections under a 
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single exposure condition; they describe localization patterns and penetration 

depths, but do not quantify the amount of nanoparticles internalized within 

spheroids or establish uptake efficiency at the population level. Although MNPs 

appear as clusters (consistent with SAXS indications of attractive interparticle 

interactions), the glucose coating likely reduces nonspecific protein fouling 

that would otherwise promote larger, immobilizing aggregates.32
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Figure 5. Transmission electron microscopy (TEM) images showing the qualitative localization of glucose-
coated FeO@Fe3O4 nanoparticles across HepG2 spheroid cross-sections after 24 h exposure. The top 
panel provides a panoramic overview of the spheroid cross-section, with blue arrows indicating the 
outward-to-inward direction of MNP uptake. Panels a–d show higher-magnification regions in which 
nanoparticles were observed. Nanoparticles are highlighted by red dashed circles (a), red arrows (b, c), 
and red dashed lines (d).
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Cyto and Genotoxiciy of the FeO@Fe3O4 nanoparticles

Potential adverse effects (cyto and genotoxicity) of FeO@Fe3O4 MNPs were 

evaluated using an advanced human hepatic in vitro model, HepG2 spheroids 

(Figure S8), which offers a compelling alternative to traditional monolayer 

cultures by enhancing cell–cell interactions and better preserving liver-specific 

functions, such as the expression of metabolic enzymes. As a result, it more 

closely mimics in vivo hepatic conditions.33 Furthermore, the HepG2 cell line 

is widely used as an in vitro model for toxicological studies due to its 

expression of the wild-type p53 tumor suppressor protein and its retained 

activity of various xenobiotic-metabolizing enzymes.34

The cytotoxicity of the tested FeO@Fe3O4 MNPs was assessed using the 

CellTiter-Glo Assay. As shown in Figure 6, cell viability decreased in a dose- 

and time-dependent manner following 24 and 96 hours of exposure. Notably, 

after 96 hours, a more pronounced cytotoxic effect was observed even at 

lower concentrations, indicating increased sensitivity with prolonged 

exposure. Furthermore, after 24 hours of exposure, an IC50 value was 29.3 

μg/cm², while after 96 hours the IC50 value decreased to approximately 10.8 

μg/cm².
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Figure 6. Cytotoxicity of glucose-coated FeO@Fe3O4 MNPs for HepG2 spheroids. Cell viability was 
measured by using the CellTiter-Glo assay. The panels show cell viability after 24- and 96-hour exposure 
to graded concentrations of the nanoparticles (0.2 to 80 µg/cm2 and 0.02 to 40 µg/cm2, respectively). 
Data is presented relative to the vehicle control (VC; up to 3% Milli-Q water in cell media). NC – cell 
culture media, PC - 15% DMSO. **** denotes statistically significant difference between the vehicle 
control and MNPs exposed cells, ANOVA; Dunnett's Multiple Comparison test, ***P < 0.001, ****P < 
0.0001).

The surfaces of iron oxide nanoparticles are known to be capable of 

catalytically generating reactive oxygen species (ROS) through the Fenton and 

Haber-Weiss reactions,35 consequently leading to oxidative stress.36 Physico-

chemical characterization of FeO@Fe3O4 MNPs showed that the tested 

nanoparticles are capable of free radical generation, which may react with 

different cellular macromolecules, such as DNA, cell membranes or proteins, 

eventually leading to different pathological and toxicological processes.37 In 

our study, malondialdehyde (MDA) was measured as a marker of lipid 

peroxidation, since it is one of the most frequently used biomarkers of 

oxidative stress.38 The results (Figure 7) showed no significant increase in MDA 

formation in a concentration range up to 20 µg/cm2 at 4 or 24 hours of 

exposure. Tested concentrations were determined based on the results of the 

cell viability assay in a way that the highest tested concentration did not 

decrease cell viability by more than 25-30 %.
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Figure 7. MDA formation after exposure to glucose-coated FeO@Fe3O4 MNPs in HepG2 spheroids. MDA 
was measured by the Lipid Peroxidation (MDA) Assay Kit. The panels show MDA levels after a 4- and 24-
hour exposure to graded concentrations of the nanoparticles (from 2 to 20 µg/cm2). The results are 
expressed as the normalized values to vehicle control (VC; up to 3% Milli-Q water in cell media), marked 
as a dotted line. NC is the negative control (media), and PC is the positive control (1 mM tert-Butyl 
hydroperoxide; tBOOH, 4 h). A statistically significant difference (ANOVA and Dunnett's post-test) 
between MNPs-exposed cells and the VC is indicated by ****P < 0.0001.

Potential DNA damage at the level of individual cells was evaluated using 

single-cell gel electrophoresis (SCGE), commonly known as the comet assay. 

This assay is capable of detecting various forms of DNA damage, including 

single- and double-strand breaks (SSBs and DSBs), alkali-labile sites such as 

apurinic/apyrimidinic (AP) sites, DNA-DNA and DNA-protein cross-links, 

oxidized and alkylated bases, UV-induced cyclobutane pyrimidine dimers, and 

certain chemically induced DNA adducts.39,40 Furthermore, it can detect 

transient SSBs that appear during DNA damage repair.41 Exposure of HepG2 

spheroids to graded concentrations of FeO@Fe3O4 MNPs (up to 10 µg/cm2) 

resulted in no significant increase in DNA damage, as shown in Figure 8.
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Figure 8. Potential DNA damage induction by glucose-coated FeO@Fe3O4 MNPs in HepG2 spheroids. DNA 
damage was assessed by using the comet assay, measuring the percentage of DNA in the comet tail. 
The panels show results after 24- and 96-hour exposure to graded concentrations of the nanoparticles 
(0.04 to 10 µg/cm2 and 0.004 to 0.4 µg/cm2, respectively). Data are presented as quantile box plots. The 
edges of the box represent the 25th and 75th percentiles, the median is a solid line through the box, 
and the error bars represent 95% confidence intervals. PC is the positive control (30 μM and 5 µM BaP 
for 24 and 96 h, respectively). A statistically significant difference (Kruskal-Wallis and Dunn's post-test) 
between MNPs-exposed cells and the vehicle control (VC; up to 3% Milli-Q water in cell media) is 
indicated by ****P < 0.0001.

To verify that the tested FeO@Fe3O4 MNPs do not induce DNA DSB or exhibit 

aneugenic activity, further evaluation was performed using 

immunofluorescent labelling of the DSB biomarker gH2AX and the 

aneugenicity marker phospho-histone H3 (p-H3), followed by flow cytometric 

analysis.

DNA DSBs trigger the rapid phosphorylation of histone H2AX, a component of 

the nucleosomal histone octamer. The phosphorylated form, gH2AX, 

accumulates at DSB sites, forming nuclear foci that correlates directly with the 

extent of DNA damage. This makes gH2AX a well-established biomarker for 

DSB induction and clastogenic activity.42 Similarly, histone H3 becomes 

phosphorylated during mitosis to facilitate chromosome condensation and 

segregation. Since aneugenic compounds can induce this phosphorylation, p-

H3 serves as a reliable biomarker for mitotic activity and aneugenic effects.43
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Analysis of the induction of DNA DSBs and p-H3-positive events after exposure 

to the tested FeO@Fe3O4 MNPs confirmed that none of them induced the 

formation of DSBs (Figure 9A), nor increased the percentage of p-H3-positive 

events (Figure 9B), at any of the concentrations tested.

Figure 9. Potential induction of DNA double-strand breaks (DSBs) and p-H3 positive events by glucose-
coated FeO@Fe3O4 MNPs in HepG2 spheroids. A) The fluorescence intensity of γH2AX was measured in 
individual cells by flow cytometry and normalized to the vehicle control (VC; up to 3% Milli-Q water in 
cell culture media), represented by dotted line. Cells were exposed to increasing concentrations of the 
nanoparticles for 24 hours (up to 20 μg/cm²) and 96 hours (up to 2 μg/cm²). Etoposide (1.7 µM) served 
as a positive control (PC). Statistically significant differences between MNPs–treated cells and the VC 
were determined using ANOVA, followed by Dunnett’s post-test and are indicated as ****P < 0.0001. B) 
The average percentage of p-H3–positive events, indicative of mitotic activity, was also determined by 
flow cytometry following exposure to graded concentrations of the nanoparticles for 24 hours (up to 20 
μg/cm²) and 96 hours (up to 2 μg/cm²). Colchicine (0.1 µM) was used as a positive control. Significant 
differences compared to the VC (up to 3% Milli-Q water in cell media) were identified by ANOVA and 
Dunnett’s post-test and are marked as ****P < 0.0001.

The above description shows that the limited penetration depth observed for 

the FeO@Fe₃O₄ MNPs could be connected to the low genotoxicity observed.44 

Namely, the average spheroid diameter of ~320 µm (Figure S8) implies a 
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medium spheroid volume of ~1.7×107 µm3. A very approximate estimation 

yields a number of ~2.6×104 cells/spheroid. The penetration depth observed 

from TEM of 7-10 mm implies that the volume of the rim accessible to 

nanoparticles is ≈7-9×105 mm3, i.e., ≈3-5×103 cells in the rim, which 

represents 12-17 %of the total spheroid volume. Thus, the majority of cells 

within the spheroid remain physically separated from the nanoparticles and 

are not directly exposed to them. It is known that, once nanoparticles are 

internalized through endocytic pathways, they can be transported through the 

endolysosomal network within membrane-bound vesicles by motor proteins 

and cytoskeletal elements.45 This vesicular sequestration likely acts as a 

protective mechanism for the cell’s core structures, limiting the nanoparticles’ 

access to sensitive targets such as nuclear DNA. To reach cytoplasmic or 

nuclear components, nanoparticles must first escape the endolysosomal 

compartment; only then can they directly interact with genomic DNA.46,47

On the other hand, despite the low penetration observed, FeO@Fe3O4 MNPs 

exhibited dose- and time-dependent cytotoxicity. In general, several 

mechanisms may underline the cytotoxicity induced by iron-based 

nanoparticles. Extracellularly, iron-based nanoparticles can generate ROS that 

mechanically disrupt the plasma membrane by creating nanoscale pores, or 

bind to membrane proteins such as NADPH oxidase, Ca²⁺ channels, and 

various receptors. These interactions can trigger oxidative signaling pathways, 

elevate intracellular Ca²⁺ levels, and activate downstream second-messenger 

cascades. Additional intracellular mechanisms may include ROS generation 
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following internalization of those nanoparticles, lysosomal destabilization, 

disruption of the cytoskeleton through direct interactions with structural 

proteins, and the induction of protein conformational changes.48 Nevertheless, 

once internalized, nanoparticles may interfere with mitochondrial metabolism, 

leading to impaired ATP production and activation of apoptotic pathways.49–51 

Since internalization of tested nanoparticles was limited in the present study, 

cytotoxicity may instead arise from the release of ions from these 

nanoparticles,52 especially since no increase in MDA levels and no DNA 

damage was detected. Namely, ions released from MNPs and consequently 

iron overload could interfere with mitochondrial iron homeostasis53 and 

electron transport, impairing energy metabolism and leading to metabolic 

failure before the onset of widespread lipid peroxidation.54,55 Such 

mitochondrial impairment may represent an early event in iron-dependent cell 

death pathways, such as ferroptosis, which can be initiated by iron 

dysregulation and localized redox imbalance before detectable changes in 

oxidative stress markers, such as MDA.56

While a complete determination of the exact mechanisms underlying the 

observed cytotoxicity is beyond the scope of this work, we would like to 

emphasize that, although certain aspects of nanoparticle toxicity can be 

reasonably predicted using in vitro assays, it remains challenging to determine 

whether the detected cytotoxic responses are truly indicative of clinically 

relevant effects. The absence of genotoxic activity observed in our system is 

a fundamental step since genotoxicity poses a major barrier to clinical 
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translation. Still, the dose- and time-dependent cytotoxicity observed 

highlights the need to carefully assess exposure limits and underscores the 

importance of balancing therapeutic benefit with potential off-target effects.

Moreover, the absence of detectable genotoxicity, despite the radical-

generating capacity demonstrated by EPR, can be discussed in light of the 

observed TEM localization patterns. In the analyzed sections, MNPs were 

predominantly found at the spheroid periphery and frequently within 

membrane-bound vesicles, which may reduce direct access to nuclear DNA. 

Sparse cytosolic events were also observed, but the present data do not allow 

inference about their downstream intracellular consequences. Accordingly, 

the TEM observations provide a plausible qualitative explanation for the lack 

of genotoxicity, although they cannot be considered conclusive regarding the 

intracellular origin of the ATP decline or on localized oxidative processes within 

specific compartments.

Conclusions
The present work showed that FeO@Fe₃O₄ core–shell MNPs with a glucose 

coating displayed sustained redox activity, while their hydrophilic coating 

nature enabled penetration through intercellular spaces and cellular uptake. 

A tightly coupled biphasic lattice (27% FeO / 73% Fe₃O₄) architecture 

selectively catalyzed hydroperoxyl formation (>50 pM •OOH in 10 min) under 

near-physiological conditions, outpacing hydroxyl production. These MNPs 

produced a dose- and time-dependent cytotoxicity (IC₅₀ ≈10.8 µg/cm², 96 h) 
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without significant lipid peroxidation in HepG2 spheroids. Cross-sectional 

spheroid images analyzed by TEM showed that MNPs were able to penetrate 

to ≈10–15 mm, therefore delineating an essentially one-cell-thick peripheral 

rim where most MNPs accumulated, with only sparse particles deeper in the 

tissue (up to ~30 mm from the spheroid surface). This internalization behavior 

provides a plausible explanation for the absence of genotoxicity by protecting 

the cell’s core structures from direct damage. The lack of lipid peroxidation 

indicates no severe oxidative stress after exposure to the MNPs. This suggests 

that the cytotoxicity, observed as an ATP decline, originated from a different 

mechanism. Although the present data do not establish the underlying 

intracellular pathway, they are compatible with mitochondrial dysfunction. Our 

results suggest a clear structure–activity relationship: the redox-active Fe2+ in 

FeO@Fe₃O₄ modulates Fenton-like catalysis, and the glucose coating governs 

colloidal stability, cellular uptake and spheroid penetration. These findings 

represent a safe operational window in which FeO@Fe₃O₄ nano-reactors can 

deliver controlled oxidative effects without off-target genotoxicity, supporting 

their further development as remotely activatable catalysts for oxidative 

nanomedicine and other biologically integrated redox applications.
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