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This study focuses on the synthesis of bimetallic Fe@Eu hybrid nanoparticles (NPs), combining structural
and morphological characterization with an in vitro biological evaluation. By merging the super-
paramagnetic behavior of iron oxide nanoparticles (IONPs) with the distinctive optical properties of
europium, these hybrid NPs emerge as strong candidates for a range of biomedical applications,
particularly in cancer imaging and therapy. Magnetic IONPs were synthesized via co-precipitation and
surface-modified with citrate to enhance colloidal stability. Europium was then introduced at varying
Fe:Eu molar ratios (1:3, 1:1, and 1:0.25). Structural and morphological characterization confirmed the
successful fabrication of the hybrids. DLS analysis demonstrated the excellent colloidal stability required
for biomedical deployment. FT-IR, pXRD, and XPS verified the formation of magnetite and the successful
incorporation of europium, which appeared as europium hydroxide nanorods. TEM elemental mapping

Received 20th June 2025, further confirmed the co-existence of iron and europium within the same nanostructures. PL

Accepted 25th August 2025 measurements revealed dual fluorescence capabilities, corroborated by widefield optical fluorescence
microscopy, reinforcing their potential in multimodal imaging. In vitro studies showed efficient cellular
internalization with minimal cytotoxicity. Mechanistic insights pointed to mild cell cycle disruption,

moderate ROS generation, and apoptosis induction as part of the NPs’ biological activity.
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biological systems, making it highly advantageous for the
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Introduction

Metal-based nanomaterials have gained particular interest in
recent years, as they possess chemical and optical properties
that make them ideal for use in a variety of applications, such
as photonics, sensors, catalysis, and biomedicine.” Divalent
and trivalent metal ions from almost all metal salts are used as
starting materials, which are reduced to the desired metallic
nanoparticles (NPs) with appropriate reducing agents.’> Among
different metallic ions, iron emerges as an element of major
importance due to its biocompatibility and essential role in
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development of functional NPs.*® At the nanoscale, iron is
used in its oxide forms. These iron oxide nanoparticles (IONPs)
exhibit the so-called “quantum size effect”, whereby their
optical, magnetic, and electrical properties are influenced by
interactions at the level of individual atoms or molecules,
rather than by bulk-averaged quantum effects.®’

Surface modification on IONPs is carried out using various
organic, inorganic or polymeric materials activating numerous
properties and leading to a plethora of applications. Incorpora-
tion of bioactive molecules, such as nucleotides, proteins,
antibodies, and drugs, makes IONPs particularly useful in the
biomedical field.””® Magnetic NPs have been studied for bio-
medical applications since the 1990s, while IONPs have already
been approved by the Food and Drug Administration (FDA) for
use in medicine and food.’ Regardless of the type of application,
IONPs possess properties that enhance their effectiveness, such
as superparamagnetic nature with reduced size, small size,
increased surface area to volume ratio, excellent dispersibility
in solutions, reduced susceptibility to oxidation, magnetic sta-
bility, relatively easy synthesis, ease of surface modification, long
blood retention time, biodegradability, and low toxicity.”%*%**

© 2025 The Author(s). Published by the Royal Society of Chemistry
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For instance, magnetic NPs as contrast agents present some
positive characteristics, in contrast to conventional agents, such
as shorter waiting time until examination, shorter duration of
residence of the agent inside the patient’s body (while reducing
its side effects), and better detection of various tissue types, since
they improve the overall image quality of the body’s cells.">'*"?
Depending on the size of the IONPs and the material used as a
coating, they also target a different site for imaging. There are
IONPs that have been approved for clinical use as magnetic
resonance imaging (MRI) contrast agents; however, several of
them have been already discontinued.’*>

When NPs consist of two different metals, they are called
bimetallic. Bimetallic NPs (BNPs) are expected to have proper-
ties that are a combination of the properties of the two
constituent metals, while they may also exhibit new properties
that are a result of the synergy of the two metals. Their
properties naturally differ from those of the pure elements,
with the optical, electronic, thermal, and catalytic properties
largely depending on the size of the formed NPs.'*'> BNPs are
an interesting field of research, as they add an additional
degree of freedom due to the two different metals that compose
them, resulting in different properties and, therefore, addi-
tional applications."*'*"® Nanomaterials doped with rare
earth elements exhibit some exceptional chemical and optical
characteristics, such as high photofluorescence intensity,
long fluorescence lifetime, emission from the visible to near-
ultraviolet spectrum, high stability against photochemical
degradation, sharp emission peaks with a narrow bandwidth,
constant light intensity, and low toxicity.'*™* For the synthesis
of these BNPs, two important features must be taken into
account. First, lanthanide ions are characterized by a small
molecular absorption cofactor, so that direct excitation does
not always lead to strong fluorescence. This is corrected by the
use of organic substituents (chromophores), which absorb light
and transfer the energy to the excited states of the ions, which
in turn exhibit fluorescence with a large Stokes shift. Second,
since IONPs are known to be strong luminescence quenchers, it
is necessary to coat the IONPs with a layer that suppresses the
occurrence of this phenomenon. This coating also contributes
to the immobilization of the lanthanides, improved chemical
reactivity, and better colloidal stability of the NPs.**>°

Europium-doped iron oxide NPs (Eu-IONPs) have emerged
as promising candidates, combining the superparamagnetic
properties of iron oxides with the distinctive luminescent
characteristics of europium ions. This dual functionality
enables their use in multimodal imaging techniques, such as
MRI and fluorescence imaging, enhancing diagnostic accuracy
and therapeutic monitoring. Recent studies have focused on the
synthesis and characterization of Eu-IONPs to optimize their
physicochemical properties for biological applications.>”* For
instance, Zhang et al.*" reported the synthesis of biocompatible
superparamagnetic Eu-IONP clusters using a straightforward
one-pot method. These NPs exhibited excellent water solubility,
colloidal stability, and enhanced T1-weighted MRI contrast,
demonstrating their potential as multifunctional nanoprobes
for in vivo imaging. Similarly, Costa et al** developed hybrid
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magneto-luminescent iron oxide nanocubes functionalized with
europium complexes. Their comprehensive evaluation of hemo-
Iytic properties and protein corona formation provided valuable
insights into the biocompatibility and surface interactions of
these NPs, which are crucial for their safe application in nano-
biotechnology. Furthermore, Lunin et al** introduced spindle-
like Eu-IONPs synthesized through a facile ferrihydrite crystal-
lization procedure. These NPs not only enhanced MRI contrast,
but also exhibited shape-induced cytotoxicity, highlighting the
influence of NP morphology on biological interactions and
therapeutic potential. Two more groups, de Espindola et al.>*
and Prasad et al,* highlighted the dual functionality of their
NPs as a key feature enabling their potential applications. The
combination of magnetic and optical properties allows for multi-
modal imaging and the possibility of simultaneous diagnosis
and therapy (theranostics).

Building upon these advancements, our study aims to
synthesize bimetallic Fe@Eu NPs with varying Fe:Eu ratios
using the co-precipitation method. Structural, morphological,
colloidal, and fluorescence properties were systematically char-
acterized. In vitro assays, including cytotoxicity and cellular
internalization, were performed to evaluate bioactivity. The
synergistic interplay of iron and europium was shown to
enhance multifunctionality, highlighting Fe@Eu NPs as pro-
mising platforms for biomedical imaging and therapeutic
applications.

Experimental

Materials

Ferrous chloride (FeCl,-4H,0) and ferric chloride (FeCl;-6H,0)
were purchased from Acros Organics. Ammonia solution
(NH,OH 30%; aquatic, Mr = 17.03 ¢ mol ') and europium(m)
nitrate pentahydrate (Eu(NO;);-5H,0; Mr = 428.05 g mol )
were purchased from Sigma-Aldrich. Tri-sodium citrate
(Na;CeH50,-2H,0; Mr = 294.10 g mol ™', d = 1.76 g cm ™ *) was
obtained from Fischer Scientific. Ethylene glycol (C,H50,; Mr =
62.07 g mol ™', d = 1.11 kg L") was obtained from Merck. Nitric
acid (HNO;, 65% G.R.; Mr = 63.01 g mol *, d = 1.4 kg L") was
purchased from Lach-Ner, s.r.o. High glucose DMEM (Dulbec-
co’s Modified Eagle’s Medium, with L-glutamine, with sodium
pyruvate, sterile filtered), penicillin-streptomycin solution
100x (sterile filtered), t-glutamine 100x 200 mM (sterile fil-
tered), and trypsin-EDTA 1x in solution (without Ca, without
Mg, with phenol red, sterile filtered) were purchased from
Biosera. DPBS (phosphate-buffered saline, without Ca, without
Mg, sterile filtered) and FBS Good (fetal bovine serum) were
obtained by PAN Biotech. MTT (3-(4,5-dimethylthiazol-2-y1)2,5-
diphenyltetrazolium bromide) and PI (propidium iodide)
were acquired from Cayman Chemical. RNAse A was obtained
from abmGood. DMSO (dimethyl sulfoxide) was obtained
from Fisher Chemical. DNR (daunorubicin hydrochloride)
was provided by Pharmacia & Upjohn. Ethanol euro denatured
99% was purchased from VWR Chemicals. H,DCFDA (2/,7'-
dichlorodihydrofluorescein diacetate) was obtained from
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Thermo Fisher Scientific. Annexin V binding buffer 10x,
Annexin V/FITC (fluorescein isothiocyanate), and 7-AAD
(7-aminoactinomycin D) were acquired from BD Biosciences.

Instrumentation

Dynamic light scattering (DLS) measurements of the samples
were performed on a Malvern Instruments Zetasizer Nano
Series with a multipurpose titrator. In the data presented in
this study, each value represents the average value of 3 mea-
surements, with 20 runs per measurement. The Fourier trans-
form infrared (FT-IR) spectra of the samples were obtained
using a Shimadzu IR Affinity-1 (QATR 10 single reflection ATR
accessory) spectrometer and the spectra were scanned over the
range 4000-400 cm ™. The ultraviolet-visible (UV-Vis) absorp-
tion spectra in the wavelength range of 200-600 nm were
obtained on a Shimadzu UV-2600i UV-Vis spectrophotometer.
For the transmission electron microscopy (TEM) analysis, the
images were taken using an FEI Talos F200i field-emission
(scanning) transmission electron microscope (Thermo Fisher
Scientific Inc., Waltham, MA, USA), operating at 200 kV and
equipped with a windowless energy-dispersive spectroscopy
microanalyzer (6T/100 Bruker, Hamburg, Germany). Photolu-
minescence (PL) spectra in the excitation/emission wavelength
range of 300-900 were obtained using a Shimadzu RF-5301PC
spectrofluorophotometer.

The powder X-ray diffraction (pXRD) spectra of the samples
were obtained using a Bruker D8 Advance diffractometer in
Bragg-Brentano geometry, operating at a voltage of 40 kV and a
current of 25 mA. As an X-ray source, a Cu anode was used with
Cu-Ka, radiation (/ = 1.5418 A), while Cu-Ka, interferences are
considered negligible due to the use of a Gobel mirror. Diffraction
patterns were monitored in the 20 angle range of 15-65 degrees
with a step size equal to 0.04° s~ and a scan speed equal to 1.6 s
per step.

X-ray photoelectron spectroscopy (XPS) measurements were
conducted within an ultra-high vacuum chamber at an operat-
ing pressure below 1.7 x 10~° mbar.’® A Leybold LH EA11
hemispherical energy analyzer, operated at 100 eV pass energy,
was employed to analyze the kinetic energy of emitted photo-
electrons excited by a non-monochromatic AlKo source
emitting at 1486.6 eV. Sample powders were pressed against
thin lead sheets and introduced into the chamber without
further treatment. Spectra were analyzed using XPSPEAK 4.1
software, following the application of a Shirley background. The
reported binding energies were charge-corrected with reference
to adventitious carbon at 284.8 eV. Surface atomic ratios were
calculated using experimental relative sensitivity factors.

The absorption of the solutions in the MTT assay was
measured on an Eliza Microplate Reader Biobase spectrophoto-
meter; the test wavelength was set at 540 nm and the reference
wavelength at 620 nm. Widefield optical fluorescence micro-
scopy of the NPs was carried out using an OMAX Trinocular
Compound EPI-fluorescence microscope (model: M834FLR) with
a 1.3 MP CMOS camera (blue filters: excitation 410-490 nm,
emission 515 nm; green filters: excitation 490-540 nm, emission
590 nm), while for cells it was carried out using a EUROMEX

7554 | Mater. Adv, 2025, 6, 7552-7573

View Article Online

Paper

bScope Trino Plan Fluo Microscope (model: BS.3153-PLI) with a
6.1 MP 1/1.8” SONY EXMOR CMOS SENSOR Euromex Scientific
Camera (SCMEX-6) (blue filters: excitation 450-495 nm, emission
515; green filters: excitation 495-555 nm, emission 595 nmy;
violet filters: excitation 380-415 nm, emission 475 nm; ultravio-
let filters: excitation 320-380 nm, emission 435 nm). Intracellu-
lar iron and Europium quantification was performed via
inductively coupled plasma-mass spectrometry using an Agilent
7900 ICP-MS instrument. Helium was used as the collision gas to
minimise polyatomic interferences, and the isotopes used for
quantification were 56Fe and 151Eu.The flow cytometry experi-
ments were conducted on a Becton Dickinson FACSCalibur flow
cytometer and the obtained data were processed using FlowJo
software.

Synthetic procedures

Synthesis of magnetic iron oxide nanoparticles (IONPs). The
synthesis of IONPs was based on the work of Prokopiou et al.*’
In a 250 mL round bottom flask, placed inside an oil bath and
on a heated stirrer, 80 mL of double distilled (dd.) water was
added. The flask was heated at around 70 °C for 30 min in the
presence of bubbling N, gas. The presence of N, gas prevents
the oxidation of iron, which is added later in the reaction flask,
to y-Fe,O; (reaction (R1)) or Fe(OH); (reaction (R2)). After
30 min, 0.5 g (2.5 mmol) FeCl,-4H,0 and 1 g (6.2 mmol)
FeCl;-6H,O were added into the reaction flask; according to
studies, an Fe(u): Fe(m) ratio of 1:2 contributes to the formation
of iron oxide nuclei, which consist of magnetite at a percentage
higher than 95%. After the temperature reached 90 °C and the two
salts were solubilized, 8 mL of concentrated ammonia solution
(NH;) was added into the flask to ensure the alkaline environment
needed for the formation and precipitation of magnetite. At the
end of the reaction, the color of the mixture turned black,
indicating the formation of magnetite. When the reaction mixture
cooled down to room temperature, the precipitate was magneti-
cally separated and washed thrice with dd. water, in order to
remove excess reagents. The synthesized magnetic IONPs were
dispersed in water and stored at 4 °C. The overall reaction of the
synthesis is presented below (reaction (R3)).*®

Fe;0, + 2H'— y-Fe,0; + Fe*" + H,0 (R1)
1 9

Fe;04 + ZOQ + EHZO - 3FC(OH)3 (RZ)

2Fe*" + Fe? + SOH  — Fe;0, + 4H,0 (R3)

Synthesis of magnetic IONPs coated with tri-sodium citrate
(IONPs@citrate). This synthesis was based on the work of
Prokopiou et al.*” with some modifications. In a 100 mL round
bottom flask, placed inside an oil bath and on a heated stirrer,
40 mL of dd. water was added. The flask was heated at around
80 °C for 30 min in the presence of bubbling N, gas. After
30 min and at the same temperature, 0.5 g (2.5 mmol) FeCl,-
4H,0 and 1 g (6.2 mmol) FeCl;-6H,0 were added into the
reaction flask with an Fe(u) : Fe(ur) ratio of 1:2 and the mixture

© 2025 The Author(s). Published by the Royal Society of Chemistry
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was left until complete dissolution. After the dissolution of the
salts and while the temperature was still at 80 °C, 2.5 mL of
concentrated ammonia solution (NH;) was added into the
reaction flask. At this stage, 1 g (3.4 mmol) tri-sodium citrate
was dissolved in 2 mL of distilled water and added into the
reaction flask after another 30 min. The addition of tri-sodium
citrate was followed by an increase in temperature (95 °C) and
the reaction was left to complete for 90 min. When the reaction
mixture cooled down to room temperature, the precipitate was
magnetically separated and washed thrice with dd. water. The
synthesized magnetic IONPs@citrate was dispersed in water
and stored at 4 °C. The overall reaction of the synthesis is
presented below (reaction (R4)).*’

2FeCl, + FeCl, + 8NH; + 4H,0
+ (HOOC)(CH,)C(OH)(COOH)(CH,)(COOH)

— citrate - Fe;0, + SNH,CI (R4)

Each molecule of citric acid has three carboxyl groups (-COOH)
in its structure, from which one or two are adsorbed on the
surface of the IONPs by chemisorption. In a wide pH range
(5.0-9.0), due to the three pkK, values, citric acid undergoes
strong deprotonation (-COOH — -COO™), which contributes to
the strong negative charge on the surface of IONPs and the
strong electrostatic repulsion. In this way, the colloidal stability
of the magnetic IONPs in aquatic systems is enhanced and
agglomeration is avoided.*®

Syntheses of magnetic IONPs coated with tri-sodium citrate
and modified with europium with Fe:Eu ratios of 1:3, 1:1,
and 1:0.25 having water as the dispersion medium (IONPs@-
citrate@Eu (Fe: Eu = 1: 3, in H,0), IONPs@citrate@Eu (Fe : Eu
=1:1, in H,0), IONPs@citrate@Eu (Fe: Eu = 1:0.25, in H,0)).
These syntheses were based on the work of Espindola et al.>*
with some modifications. Particularly, in the case of an Fe:Eu
ratio of 1:3, in a 50 mL round bottom flask, placed inside an oil
bath and on a heated stirrer, 20 mL of dd. water was added. The
flask was heated at around 70 °C in the presence of bubbling N,
gas. Then, 870 pL of IONPs@citrate was added into the flask
and after 10 min 2-3 drops of concentrated ammonia solution
(NH;3) was added as well. Ammonia contributes to the alkaline
environment needed for deprotonation of the carboxyl groups
of citrate on the IONPs’ surface (-COOH — -COO7), so that
europium can be more easily attached to them. After another
10-15 min, 0.15 g (0.35 mmol) Eu(NOj3);-5H,0 (Fe:Eu ratio =
1:3) was added into the reaction flask and the reaction was left
to complete for 24 h. When the reaction mixture cooled down to
room temperature, the precipitate was magnetically separated
and washed thrice with dd. water. The synthesized magnetic
IONPs@citrate@Eu (Fe:Eu = 1:3, in H,0) were dispersed in
water and stored at 4 °C.

Similar procedures were followed for the syntheses of the
magnetic IONPs@citrate@Eu with Fe:Eu ratios of 1:1 and
1:0.25. However, for these two ratios, 750 pL of concentrated
ammonia was added for the deprotonation of citrate molecules
and the reactions were completed after 2 h. Moreover, for
sample IONPs@citrate@Eu (Fe: Eu = 1:1, in H,0), the amount
of added Eu(NO;);-5H,0 was 0.054 g (0.13 mmol), whilst for
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sample IONPs@citrate@Eu (Fe:Eu =
amount was 0.014 g (0.033 mmol).

Syntheses of magnetic IONPs coated with tri-sodium citrate
and modified with europium with Fe:Eu ratios of 1:1 and
1:0.25 having ethylene glycol as the dispersion medium
(IONPs@citrate@Eu (Fe: Eu = 1:1, in EG), IONPs@citrate@Eu
(Fe:Eu = 1:0.25, in EG)). These syntheses were based on the
work of Martinson et al."® with some modifications. Particu-
larly, in the case of an Fe:Eu ratio of 1:1, in a 25 mL round
bottom flask, placed inside an oil bath and on a heated stirrer,
10 mL of ethylene glycol (EG) was added. The flask was heated
at around 80 °C in the presence of bubbling N, gas. Then,
435 pL of IONPs@citrate and 200 pL of NaOH 1 N were added
into the flask. In this case, NaOH was used instead of NH; for
the deprotonation of the carboxyl groups of citrate molecules
on the IONPs’ surface. After 30 min, 0.027 g (0.063 mmol)
Eu(NO3);-5H,0 dissolved in 500 pL ethanol (EtOH) was added
into the reaction flask and the reaction was left to complete for
2 h. When the reaction mixture cooled down to room tempera-
ture, the precipitate was magnetically separated and washed
thrice with dd. water. The synthesized magnetic IONPs@citra-
te@Eu (Fe:Eu =1:1, in EG) were dispersed in water and stored
at 4 °C.

The same procedure was followed for the synthesis of the
magnetic IONPs@citrate@Eu with an Fe:Eu ratio of 1:0.25.
Nevertheless, in this case, the amount of added Eu(NOs);-5H,0
was equal to 0.0068 g (0.016 mmol).

Ethylene glycol, with its two hydroxyl groups, serves as
an effective complexing agent for metal ions of varying sizes.
Its use in synthesis helps prevent selective precipitation and
ensures better homogeneity among components. In the
presence of nitrate anions, a phenomenon known as the “glycol
effect” occurs.** Nitrates tend to form strong hydrogen bonds
with ethylene glycol in the polar domain, dominating its
coordination sphere and reducing interactions with other
ions.”” This interaction also initiates an exothermic redox
reaction between nitrate and the hydroxyl groups, producing
nitrogen oxide gases (NO,) and oxidizing ethylene glycol to
glyoxylate.” In this study, ethylene glycol was used specifically
to minimize the disruptive effects of nitrate ions during NP
synthesis.

All syntheses were performed via a one-pot co-precipitation
process.

1:0.25, in H,0) the

In vitro biological evaluation

Cell culture. Human embryonic kidney (HEK-293) and
Henrietta Lacks (HeLa) cells were, respectively, the healthy
and cancerous cell lines used in this study. Both cell lines were
cultured and maintained in glutamine-rich DMEM supplemen-
ted with 10% FBS and 1% penicillin/streptomycin as antibio-
tics. The cell cultures were incubated at 37 °C with 5% CO, flow
inside a humidified incubator.

MTT cell viability assay. Initially, HEK-293 and HeLa cells
were seeded in 96-well plates at a cell density of 1 x 10* cells per
well and incubated for 24 h until confluency. To achieve different
concentrations of the synthesized NPs in DMEM, stock solutions

Mater. Adv., 2025, 6, 7552-7573 | 7555
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were prepared followed by serial dilutions, resulting in final
concentrations of 100, 50, 30, 10, 5, and 1 pM Fe. After a 24 h
incubation, the culture medium was removed and replaced by
DMEM containing the different concentrations in triplicate.
After another 24 h of incubation with the NPs, the medium
was removed and replaced by the MTT solution (0.5 mg mL ™" in
PBS). After 1-3 h of incubation with MTT, dark purple formazan
crystals precipitated at the bottom of the wells, indicating the
presence of living cells. The formazan crystals were dissolved
upon the addition of DMSO and the absorbance was measured
at 540 nm (reference wavelength at 620 nm) with an ELISA plate
reader.** The percentage (%) of the viable cells can be calculated
using the following equation (eqn (1)):

% Cell viability — Number of stained cells

Total number of cells x 100% ()

Wound healing assay. The migratory potential and multiplica-
tive capacity of the cells, both HEK-293 and HeLa, were assessed
using the wound healing assay. According to this method, the
cells were seeded in 24-well plates in DMEM at a cell density of
5 x 10* cells per well and incubated until confluency. A straight
scratch was made in the confluent monolayer using a p200 pipette
tip and detached cells were removed by washing with PBS. Some
wells of the plate were treated only with DMEM, in order to serve
as the control, and the rest were treated with NPs with a
concentration of 100 pMg. dispersed in DMEM. The scratched
areas of each sample and the controls were photographed at the
time points of 0 h, 24 h, 48 h, and 72 h for HEK-293 cells and at
0 h, 24 h, and 28 h for HeLa cells with a 1.3 MP CMOS camera.
The images that were taken at different time points were pro-
cessed using the Image] program, which determined the denuded
cell area. The percentage (%) of the healed wound at the different
time points can be calculated using the following equation

(eqn (2)):

Initial wound size — Final wound size

% Wound closure = — -
¢ ( Initial wound size

) x 100%
(2)

where the initial wound size is the one at 0 h and the final wound
size is the one at the different time points.*®

Prussian blue staining and optical microscopy. This method
is commonly used to visualize the cellular uptake of NPs and
is based on the formation of the insoluble blue complex
Fe(m),[Fe(i)(CN)s]3-xH,0, known as Prussian blue. Briefly, cells
were seeded in 12-well plates at a density of 1 x 10° cells per
well and incubated until reaching confluency. Subsequently,
the culture medium was removed and replaced with fresh
DMEM for control samples and with DMEM containing NPs
at a concentration of 100 pMg. for treated samples. After
24 hours of incubation, the medium was discarded and cells
were washed with PBS and fixated with 4% formalin for 20 min
at room temperature. Following fixation, cells were washed
twice with PBS and treated with Pearl’s solution — a 1: 1 mixture
of 4% (w/v) potassium ferrocyanide (K,Fe(CN)¢-3H,0) and 4 M
HCI in PBS - for 30 min at room temperature. The acidic
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environment promotes partial dissolution of the internalized
NPs by providing protons, which liberate Fe(m) ions from the
NP matrix. These free Fe(u) ions subsequently react with
ferrocyanide to form the characteristic Prussian blue complex,
marking the sites of iron accumulation within the cells. After
the staining procedure, cells were rinsed with PBS and counter-
stained with 0.02% nuclear red solution for at least 5 min to
visualize cell nuclei, which appear red and provide contrast
against the blue-stained regions indicating iron presence.
Finally, the cells were washed again with PBS, imaged under
an optical microscope, and documented using a 1.3MP CMOS
camera.**

Fluorescence microscopy in cells. This technique contri-
butes, as well, to the visualization of the NPs’ uptake by the
cells and was used to locate the spot of the NPs in the cells due
to the fluorescence of europium. To begin with, the cells were
seeded in 24-well plates containing sterile coverslips at a cell
density of 5 x 10* cells per well and incubated until confluency.
After the incubation, the culture medium was removed and
DMEM was added to the control wells and NPs with a concen-
tration of 100 pMg. dispersed in DMEM were added to the
sample wells. After another 24 h, the medium was removed,
and the cells were washed with PBS, fixated with 4% formalin
for 20 min at room temperature, and washed again with PBS.
Finally, the coverslips were removed and placed on glass slides
to perform fluorescence microscopy. The cells were photo-
graphed with a 6.1 MP 1/1.8” SONY EXMOR CMOS SENSOR
Euromex Scientific Camera (model: sSCMEX-6).

Study of the cell cycle by flow cytometry. The protocol
followed was based on the work of Kim et al.*® with minor
modifications. Briefly, cells were seeded in 6-well plates at a
density of 3 x 10° cells per well until reaching confluency. The
culture medium was then replaced with DMEM for the negative
controls, with DMEM containing 1 pg mL~' daunorubicin
hydrochloride (DNR) for the positive controls, and with DMEM
containing Fe@Eu NPs at a concentration of 100 uMg, for the
treated groups. After 24 h of incubation, the medium was
removed, and the cells were washed with PBS and harvested.
Cells were subsequently fixated in 70% (v/v) cold ethanol in
water for 1 h in the dark and stored overnight at 4 °C. Cells were
washed with PBS and incubated for 30 min in the dark with
500 pL PI/RNAse A (50 ug mL~" PI and 10 pg mL~' RNAse A in
PBS). PI is a red fluorescent stain (Lex = 535 nm, ey, = 617 nm)
with binding efficiency to both DNA and RNA, while RNAse A is
necessitated to be used in order to digest the double-stranded
sections of RNA and confirm that only DNA is stained by the
PL* Flow cytometry was then performed to assess the cell
distribution percentages (%) in the sub-G1, G1, S, G2, and post-
G2 phases. The cells were analyzed using a FACSCalibur flow
cytometer and data were processed using FlowJo software.

Study of the intracellular production of reactive oxygen
species (ROS) by flow cytometry. The protocol followed was
adapted from the work of Pérez-Arizti et al*® with minor
modifications. Briefly, cells were seeded in 6-well plates at a
density of 3 x 10> cells per well and incubated until reaching
confluency. The medium was then replaced by DMEM for the
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negative controls and by NPs with a concentration of 100 uMg.
dispersed in DMEM for the rest. After 24 h of incubation, the
medium was removed, and cells were washed with PBS and
harvested. After another wash with PBS, and cells were incu-
bated with 10 uM H,DCFDA in DMEM (not supplemented with
FBS) for 30 min at 37 °C in the dark, and subsequently washed
twice with PBS. After the entrance of cell-permeable and non-
fluorescent H,DCFDA inside the cell, it is converted into 2',7'-
dichlorofluorescein (DCF), the oxidized and highly fluorescent
form (excitation at 485 nm, emission at 530 nm),** presenting
the redox state of the sample.”®”" ROS levels were assessed
using a FACSCalibur flow cytometer. A minimum of 10000
events per sample were analyzed using FlowJo software.

Study of the apoptotic and necrotic pathways by flow cyto-
metry. The protocol followed was based on the work of Pedrino
et al.>® with some modifications. Briefly, cells were seeded in
6-well plates at a density of 3 x 10 cells per well and incubated
until reaching confluency. The culture medium was then
removed and replaced with fresh DMEM for the negative
control group or with DMEM containing NPs at a concentration
of 100 uMg. for the treated groups. After 24 h of incubation, the
medium was discarded, and cells were washed with PBS and
subsequently harvested. Following collection, cells were
washed once again with PBS and 100 pL of 1x binding buffer
was added to each sample. Cells were then stained with 5 pL of
Annexin V/FITC and 5 pL of 7-AAD and incubated in the dark
for 20 min at room temperature. The Annexin V/FITC complex
(Aex =490 nm, Ae, = 525 nm) binds to phosphatidylserine (PS), a
membrane component that becomes externalized on the cell
surface during early apoptosis and allows for the identification
of apoptotic cells with intact membranes. In contrast, 7-AAD
(Aex =488 nm, A,y = 647 nm) is a DNA-intercalating dye that can
only permeate cells with compromised membranes, thereby
labeling necrotic and late apoptotic cells.”* > After staining, an
additional 400 pL of 1x binding buffer was added to each
sample and flow cytometry was performed to quantify the
percentages of viable, early apoptotic, late apoptotic, and
necrotic cells. Cell analysis was conducted using a FACSCalibur
flow cytometer and data were acquired from a minimum of
10000 events per sample. The resulting data were further
processed and analyzed using FlowJo software.

Quantification of intracellular iron and europium in cultured
cells via ICP-MS. Cells were prepared for ICP-MS measurement
following modified methods described previously.>*” Compre-
hensively, cells were seeded in 6-well plates until reaching
confluency, after which the culture medium was replaced by
fresh DMEM for the control groups (quantification of endogen-
ous iron in cells) and by NPs with a concentration of 100 pMg,
for the rest. After 24 h of incubation, the medium was removed,
and cells were washed twice with PBS in order to completely
remove the extracellular NPs and harvested. Subsequently, cells
were washed twice with PBS, treated with 1 mL of 65% HNO;,
and left for 2 h in an oil bath at 90 °C until complete digestion.
In order to prevent pressure buildup, vial caps were kept slightly
open during digestion. The procedure was also carried out
in a chemical fume hood to ensure safe handling of vapors,
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particularly due to the possible release of nitrogen oxides (NO,)
generated during the oxidative decomposition of cellular mate-
rial. The digestion process was carried out in vials that were
thoroughly rinsed with dd. water and 2% HNOj; prior to use.
Following digestion, the samples were allowed to cool to room
temperature and then diluted with dd. water to a final solution
containing 2% HNO;. Eight-point calibration curves for iron and
europium were performed prior to sample analysis based on
standard solutions prepared at 0, 1, 2.5, 5, 10, 25, 50, and
100 ppb in 2% HNO;. Total iron and europium content per cell
was calculated based on the calibration curves and known cell
number.

Statistical analysis. The results of the in vitro biological
evaluation are expressed as the mean value of three indepen-
dent experiments + SD (standard deviation of the average
value). For the statistical analysis of the MTT, ROS, and ICP-
MS data, ordinary two-way ANOVA was carried out, followed by
Tukey’s multiple comparisons test, with individual variances
computed for each comparison. For the statistical analysis of
the cell cycle and apoptosis/necrosis data, ordinary two-way
ANOVA was carried out, followed by Dunnett’s multiple com-
parisons test, with individual variances computed for each
comparison. Statistical significance was declared for p values
less than 0.05 (95% confidence interval). Statistical analysis was
performed using GraphPad Prism 9.0.0 software.

Results and discussion
Structural and morphological characterization

UV-Vis spectroscopy. It is well established that the absorp-
tion spectra of iron compounds present three main peaks
corresponding to three types of electronic transitions. Firstly,
at low energy, Fe** d-d transitions and pair excitation processes
are in charge. As for d-d transitions, electrons from the highest
spin multiplicity state (ground state at lower energy) transition
to a lower spin multiplicity state. Pair excitation, also known as
double excitation, is a phenomenon that occurs due to
magnetic coupling between two neighboring Fe*" ions, result-
ing in their simultaneous excitation. Secondly, at medium
energies, ligand-to-metal charge-transfer (LMCT) transitions
are observed. In this type of transition, O~ is the ligand that
is responsible for the strong absorption below 400 nm. Lastly,
at high energies, intraligand (IL) transitions take place. These
types of transitions are due to the magnetic coupling of two
adjacent Fe®" ions and they result in hybridization or over-
lapping between the 3d orbitals of Fe and the 2p orbitals of
0.>°® The transposition of the LMCT peak can give important
information about the size of the NPs. A decrease in particle
size generally leads to a blueshift of this peak, while an increase
in size results in a redshift. Moreover, it is important to clarify
that magnetite can strongly absorb light in the wavelength
range of 250-900 nm, making it difficult to distinguish the
different transitions in the spectra.>®

The UV-Vis spectra of each synthesis are presented in Fig. S1
of the SI. In all the absorption spectra of the NPs, three major
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Table 1 Summary of the Dy (nm), Pdl, and ZP (mV) values for each synthesis. The presented data are the average of three measurements + standard

deviation (SD)

Sample Dy (nm) PdI ZP (mV)
IONPs 1.038 £ 74.32 0.644 + 0.032 —44.1 + 2.21
IONPs@citrate 221.9 £+ 2.691 0.329 £+ 0.018 —40.6 + 0.709
IONPs@citrate@Eu (Fe:Eu =1:3,in HZO) 993.2 + 50.71 0.510 £+ 0.027 24.2 + 0.702
IONPs@citrate@Eu (Fe:Eu = 1:1, in H,0) 2.156 4+ 178.4 0.693 + 0.062 34.9 4+ 0.503
IONPs@citrate@Eu (Fe :Eu=1:1,in EG) 2.964 + 809.5 0.744 + 0.183 39.7 + 0.404
IONPs@citrate@Eu (Fe:Eu =1:0.25, in HZO) 2.553 + 382.3 0.835 £+ 0.084 9.20 + 1.13
IONPs@citrate@Eu (Fe: Eu = 1:0.25, in EG) 2.448 + 462.4 0.719 £ 0.110 14.3 + 0.854

peaks are observed. The first peak around 200 nm is attributed
to IL transitions, the second peak around 380 nm is attributed
to LMCT transitions, and the third peak around 490 nm is
attributed to d-d or pair excitation processes. Among the three
observed peaks, the one corresponding to LMCT transitions is
the most clearly observed, giving important information about
the structure of the NPs, and the one corresponding to d-d or
pair excitation processes is the least clearly observed, probably
due to overlapping with LMCT transitions. Based on the theory
that the LMCT peak blueshifts with reducing size and redshifts
with increasing size of the NPs, we can draw two major
conclusions. Firstly, the addition of tri-sodium citrate redshifts
the spectrum, indicating the attachment on the IONPs’ surface
and resulting in NPs of bigger size. Secondly, the addition of
europium results in Fe@Eu NPs of either a slightly bigger or a
slightly smaller size. This indicates that europium managed to
be incorporated in IONPs@citrate, but probably changes its
structure. No characteristic absorption peak due to europium is
observed in the spectra, since, as already mentioned, magnetite
strongly absorbs light in the wavelength range of 250-900 nm.
However, analysis of the UV-Vis spectra reveals that a lower
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Fig. 1 pXRD patterns of the synthesized NPs. Peaks were smoothed using

OriginPro 9.0. NPs: (A) IONPs, (B) IONPs@citrate, (C) IONPs@citrate@Eu

(Fe:Eu = 1:3, in H,O), (D) IONPs@citrate@Eu (Fe:Eu = 1:1, in H,0),

(E) IONPs@citrate@Eu (Fe:Eu = 1:1, in EG), (F) IONPs@citrate@Eu (Fe:

Eu =1:0.25, in H,0), and (G) IONPs@citrate@Eu (Fe:Eu = 1:0.25, in EG).
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theoretical europium content in the Fe@Eu NPs corresponds to
reduced absorption intensity.

DLS measurements. This technique is commonly used to
determine the hydrodynamic diameter (Dy) and zeta potential
(zP) of spherical NPs in colloidal dispersions. Dy represents the
diameter of NPs including the surrounding solvent layer, mak-
ing the measurement indicative rather than exact. ZP is a
measurement that gives important information about the col-
loidal stability and the state of agglomeration.> %

Table 1 summarizes the DLS characteristics of the synthe-
sized NPs (distribution curves of size and ZP are shown in
Fig. S2 of the SI). The data indicate that varying the europium
content in Fe@Eu NPs influences their colloidal stability.
Specifically, IONPs, IONPs@citrate, and IONPs@citrate@Eu
with an Fe:Eu ratio of 1:1 (synthesized in H,O and in EG)
exhibit good colloidal stability since ZP is |30-50| mV. In
contrast, IONPs@citrate@Eu with Fe: Eu ratios of 1:3 (synthe-
sized in H,0) and 1:0.25 (synthesized in H,O and in EG) are
characterized by aggregation, thus reducing the colloidal sta-
bility. These observations regarding the Fe@Eu NPs are visually
supported and align with experimental results. Across all
samples, the Dy and PdI values are increased, indicating a
tendency for NP aggregation. However, the exact size of the
Fe@Eu NPs will be further characterized using TEM and pXRD
analyses.

FT-IR spectroscopy. The FT-IR spectra of the synthesized
NPs are displayed in Fig. S3 of the SI. The high intensity peaks
observed around 540-550 cm™ " in all spectra are attributed to
the presence of Fe-O-Fe bonds in magnetite. Particularly, these
peaks correspond to the strain vibration of the iron atoms
occupying the tetrahedral sites in the crystal structure.®® The
absorption peaks around 1590 and 1370 cm ™' can be attributed
to the asymmetric stretching vibration of the carbonyl group
(-C=0) and the symmetrical stretching vibration of the car-
boxylic anions (-COO™) of citrate, respectively.® Especially, the
second peak might be an indication of the presence of a -COO-
Fe bond, which is attributed to the reaction between the
hydroxyl radicals on magnetite’s surface and the carboxylic
groups of citrate.®® With the addition of europium on the
NPs’ surface, these two peaks show a slight shift. Apart from
supporting the presence of the chemisorbed carboxylate groups
of citrate on the NPs, according to the literature, these two
peaks give information about the way citrate molecules bind to
the magnetite surface.®® When the mathematical difference of
these two peaks is bigger than 200 cm ™, the carboxylic acids

© 2025 The Author(s). Published by the Royal Society of Chemistry
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form monodendate binding with the magnetite surface and,
when the difference is smaller than 200 cm™", the binding is
bidendate.®® According to this, citrate anions form monoden-
date binding only in the IONPs@citrate sample, whereas in all
IONPs@citrate@Eu samples the binding is bidendate. The
peaks at 3605 and 3610 cm ™" are of particular interest, because,
according to the literature, they are attributed to the presence
of Eu(OH); rods.®”

PXRD analysis. The pXRD patterns and the corresponding
hkl indexes are displayed in Fig. 1, demonstrating a complex
structural fingerprint. Across all samples, key diffraction peaks
corresponding to magnetite - (111), (220), (311), (400), (422),
(511), and (440) - match well with the standard magnetite
reference (COD ID: 1011032), confirming the presence of an
inverse spinel structure (space group: Fd3m, face-centered
cubic lattice).>”®® According to the literature, the difference in
the intensity among the syntheses, during europium addition,
indicates that crystallinity and crystallite particle size differ,
while magnetite formation remains stable.®® The relatively
broad and weak peaks hint at low crystallinity or possible
impurity phases.®® On the other hand, it is demonstrated that
the addition of europium into the magnetic NPs’ lattice leads to
magnetite diffraction peaks of lower intensity as well as the
appearance of some extra intense peaks, suggesting more than
just structural distortion. This might mean that the addition
of europium either inhibits the growth of the NPs or disrupts
the network to which it is added, resulting in a change in
crystallinity.”® Usually, the presence of comparatively more
intense peaks indicates the presence of a different phase in the
sample.”* This hypothesis is supported by the FT-IR results,
indicating the presence of Eu(OH); nanorods, while their
presence is confirmed by comparing the diffraction peaks to
the literature. In particular, comparing the diffraction patterns
of the samples with the standard for Eu(OH); nanorods (COD
ID: 4031476), it can be observed that crystalline planes (100),
(110), (101), (200), (201), (300), (002), (211), (220), and (112) are
present in almost all cases.®” The specific diffraction peaks
become more intense when increasing the amount of europium
added into the magnetic NPs and indicate the presence of a
hexagonal lattice (space group P63/m).

The formation of Eu(OH); is probably driven by the alkaline
conditions during the addition of europium nitrate. It is well
established that amines and ammonia promote the precipita-
tion of trivalent rare-earth hydroxides’> according to the follow-
ing reaction (reaction (R5)):

3+ NH; (aq) + +
Eu’* (aq) + 3H,0 % Eu(OH); (s) + 3H" (aq) + NH," (aq)
(R5)

Based on these results, we hypothesize that a small amount of
europium is either incorporated into the magnetite lattice or
adsorbed onto the surface of the NPs. This is likely driven by
electrostatic interactions between the positively charged Eu**
ions and the negatively charged surface of citrate-coated iron
oxide NPs (IONPs@citrate). Considering the fact that the ionic
radii of europium ions are almost twice those of iron ions and
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Table 2 Summary of the variations in crystallite size, D (nm), and strain, ¢,
between each synthesis

Sample D (nm) £ (x107%)
IONPs 8.86 4.34
IONPs@citrate 8.31 4.37
IONPs@citrate@Eu (Fe:Eu = 1:3, in H,0) 11.14 3.57
IONPs@citrate@Eu (Fe:Eu = 1:1, in H,0) 8.06 4.82
IONPs@citrate@Eu (Fe:Eu = 1:1, in EG) 9.32 4.34
IONPs@citrate@Eu (Fe:Eu = 1:0.25, in H,0) 8.51 4.27
IONPs@citrate@Eu (Fe: Eu = 1:0.25, in EG) 8.77 4.24

high temperatures are not applied, it is likely that the incor-
poration of trivalent lanthanide ions is governed by kinetic
factors. In terms of nanomaterials, the lattice of the synthesized
crystals could contain defects as a result of the kinetically
“frozen” crystal growth in cases of non-thermodynamic equili-
brium. The defects present in the lattice could lead to exchanges
of cationic species or incorporation of ions of different valences.
Except from the lattice, defects can also be formed on the surface
of the nanocrystals favoring the stabilization of molecules, even
solvent molecules.”®

X-ray diffraction measurements contribute to the determi-
nation of the average crystallite size of the synthesized NPs. The
size is calculated using the Debye-Scherrer equation (eqn (3)):

A

A

D=09
0 Pcosf

(3)

where D is the average crystallite size of the NPs, 1 is the
wavelength of the used X-rays (1.5418 A), f§ represents the Bragg
peak’s full width at half maximum (FWHM), and 0 is the
Bragg’s diffraction angle.®® When larger Eu ions replace smaller
Fe ions in the magnetite lattice, defects and vacancies are
formed, leading to lattice strain. The microstrain (&) of the
lattice can be calculated using eqn (4):”*

. :ﬁcZSG ()

Table 2 presents the alterations of the crystallite size and the
respective strain among the different synthesized NPs. Mathe-
matically, crystallite size (D) and lattice strain (¢) are two
inversely proportional quantities and a decrease in one implies
an increase in the other. Theoretically, a reduction of crystallite
size indicates a compression of the lattice and the unit cell,
which in turn leads to elevation of the internal stress and, thus,
the strain. The induced stress of the lattice can be either
internal type or surface type. For instance, elevated strain can
be observed in cases where smaller ions are substituted by
larger ones in the crystal lattice.”

Analyzing the data in Table 2 and comparing the Fe@Eu NPs
with IONPs@acitrate, it can be seen that, in some cases, D is
increased and accompanied by a decreased ¢, while, in others,
the exact opposite is observed. The elevation or reduction of
these values does not appear to have any specific correlation to
the amount of europium present in the Fe@Eu NPs. This
means that larger europium ions substitute smaller iron ions
in the magnetite lattice or they are incorporated in the defects
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Table 3 Elemental analysis (atomic ratios of the different species on the surface of the NPs) of the samples conducted by XPS
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Sample Eu/Fe® Eu/O” Fe/O° Fe**/Fe** 0 (M-0,)/0 (M-OH)?
IONPs@citrate n.a. 0.44 2.26 2.94
IONPs@citrate@Eu (Fe:Eu = 1:3, in H,0) 4.44 0.82 0.18 2.94 0.62
IONPs@citrate@Eu (Fe:Eu = 1:1, in H,0) 3.88 0.65 0.17 2.80 0.79
IONPs@citrate@Eu (Fe:Eu = 1:0.25, in H,0) 1.80 0.54 0.30 2.62 1.76

“ Surface atomic ratio of europium and iron. ? Surface atomic ratio of europium and oxygen. ¢ Surface atomic ratio of iron and oxygen. ¢ Ratio of
peaks belonging to metal oxide species (M-O,) and hydroxide and metal hydroxide species (M-OH, -OH) in the O 1s region.

formed internally or on the surface of the lattice. Probably,
these alterations of the crystal lattice are not arranged in a
consistent order, but rather randomly.

XPS analysis. XPS was performed for the determination of
the composition of the synthesized NPs and the determination of
the various oxidation states of the elements present in the NPs.
Herein, IONPs@citrate as a standard sample and IONPs@citrate@
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Fig. 2 XPS spectra of (1) Eu 3d, (2) Fe 2p, (3) C 1s, and (4) O 1s for the samples (B) IONPs@citrate, (C) IONPs@citrate@Eu (Fe:Eu = 1:3, in H,0),
(D) IONPs@citrate@Eu (Fe:Eu = 1:1, in H,0), and (F) IONPs@citrate@Eu (Fe:Eu = 1:0.25, in H,0).
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Eu (Fe:Eu = 1:3, 1:1, and 1:0.25, in H,0) are representative
examples. XPS scans of the samples revealed the presence of Eu,
Fe, O, and C. In general, the XPS data show the presence of
magnetite in all samples and its coexistence with Eu(OH); in
samples IONPs@citrate@Eu with Fe:Eu ratios of 1:3, 1:1, and
1:0.25 in H,O. Apart from the Eu 3d region, the O 1s region is also
in very good agreement with the above findings (Table 3).
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XPS scans confirm the presence of europium in the Eu(OH);
form for all Fe@Eu samples (Fig. 2(1)). The main (3ds,,) peak is
centered at 1135.6 eV for Eu(OH); as reported previously.”® The
small peak that resolves at ca. 1127 eV can be attributed to Eu in

(C) i.

(G)

Py

50 nm

View Article Online
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the 2" oxidation state, indicative of defects on the surface.®”””” For
IONPs@citrate@Eu (Fe:Eu = 1:1, in H,O and Fe:Eu = 1:3, in
H,0), the 3" oxidation state peaks show a slightly higher FWHM
and a slightly different peak shape (see the 3d;, peak shape).
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Fig. 3 TEM-EDX analyses of the Fe@Eu NPs. Size distribution was measured using ImageJd and analyzed using OriginPro 9.0. (C) IONPs@citrate@Eu
(Fe:Eu=1:3,in H,0), (D) IONPs@citrate@Eu (Fe:Eu = 1:1, in H,0), (E) IONPs@citrate@Eu (Fe:Eu = 1:1, in EG), (F) IONPs@citrate@Eu (Fe:Eu =1:0.25,

in H,0), and (G) IONPs@citrate@Eu (Fe:Eu = 1:0.25, in EG).
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These observations likely indicate the presence of a small
amount of Eu,O; in the sample, as the Eu®® peaks for
europium(m) oxide are slightly shifted to higher binding
energies.®” The spectrum maxima do not show a notable shift,
and therefore the main component should be considered to be
Eu(OH);. For IONPs@citrate@Eu (Fe: Eu = 1:0.25, in H,0), the
peaks shift to smaller binding energies, namely 1134.9 eV for the
3ds/,, component. Due to the low ratio of Eu/Fe in this sample, it
is likely that the Eu-Fe interactions are stronger, reducing the
binding energy of the peak.

The main Fe 2p photoelectron peak shows two main con-
tributions centered at ca. 710 and 724 eV. Peak deconvolution is
performed as reported by Atrei et al.”® During deconvolution,
identical constraints were applied to all spectra. The results
reveal contributions from both Fe? and Fe® species, confirming
the presence of magnetite (Fe;0,4) in every sample. In Fig. 2(2),
peaks assigned to Fe” are shown in red, while those assigned to
Fe* are in green. The Fe” state is characterized by the 2ps,
peak at 709.8 eV, a satellite at 716.4 eV, and the 2p,/, peak at
723.0 €V. The Fe’ state includes the 711.1 eV peak (octahedral
sites), the 713.7 eV peak (tetrahedral sites), a satellite at 719.4 eV,
and the 2p;,, component at 724.9 eV. The Fe*/Fe® ratio increases
with higher Eu/Fe content, reaching 2.94 for IONPs@citrate@Eu
(Fe:Eu = 1:3, H,0), compared to 2.26 for the control IONPs@
citrate. This corresponds to a total Fe valence of +8.1 in the
magnetite structure, consistent with the expected value of +8.

The C 1s spectra (Fig. 2(3)) show contributions from four
peaks. Adventitious carbon is set at 284.8 eV, with C-OH
species appearing at 286.0 eV. C—O species are present at
287.6 eV and O-C—0O contributions are centered at 288.8 eV.”
Oxygenated species arise from the exposure of the sample to air
and background gases present in the UHV system. The peak at
ca. 294 eV is attributed to Eu and specifically the 4p,,, bound
state, indicating that the contribution from this peak weakens
with decreasing Eu content in the sample.®

The O 1s region (Fig. 2(4)) deconvolutes into contributions
from M-O, (Fe,O,, Eu,0,) groups at 529.7 eV, -OH, M-OH
species at ca. 531.5 eV from surface hydroxyl groups, and Eu-
OH. For the Eu doped samples, this peak shows a slight shift to
higher binding energies due to the contributions from the Eu-
OH species. Another peak resolves at ca. 533.5 eV for surface
impurities and carboxylate species present through sample
preparation. Finally, for IONPs@citrate@Eu (Fe:Eu = 1:1, in

Table 4 Results of elemental analysis of EDX spectra
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H,0), one more peak can be resolved in the region at 535.2 eV.
Peaks at such binding energies could indicate the presence of
water in the sample.®””%5?

TEM-EDX analysis. As shown in TEM images (Fig. 3), the
samples consist of spherical-like Fe@Eu NPs with an average size
of 9-12 nm and slight aggregation. At a 1:1 ratio, nanorods can
be clearly observed, confirming the previous results. Mapping and
elemental analysis were also performed for the samples. EDX
spectra (Fig. S4 of the SI) demonstrated the existence of Fe, Eu,
and O, confirming that europium is successfully incorporated in
all samples. From the mapping, it can be validated that the
nanorods mainly consist of Eu and O and only a small amount
of Fe. In contrast, in the case of the nanospheres, there is a
uniform distribution of Eu, Fe, and O. The ratio of Fe: Eu initially
added for the syntheses is different from the obtained one. From
Table 4, it can be observed that only a small amount of Eu can be
incorporated in the magnetite structure, something that is
probably attributed to the defects of the magnetite lattice and
the larger radius of Eu. An important conclusion that can be
drawn here is that the size of the Fe@Eu NPs is much smaller
than the one measured with DLS.

PL spectroscopy. According to the literature, the compounds
of Eu(m) and Eu(u) present characteristic photoluminescence,
which is dependent on the media in which these elements are
doped. In the case of Eu(m), whether this ion is doped into
crystalline matrices or complexed with organic ligands, a very
intense red photoluminescence is observed under UV irradia-
tion. The obtained photoluminescence spectra of Eu(u) com-
pounds give more information than the respective absorption
spectra and result from the electron transitions from the °Dg
excited state to the J levels (0-6) of the “F; ground state in
the wavelength range of 570-840 nm. Among the transitions,
°D, — ’F, is the most intense and hypersensitive, giving the
characteristic red photoluminescence of Eu(ui) between 610 and
630 nm, whilst °D, — ’F5 and °D, — ’Fg are rarely observed
depending on the detection wavelength limits of the spectro-
fluorimeters (vide infra).”>®*"** Different from the trivalent euro-
pium, Eu(un) compounds under near-UV irradiation exhibit broad
emission bands, which are due to the allowed electron transi-
tions from the 4f°5d" (E,) lower excited state to the 4f” (°S,)
ground state.*>®” These transitions are usually observed
between 450 and 480 nm.** For example, Eu(u) doped in
fluorides emits in the violet region of the visible light spectrum,

Mass fraction Obtained Size distribution

Sample z Element (%) Fe:Eu (£ SD) [nm]

IONPs@citrate@Eu (Fe:Eu = 1:3, in H,0) 26 Fe 94.55 1:0.06 11.8 £ 1.8
63 Eu 5.45

IONPs@citrate@Eu (Fe :Eu=1:1,in HZO) 26 Fe 88.37 1:0.13 11.1 £ 1.8
63 Eu 11.63

IONPs@citrate@Eu (Fe :Eu=1:1,in EG) 26 Fe 64.77 1:0.54 10.8 £ 1.6
63 Eu 35.23

IONPs@citrate@Eu (Fe :Eu=1:0.25, in HZO) 26 Fe 94.71 1:0.06 11.1 + 2.5
63 Eu 5.29

IONPs@citrate@Eu (Fe:Eu = 1:0.25, in EG) 26 Fe 92.25 1:0.08 9.4 £+ 2.0
63 Eu 7.75
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Fig. 4 (1) PL spectra of the Fe@Eu NPs at RT. The excitation wavelength is 350 nm. Peaks were smoothed using OriginPro 9.0. (2) Widefield optical

fluorescence microscopy images of Fe@Eu NPs: (C) IONPs@citrate@Eu (Fe:Eu =

(E) IONPs@citrate@Eu (Fe: Eu = 1:1, in EG), (F) IONPs@citrate@Eu (Fe: Eu

in chlorides and bromides the emission shifts to the violet/blue
region, in oxides it occurs in the blue/green region, and in
sulfides and thiocyanates it is shifted to the red region.®®

From the PL spectra of the Fe@Eu NPs (Fig. 4(1)), two main
clear peaks are detected after excitation at 350 nm. Specifically, a
broad peak is observed around 470 nm, along with a weaker peak
near 825 nm in the near-infrared (NIR) region. There is a high
probability that the black core of magnetite absorbs a lot of the
excitation light or there are a lot of formed defects on the host
lattice, leading to a reduced emission intensity of europium.®’
This could explain the very broad peak centered around 470 nm,
indicating green photoluminescence and, thus, the presence of
Eu(u) in the Fe@Eu NPs, and overlapping the red photolumines-
cence of Eu(m) present in the precursor molecule. Gaussian fitting
of each curve reveals that the broad main peak is composed of
multiple underlying individual peaks. In more detail, the peak
around 470 nm can be attributed to the 4f°5d" — 4f” transition of
Eu(u) or it can be an indication that aggregates are formed,
leading to Fe@Eu NPs of different sizes emitting light of higher
energy. However, further analysis of this curve presents a broad
peak between 590 and 650 nm attributed to the °Dy — “F;;
transitions of Eu(m). The peak of small intensity around 825 nm is
attributed to the rarely observed *D, — ”Fg transition of Eu(m).

Widefield optical fluorescence microscopy in Fe@Eu NPs.
Additionally, europium, like other rare-earth elements, is known
to undergo a “surface valence transition” phenomenon. In this
process, variations in the surface geometry and coordination
environment can lead to a prevalence of Eu(u) ions at the surface,
while the bulk of the material retains Eu(u) or aliovalent states.
This surface-bulk disparity further contributes to the observed
dual-emission properties of the NPs.” As observed from the
images in Fig. 4(2), a particularly interesting feature of the Fe@Eu

© 2025 The Author(s). Published by the Royal Society of Chemistry

1:3, in H,O), (D) IONPs@citrate@Eu (Fe:Eu = 1:1, in HO),
=1:0.25, in H,0), and (G) IONPs@citrate@Eu (Fe:Eu = 1:0.25, in EG).

NPs is their dual fluorescence behavior - exhibiting both green
and red emissions. This suggests the simultaneous presence of
Eu(un) and Eu(m) oxidation states within the structure. In some
samples, red emission is more prominent, while in others, green
emission dominates. Regardless of the emission color, the
fluorescence intensity remains stable and persistent over time. A
proposed mechanism for this dual emission involves the excita-
tion of magnetite at a specific wavelength, where the absorbed
energy is either sufficient to promote electrons from the valence
band (VB) to the conduction band (CB), or becomes trapped in
lattice defects. These trapped states may then facilitate non-
radiative transitions to the discrete energy levels of Eu(m), result-
ing in characteristic luminescence.”"

In vitro biological evaluation

Cell viability assay. The in vitro cytotoxicity studies were
carried out using the MTT assay. This method is based on the
reductive reaction of tetrazole of MTT to purple formazan in
the mitochondria of living cells by reductase enzymes. The
intensity of the purple color of formazan depicts the metabolic
activity of the mitochondria and, thus, of the living cells.

The percentage of cell viability is determined by comparing
the absorbance values of NP-treated cells to those of untreated
controls. Subsequently, the cytotoxic potential of the NPs can
be quantitatively evaluated through the construction of a dose-
response curve, which illustrates the correlation between NP
concentration and cell viability. NPs of very small size, around
10 nm, and their high positive charge improve penetration
through the negatively charged bilipid membrane distributing
iron molecules in the cells.”® The levels of toxicity are correlated
with surface modification, byproducts of the NPs, chemical
composition of the different cell lines, oxidation state of IONPs
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(E) IONPs@citrate@Eu (Fe:Eu = 1:1, in EG), (F) IONPs@citrate@Eu (Fe:Eu = 1:0.25, in H,0), and (G) IONPs@citrate@Eu (Fe:Eu = 1:0.25, in EG).

as well as the interaction between IONPs and proteins.* In
general, administration of IONPs has been related to extensive
cytotoxicity leading, for instance, to apoptosis, mitochondrial
disorder, DNA damage, and excessive ROS production.’*®
Nevertheless, coating of NPs with an amphiphilic layer
enhances colloidal stability and improves their biodistribution,
preventing agglomeration caused by intramolecular interac-
tions or interactions with biological molecules and prolonging
their circulation time.’*°® Overall, the highest administered
concentration of NPs is expected to be more toxic because of
the metabolic differences.

Results in Fig. 5(1) demonstrate that, in most cases, cyto-
toxicity is dose-dependent in HEK-293 cells reaching 70% even
after incubation with 100 uMg, for 24 h. In particular, IONPs@-
citrate, which is the precursor sample for the following synth-
eses, present viability around 70% or higher, whilst the same
tendency is also observed in bare NPs. As for Fe@Eu NPs
(C)-(G), viability seems to exceed 80%, indicating not only that
these NPs are biocompatible with the specific cell line, but also
that the addition of Eu leads to higher percentages of viability.
HEK-293 is a cell line of human origin and, thus, the biocom-
patibility of the NPs is a positive first step for their application
as a theranostic agent. From Fig. 5(2), without reference to
dose-dependency, it can be observed that viability exceeds 70%
in most cases underlying the biocompatibility of NPs with HeLa
cells as well. However, a major change is observed after the
administration of (C), which presents dose-dependent toxicity
and leads to viability approximately equal to 50% after incuba-
tion with 100 pMg.. The size of all NPs is around 10 nm and
their surface charge is positive, meaning that all of them can be
easily internalized in cells. However, in HeLa cells probably the
integrity of (C) is diminished, leading to high levels of available
free iron molecules in the cells and increased toxicity.

Wound healing assay. The wound healing assay is one of the
common methods used to study cell migration in vitro.
Although this method is not an exact copy of cell migration
in vivo, but a mimic of this process, its key feature is the
monitoring of cell migration within a “wound*, which has

7564 | Mater. Adv., 2025, 6, 7552-7573

been created in a monolayer of cells.®” The cells, located at the
edges of the cell-free area, begin to move into it until the
damaged cell-cell interactions are recreated and the “wound”
is healed. The rate at which the space closes is a measure of the
speed of the cell movement and proliferation altogether.®®

This experiment was conducted for further determination of
cytotoxicity, investigating the proliferation and migration of the
cells through the scratched area. As can be observed from
Fig. 6, there is a significant difference between the two cell
lines with HEK-293 being more affected by the administration
of the Fe@Eu NPs. In particular, comparing the images in
Fig. 6(1) from (C) to (G) with the control, it can be concluded
that cell proliferation is reduced, since 72 h after administering
NPs a certain percentage of the wound is still open. However,
more than 70% of the wound is healed in all cases. As for HeLa
cells (Fig. 6(2)), proliferation does not appear to be very
disturbed taking into consideration that the wound has
reached almost 100% closure after 28 h of incubation. The
only differences appear in cases (C) and (E), where healing
slows down, leading to reduced proliferation.

Prussian blue staining and optical microscopy. This assay
was applied to both HEK-293 and HeLa cells to assess NP
uptake and internalization. The method specifically targets
non-heme iron in its ionized form.*® As shown in Fig. 7, cell
nuclei are stained with nuclear fast red, while the presence of
the blue complex indicates the localization of NP-derived iron
within the cells. Results confirmed that the synthesized NPs
were efficiently internalized in both cell lines after 24 hours of
incubation, accumulating in the cytoplasm and around the
nuclear membrane. As already mentioned, the internalization
of NPs was attributed to citrate molecules, which contributed to
the avoidance of agglomeration and the positive surface charge.

Fluorescence microscopy in cells. From the images of Fig. 8,
it is apparent that the Fe@Eu NPs have been successfully
internalized in the cells after 24 hours of incubation. The
fluorescence of the cells is enhanced and, especially, in HeLa
cells, which exhibit more intense fluorescence in contrast to
HEK-293. This fluorescence is clearly attributed to the presence

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Representative images of the wound healing assay of (1) HEK-293 and (2) Hela cells after administration of 100 pMg. Fe@Eu NPs for 24 h. The

calculation of the %wound closure was conducted using egn (2).

Scale bar: 0.1 mm. NPs: (C) IONPs@citrate@Eu (Fe:Eu =

1:3, in H0),

(D) IONPs@citrate@Eu (Fe:Eu = 1:1, in H,O), (E) IONPs@citrate@Eu (Fe:Eu = 1:1, in EG), (F) IONPs@citrate@Eu (Fe:Eu = 1:0.25, in H,0), and

(G) IONPs@citrate@Eu (Fe: Eu = 1:0.25, in EG).

of europium in NPs, since there is no indication of self-
fluorescence of the cells in the control group. At this point,
it is worth noting that the cells of most organisms show
some levels of autofluorescence, which are due to the presence
of metabolites and structural components, such as nicotina-
mide adenine dinucleotide phosphate (NAD(P)H), proteins
containing aromatic amino acids, and riboflavins.'® The
natural light emission of these molecules increases, especially
when there is enhanced cellular metabolism, thereby interfer-
ing with the light emission of other components administered
to the cells."®® Enhanced cell metabolism is mainly observed

© 2025 The Author(s). Published by the Royal Society of Chemistry

when cells are stressed and trying to maintain their
homeostasis.'®® According to this, it is possible that the
enhanced fluorescence of HelLa is attributed not only to the
presence of the Fe@Eu NPs, but also to the increased stress
they are under, as opposed to HEK-293. These images lead to
the conclusion that the specific NPs are good candidates for
bioimaging use.

Effect on cell cycle distribution. To assess whether Fe@Eu
NPs influence cell cycle regulation, we conducted flow cyto-
metry analysis to investigate apoptosis-induced cell death and
cell cycle distribution.
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Fig. 8 Fluorescence microscopy images of HEK-293 and Hela after treatment with 100 pMg, Fe@Eu NPs for 24 h. For each sample, there is a match of
images from optical microscopy and fluorescence microscopy. Images were taken after blue laser irradiation (excitation 410-490 nm, emission: 515 nm).
Scale bar: 0.1 mm. NPs: (C) IONPs@citrate@Eu (Fe: Eu = 1: 3, in H,0), (D) IONPs@citrate@Eu (Fe:Eu = 1:1, in H,O), (E) IONPs@citrate@Eu (Fe:Eu =1:1,
in EG), (F) IONPs@citrate@Eu (Fe: Eu = 1:0.25, in H,0), and (G) IONPs@citrate@Eu (Fe:Eu = 1:0.25, in EG).

HEK-293 and HelLa cells were treated with Fe@Eu NPs at a
concentration of 100 uMg for 24 h. This concentration was
selected based on prior MTT assay results, which confirmed
that the NPs maintain biocompatibility at this dose. The DNA
content in the various phases of the cell cycle was then analyzed
to determine any perturbations caused by NP exposure. As a
positive control, DNR was employed, a chemotherapeutic agent
well known for its potent cytostatic and cytotoxic effects. DNR
intercalates into DNA, generates reactive oxygen species (ROS),
inhibits topoisomerase II activity, and forms DNA adducts, all
of which contribute to structural and functional damage to
DNA and the cell membrane.'**'%* In response to this damage,
cells typically undergo cell cycle arrest, providing time for DNA
repair mechanisms to be activated. This experimental setup
enables the comparison of Fe@Eu NP-induced effects to those
of a well-established cytotoxic agent.

7566 | Mater. Adv., 2025, 6, 7552-7573

From the results in Fig. 9, it can be stated that cell cycle
distribution presents differences in both cell lines, HEK-293
and Hela, in a divergent way after the administration of Fe@Eu
NPs. In particular, observing the control group in Fig. 9(1) and
Fig. S5(1), a normal cell cycle in HEK-293 consists of an
increased population in G1 and S phases, while it decreases
to half in G2 and post-G2 phases and is almost nil in the sub-G1
phase. As for HeLa cells, observing the control group in Fig. 9(2)
and Fig. S5(2), a normal cell cycle consists of an almost evenly
distributed population in G1, S and G2 phases, whilst it reaches
almost zero point in the sub-G1 phase and evolves in the post-
G2 phase. Cytostatic DNR affects the cell cycle of HEK-293 by
extremely increasing the DNA content in the sub-G1 phase,
meaning that a large percentage of cells is driven to apoptosis
before they even enter the cell cycle.'>'%® As a result, the
distribution of cells in the other phases is reduced, especially

© 2025 The Author(s). Published by the Royal Society of Chemistry
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NPs: (B) IONPs@citrate, (C) IONPs@citrate@Eu (Fe:Eu = 1:3, in H50),

(D) IONPs@citrate@Eu (Fe:Eu = 1:1, in H,O), (E) IONPs@citrate@Eu (Fe:Eu = 1:1, in EG), (F) IONPs@citrate@Eu (Fe:Eu = 1:0.25, in H,0), and

(G) IONPs@citrate@Eu (Fe: Eu = 1:0.25, in EQG).

in the G1 phase. As for HeLa cells, cell cycle distribution follows
a different pathway after the administration of DNR with DNA
content being increased in sub-G1 and G2 phases.

Comparing the results of the negative and positive controls
with those of the administered Fe@Eu NPs, some interesting
results were observed. In particular, administration of (B) to
HEK-293 leads to cell cycle distribution similar to that of the
negative control, meaning that the cell cycle is not disturbed.
This is probably attributed to the surface modification of
IONPs, which contributes to avoidance of agglomeration and
release of iron ions in the cell. The same tendency is also
observed after administering (C). Nevertheless, this pattern
ceases to be valid for NPs (D)-(G), for which the sub-G1 phase
increases dramatically and the population in the next phases is
diminished, as observed in DNR. Since (D) and (E) are colloid-
ally stable, cell cycle distribution could be correlated with the
presence of rods in the sample or the release of increased iron
ions. For (F) and (G), agglomeration of Fe@Eu NPs is an extra
reason for the disturbance of the cell cycle. As for HeLa cells, it
seems that administration of all NPs results in increased DNA
content in sub-G1 and post-G2 phases, meaning that a large
percentage of cells is driven to apoptosis at the beginning and
the end of the cycle. Only a small percentage of cells remain
unaffected, continuing the cell cycle under normal conditions.
According to the literature, increased reactive oxygen species
(ROS) generation has been previously associated with elevated
levels of apoptosis in cancer cells. Substances leading to
increased levels of ROS and apoptosis are considered good
candidates for anticancer agents and, thus, cancer therapy.'”’

Production of intracellular ROS. The increased percentages
of toxicity acquired after the administration of the NPs have
been previously attributed to the pervasive ROS production
promoting extensive oxidative stress. There is a hypothesis that
IONPs, after uptake and internalization in the cells, undergo
enzymatic degradation by lysosomes’ acidic environment
releasing Fe(u). These ions react with hydrogen peroxide

© 2025 The Author(s). Published by the Royal Society of Chemistry

produced in mitochondria generating highly reactive hydroxyl
radicals and Fe(m) through the Fenton reaction. Excessive
production of ROS leads to the inflammation of cells, affecting
mitochondrial functionality and releasing cytochrome ¢, which
adjusts membrane potential, directly damages DNA, proteins
and lipids, and causes apoptosis. The presence of ROS reduces
the defense capability of physical antioxidants inside cells
resulting in oxidative stress.’®®'%° Oxidative stress is a process
that causes severe cytotoxicity and even cell death."'® In addi-
tion, the NPs’ crystallinity, size, and agglomeration level can
also be associated with their increased ROS production even
after short-term treatment.”>''* ROS and H,O, are the main
species found endogenously in cells, but the levels in cancer
cells are much higher than in healthy cells. They typically help
with maintaining homeostasis and cell signaling. The reaction
between the endogenous H,0, and IONPs produces hydroxyl
radicals and, thus, presents peroxidase-like activity. However,
to kill the cells, usually the addition of extra H,O, is needed."*?

By analyzing the results in Fig. 10 (and Fig. S6 of the SI), it can
be confirmed that IONPs induce the generation of ROS in both
cell lines. According to the literature, both cell lines internalize
NPs via endocytosis, but the magnitude of ROS induction can
differ due to variations in metabolic activity, iron handling
capacity, and baseline antioxidant defense between the two cell
types. In particular, HeLa cells are reported to upregulate anti-
oxidant mechanisms at earlier time points, which may transi-
ently mitigate oxidative stress but become insufficient upon
prolonged exposure (24 h), resulting in elevated ROS levels.
Conversely, HEK-293 cells, while showing a more acute ROS
response initially, appear to possess more effective early cyto-
protective responses that stabilize ROS levels over time.'*® In the
present study, treatment of HEK-293 cells with NPs of 100 Mg,
results in lower ROS levels compared to HeLa cells under the
same conditions. Notably, after administration of formulation
(B), ROS levels increased by approximately 50% beyond the
baseline in HEK-293 cells, whereas the increase in HeLa cells
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Fig. 10 Plot of the percentages of the produced ROS in HEK-293 and
Hela cells relative to the untreated control after treatment with NPs of
100 pMge for 24 h. Data are represented as mean value + SD (three
independent experiments). The interaction is considered statistically sig-
nificant for *p < 0.05, very significant for **p < 0.01, highly significant for
***p < 0.001, and extremely significant for ****p < 0.0001 (multiple
comparisons were performed between the different NPs in the mean value
for each cell line). NPs: (B) IONPs@citrate, (C) IONPs@citrate@Eu (Fe: Eu =
1:3,in H,0), (D) IONPs@citrate@Eu (Fe: Eu = 1:1, in H,O), (E) IONPs@ci-
trate@Eu (Fe:Eu = 1:1, in EG), (F) IONPs@citrate@Eu (Fe:Eu = 1:0.25, in
H,0), and (G) IONPs@citrate@Eu (Fe:Eu = 1:0.25, in EG).

was around 80%. This suggests that the presence of intracellular
IONPs - along with moderate particle dissolution and subse-
quent iron ion release - may more strongly impact the redox
balance in HeLa cells. The same trend appears with increasing
europium content, indicating a formulation-dependent modulation
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%Cell count
%Cell count
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of oxidative stress. Of particular interest are formulations (C) and
(D), which cause significant ROS elevation, especially in HeLa
cells. This effect may be attributed to differences in NP size,
morphology, rate of intracellular ion release, or the interaction
with cellular antioxidant systems and can support the selective
pro-oxidant and pro-apoptotic effects of these formulations. In
the case of formulation (C), it can also be observed that admin-
istration to HEK-293 does not elevate the ROS percentage
significantly reinforcing their biosafety. The consistently higher
ROS levels observed in HeLa cells can also be explained by their
transformed phenotype. As a cancer-derived cell line, HeLa cells
typically exhibit elevated metabolic rates and mitochondrial
activity, rendering them more vulnerable to oxidative stress.
This vulnerability is further exacerbated by their NP accumula-
tion intracellularly, resulting in enhanced ROS generation. For-
mulations (E), (F), and (G) also increase the levels of ROS,
without this elevation being very significant biologically. The
possibility of ROS elevation being responsible for the apoptosis
and the disturbance of the cell cycle is extremely high, given that
apoptosis and ROS production have been previously correlated
with the presence of iron and interference with the Fenton
reaction.

Apoptotic and necrotic pathways. The evaluation and
measurement of the population of viable, apoptotic (early and
late) and necrotic cells were conducted after the treatment of
HEK-293 and HeLa cells with NPs of 100 uMg, for 24 h. The
specific time point was selected in order to corroborate the
MTT results and examine the eventuality of induction of
apoptosis in the presence of the NPs, as indicated by the
cell cycle.

As shown in Fig. 11 (and Fig. S7 in the SI), treatment with the
NPs induces high levels of apoptosis in both cell lines. In
particular, the percentage of total apoptotic HEK-293 cells
ranges between 40 and 70%, with most of the population in

HelLa
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Fig. 11 Plot of the percentage of cell content in Q1, Q2, Q3, and Q4 gates in (3) HEK-293 and (4) Hela cells after treatment with NPs of 100 uMg, for
24 h. Data are represented as mean value + SD (three independent experiments). The interaction is considered statistically significant for *p < 0.05, very
significant for **p < 0.01, highly significant for ***p < 0.001, and extremely significant for ****p < 0.0001 (multiple comparisons were performed
between the different NPs in the mean value of each phase). NPs: (B) IONPs@citrate, (C) IONPs@citrate@Eu (Fe: Eu = 1:3, in H,O), (D) IONPs@citrate@Eu
(Fe:Eu=1:1,in H,0), (E) IONPs@citrate@Eu (Fe:Eu = 1:1, in EG), (F) IONPs@citrate@Eu (Fe:Eu = 1:0.25, in H,0), and (G) IONPs@citrate@Eu (Fe: Eu =

1:0.25, in EG).
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Fig. 12 Plots of the concentration of (1) Fe (pg Fe/cell) and (3) Eu (pg Eu/cell), as well as the respective percentages of (2) Fe (%Fe/cell) and (4) Eu (%Eu/
cell) internalized in HEK-293 and Hela cells after treatment with NPs of 100 uMg, for 24 h. Data are represented as mean value + SD (three independent
experiments). The interaction is considered statistically significant for *o < 0.05, very significant for **p < 0.01, highly significant for ***p < 0.001, and
extremely significant for ****p < 0.0001 (multiple comparisons were performed between the different NPs in the mean value for each cell line). NPs:
(B) IONPs@citrate, (C) IONPs@citrate@Eu (Fe:Eu =1:3,in H,0O), (D) IONPs@citrate@Eu (Fe: Eu = 1:1, in H,0), (E) IONPs@citrate@Eu (Fe:Eu =1:1,in EG),
(F) IONPs@citrate@Eu (Fe:Eu = 1:0.25, in H,0), and (G) IONPs@citrate@Eu (Fe:Eu = 1:0.25, in EG).

early apoptosis. A similar pattern is observed in HeLa cells, with
total apoptotic cells ranging from 45% to 75%, and the majority
of population concurrently entering early apoptosis. The per-
centage of necrotic cells may be negligible in both cell lines;
however, the present experiment confirms that the apoptotic
pathway is the one followed and leads the cells to cell death
after 24 h of incubation. As already stated in the literature and
confirmed by our study, the presence of iron inside the cells
contributes to the elevation of ROS due to the Fenton reaction
and, as a consequence, cells are driven to apoptosis.
Intracellular iron and europium quantification via ICP-MS.
To support the above findings and further comprehend the
mechanism of action of the NPs, the intracellular levels of Fe and
Eu in HEK-293 and Hela cells were quantified using ICP-MS. As
shown in Fig. 12, both elements exhibit greater accumulation in
HEK-293 cells compared to HeLa cells. Specifically, treatment with
formulation (B) resulted in the lowest Fe uptake in both cell lines.
This effect can be attributed to the negative surface charge of the
NPs, which may repel the negatively charged cell membrane,
thereby hindering their entry into the intracellular environment.
In contrast, formulations (C) to (G), which possess positively

© 2025 The Author(s). Published by the Royal Society of Chemistry

charged surfaces, exhibited enhanced cellular internalization—
likely facilitated by electrostatic attraction between the NPs and
the cell membrane.

Overall, HEK-293 cells appear to internalize Fe@Eu NPs
more efficiently than HeLa cells, as indicated by the consis-
tently higher intracellular concentrations of both Fe (Fig. 12 (1)
and (2)) and Eu (Fig. 12 (3) and (4)). Notably, the accumulation
of Fe and Eu in HeLa cells reaches only about one-fourth to one-
third of the levels observed in HEK-293 cells.

Considering the combined findings, including ICP-MS data,
several important conclusions can be drawn regarding the beha-
vior of the synthesized Fe@Eu NPs in healthy versus cancerous cell
lines. Specifically, treatment with 100 uMg. of NPs resulted in
more efficient internalization in HEK-293 cells, accompanied by
only moderate cytotoxicity. In contrast, despite lower internaliza-
tion levels in HeLa cells, the NPs triggered more pronounced
biological responses. These included a significant reduction in
cell viability, enhanced in vitro fluorescence, elevated ROS produc-
tion, and increased apoptosis after 24 hours of exposure.

These observations suggest that, although fewer NPs accu-
mulate in HeLa cells, the internalized concentrations of Fe and

Mater. Adv., 2025, 6, 7552-7573 | 7569
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Eu are sufficient to disrupt key metabolic pathways and induce
substantial oxidative stress. The elevated oxidative stress levels
may also underlie the enhanced fluorescence observed in HeLa
cells following NP treatment.

Conclusions

In summary, this work presents the synthesis of optomagnetic
Fe@Eu NPs composed of iron and europium at varying Fe:Eu
molar ratios (1:3, 1:1, and 1:0.25), following a rapid, straight-
forward, and environmentally friendly co-precipitation method.
Surface modification of the IONPs with citrate improved colloidal
stability, though the introduction of europium at different amounts
induced slight aggregation. Morphologically, the NPs were predo-
minantly spherical-like, with an average diameter of approximately
10 nm; however, nanorod formation was observed at higher
europium content. Structural characterization confirmed that euro-
pium was incorporated into the magnetite crystal structure or
deposited on the particle surface. A particularly notable property
of these NPs is their dual fluorescence capability under UV irradia-
tion, enhancing their potential as multimodal imaging agents.

Biological evaluation demonstrated the overall biocompatibil-
ity of the Fe@Eu NPs in both healthy (HEK-293) and cancerous
(HeLa) cell lines following 24-hour treatment. After cellular
uptake, the NPs were found to interfere with the Fenton reaction,
resulting in ROS generation, apoptosis induction, and mild dis-
ruption of the cell cycle. The magnitude of these effects varied
with the Fe: Eu ratio, suggesting that the biological activity of the
NPs can be tuned by adjusting their composition. This tunability
supports their versatility across different biomedical applications.

Comparative analysis between HEK-293 and HeLa cells
provided valuable insights into cellular responses and thera-
peutic relevance. In HEK-293 cells, formulations (B) and (C)
caused minimal disruption to the cell cycle, closely resembling
the untreated control. This suggests that the surface-modified
IONPs effectively limited intracellular iron release and pre-
vented excessive oxidative stress, maintaining cellular home-
ostasis in healthy tissues. In contrast, formulations (D) through
(G) induced significant cell cycle arrest at the sub-G1 phase - a
marker of apoptosis - along with a reduction in cells progres-
sing through subsequent phases. These effects are likely due to
increased iron ion release, agglomeration, or the presence of
anisotropic (rod-like) structures.

In HeLa cells, all nanoparticle variants led to notable
increases in sub-G1 and post-G2 DNA contents, indicating
robust apoptotic activity. These findings are consistent with
previous reports linking high intracellular ROS levels to apop-
tosis in cancer cells. ROS assays further supported this, reveal-
ing statistically significant ROS increases in HeLa cells,
particularly in response to formulations (C) and (D). These
effects are attributed to the enhanced oxidative potential intro-
duced by europium incorporation, which may modulate surface
chemistry and iron ion dynamics.

Further analysis of NPs’ interference in various pathways of
programmed cell death was conducted utilizing flow cytometry.
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It was confirmed that substantial levels of early apoptosis
across both cell lines were produced, with minimal necrosis
observed. Apoptosis levels ranged from 40 to 70% in HEK-293
and 45-75% in HeLa cells, confirming that apoptosis is the
primary mode of cell death, likely driven by intracellular iron-
mediated ROS production.

Importantly, formulation (C) emerged as the most selective
and promising candidate, demonstrating minimal cytotoxicity
toward healthy HEK-293 cells while inducing significant apop-
totic activity in HeLa cancer cells. This dual selectivity high-
lights a potential therapeutic window, making formulation
(C) especially attractive for targeted cancer therapy with
reduced risk to surrounding healthy tissue. Collectively, these
findings underscore the multifunctional nature of Fe@Eu NPs:
strong fluorescence emission suitable for imaging combined
with selective induction of apoptosis in cancer cells. Their
favorable biocompatibility in non-cancerous cells, alongside
their capacity to selectively induce oxidative stress in cancerous
environments, position these nanostructures as promising
candidates for further development in cancer diagnostics and
therapeutics.
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