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ABSTRACT
Magnetic nanoparticles have garnered significant attention in cancer treatment for their dual ability to generate localized heat 
under an alternating magnetic field and catalyze heterogeneous Fenton-based reactions on their surface. These reactions pro-
duce free radicals in mildly acidic and reducing environments, such as the tumor microenvironment, leading to oxidative stress 
in cancer cells. The synergistic combination of magnetic hyperthermia and catalytic activity enhances oxidative stress induction, 
underscoring the importance of understanding the cytotoxic effects of this approach. In this study, we performed in vitro toxicity 
assays on the HepG2 cell line to evaluate cytotoxicity and lipid peroxidation induced by hyperthermia using manganese ferrite 
nanoparticles with mean sizes of 12 and 28 nm. Magnetic hyperthermia efficiency, quantified by Specific Loss Power (SLP), and 
catalytic activity, assessed through free radical generation using electron paramagnetic resonance (EPR) and substrate oxidation 
rates via UV–visible spectroscopy, were characterized prior to the biological experiments. Our results showed that the 28 nm nan-
oparticles achieved a temperature increase of approximately 11.5°C, compared to 3.6°C for the 12 nm particles. Correspondingly, 
higher cell death was observed for the 28 nm nanoparticles following magnetic fluid hyperthermia treatment. However, lipid 
peroxidation was more pronounced with the 12 nm nanoparticles, attributed to their larger surface-to-volume ratio enhancing 
catalytic performance. In conclusion, nanoparticle size critically influences both magnetic and catalytic properties, and optimiz-
ing these parameters is essential for maximizing therapeutic efficacy in magnetic fluid hyperthermia.

1   |   Introduction

Magnetic nanoparticles (MNPs) have been widely used for bio-
separation, as biosensors, for magnetic resonance imaging, 
and for magnetic fluid hyperthermia (MFH) for tumor therapy 
[1–5]. Specifically, MFH has emerged as a promising therapeutic 

technique for cancer treatment, using the heat generated by the 
magnetic loss of MNPs under an alternating magnetic field to 
induce localized hyperthermia in target tissues [6, 7]. Intense 
efforts have been directed toward designing MNP systems with 
high specific loss power (SLP) in the intracellular medium, pri-
oritizing magnetic moment inversion against the anisotropy 
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energy barrier (Néel relaxation) over mechanical rotation 
against viscosity [8, 9]. Among the various magnetic nanopar-
ticles utilized in MFH, manganese ferrite nanoparticles with 
the formula MnxFe3−xO4 (MnIONPs) have received significant 
attention due to their potentially lower anisotropy and higher 
saturation magnetization in bulk, which is beneficial for effec-
tive heat generation in MFH applications [10, 11].

MnIONPs hold significant potential for bio-applications, taking 
advantage of not only their magnetic properties but also their 
catalytic activity, particularly in heterogeneous Fenton-based 
reactions. In the presence of hydrogen peroxide, these nanopar-
ticles generate free radical species, which can induce cell toxic-
ity through oxidative stress, thereby enhancing their therapeutic 
efficacy within the tumoral tissue [12–14]. Given that heteroge-
neous Fenton-related activity is due to Fe/Mn at the nanoparti-
cle surface, it is anticipated that smaller MnIONPs, with higher 
surface to volume, will exhibit higher catalytic activity. This 
hypothesis has been supported by several studies demonstrat-
ing enhanced peroxidase-like activity in smaller nanoparticles 
[15–17]. The structure, morphology, composition, and surface 
modifications of MNPs significantly influence their activ-
ity [18, 19]. The size of nanoparticles, in particular, plays a cru-
cial role in determining their magnetic and catalytic propeties, 
since smaller nanoparticles offer a larger surface area for cat-
alytic reactions [15]. Conversely, considering systems with low 
anisotropy, larger nanoparticles could provide better magnetic 
heating efficiency but have a reduced surface area, potentially 
lowering catalytic activity. Understanding these size-dependent 
effects through in situ experiments is critical for optimizing the 
design of MNPs for dual functionality in MFH and catalytic 
applications.

This subject is addressed in this work, where MnIONPs of 12 
and 28 nm in particle size were synthesized by high-temperature 
decomposition of organometallic precursors. The morphol-
ogy, composition, and magnetic response of these MnIONP 
systems were characterized by transmission and scanning 
electron microscopy (TEM and SEM), vibrating-sample mag-
netometer (VSM), superconducting quantum interference 
devices (SQUID), ferromagnetic resonance (FMR) and X-ray 
Photoelectron Spectroscopy (XPS). Their efficiency in MFH 
experiments was determined by the SLP obtained for experi-
ments performed in hexane, water, and butter oil, thus changing 
drastically the viscosity of the medium. As-prepared systems 
are hydrophobic, coated with oleic acid. Thus, oleic acid was 
removed, and the MnIONPs were functionalized with glucose, 
which was evidenced by attenuated total reflection Fourier 
transform infrared spectroscopy (ATR-FTIR). The free radical 
formation rate from the decomposition of H2O2 was assessed 
by electron paramagnetic resonance (EPR) in uncoated and 
glucose-functionalized MnIONPs. The peroxidase-like activity 
of the samples was assessed by UV–visible spectrophotometry 
with the 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) 
(ABTS) and 3,3′,5,5′-tetramethylbenzidine (TMB) peroxidase 
substrate in the presence of H2O2, as well.

Finally, size-dependent efficiency of samples in MFH in  vitro 
experiments was evaluated using the HepG2 cell line, which 
was exposed to an alternating magnetic field (170 Oe, 646 kHz) 
for 30 min. After treatment, cell viability was determined using 

the trypan blue exclusion assay, and oxidative stress was as-
sessed through the thiobarbituric acid reactive substances 
(TBARS) assay.

The results presented in this work aim to contribute to the 
broader field of nanomedicine and enhance the clinical ap-
plication of MFH, providing a deeper understanding of the 
size-dependent effects on the MnxFe3−xO4 nanoparticles, and of-
fering valuable insights for the development of optimized MFH 
treatments by elucidating the relationship between nanoparticle 
size and catalytic activity for therapeutic efficacy.

2   |   Materials and Methods

2.1   |   Materials

Chemicals were obtained from the following suppliers: hy-
drogen peroxide from Anedra; sodium acetate from Biopack; 
sodium bicarbonate from Cicarelli; disodium hydrogen phos-
phate, potassium dihydrogen phosphate, sodium chloride, and 
sodium carbonate from Mallinckrodt Pharmaceuticals Inc.; and 
acetic acid from Merck Millipore. Additional reagents included 
5,5-dimethyl-1-pyrroline N-oxide (DMPO, purity > 97%), DMSO 
(purity > 99%), ABTS, Trypan blue, anhydrous glucose, and 
thiobarbituric acid, all sourced from Sigma Aldrich. Cell cul-
ture media were obtained from Gibco, Bovine Fetal Serum from 
Natocor Argentina, and 4-(2-hydroxyethyl)-1-piperazineethan
esulfonic acid (HEPES) free acid from Bio Basic. TMB ready-
to-use solution was obtained from Ingenasa (Madrid, Spain). 
Chemical reagents used for nanoparticle synthesis were of pure 
grade. These included oleic acid (analytical standard), oleyl-
amine (70%), benzyl ether (98%), 1,2-octanediol (98%), Fe(III) 
acetylacetonate (97%), and Mn(II) acetylacetonate, all acquired 
from Sigma Aldrich. For the washing procedures, methanol 
and ethanol of technical grade and acetone meeting the gen-
eral requirements of the European Pharmacopeia were used. 
Chloroform (purity > 99%) and toluene (purity 99.8%) were of 
reagent-plus grade. Hydrochloric acid (HCl, 37%) conformed to 
the specifications set by the American Chemical Society. In the 
EPR experiments, quartz tubes with a thickness of 2 mm were 
utilized. A MgO crystal doped with manganese ions was used as 
a standard for free radical quantification.

2.2   |   Nanoparticle Synthesis

MnIONPs were synthesized via the thermal decomposition of 
organometallic precursors at high temperatures. The synthe-
sis involved 1 mmol of Mn(acac)2, 2 mmol of Fe(acac)3, 9 mmol 
of oleic acid, and 3 mmol of oleylamine. The MnIONP_12 nm 
was prepared by adding 7.5 mmol of 1,2-octanediol to the pre-
viously described solution, which was then mixed in 50 mL of 
benzyl ether in a three-neck flask with mechanical stirring. 
The system was heated to 120°C under a nitrogen atmosphere 
and maintained for 30 min to remove humidity. Subsequently, 
with a glass condenser in place to prevent solvent loss, the 
system was heated to 200°C and maintained for 60 min. The 
temperature was then increased to reflux conditions (286°C) 
and held for 60 min. Finally, the system was cooled to room 
temperature. The MnIONP_28 nm was synthesized by adding 
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1.5 mmol of 1,2-octanediol to the base solution, which was 
mixed in 40 mL of benzyl ether and 10 mL of 1-octadecene. 
The same process was followed as for the MnIONP_12 nm, 
with the only modification being an extended time of 75 min 
at reflux conditions. In both cases, the resulting MnIONPs 
were washed twice with acetone and ethanol using magnetic 
assistance, precipitated using a FeNdB permanent magnet, 
and re-dispersed in hexane.

The final samples consisted of hydrophobic nanoparticles coated 
with oleic acid. In order to obtain hydrophilic particles, we func-
tionalized the MnIONPs with sterile glucose. For this, an initial 
exposure to methanol for 8 h was followed by a 48-h incubation 
in acetone at 40°C. Uncoated particles were obtained by several 
rounds of washing with methanol and acetone for 72 h. The func-
tionalization with glucose was performed in a sterile hood by 
incubating 1 g of glucose for every 100 mg of uncoated MnIONPs 
in ammonia. After 48 h, the MnIONPs were precipitated with 
the FeNdB permanent magnet to remove the ammonia solution 
and washed three times in sterile milli-Q water.

2.3   |   Nanoparticle Size and Composition Analysis

The size dispersion of the MnIONPs was determined through 
TEM using a Thermo Fisher Scientific Tecnai F20 microscope 
operating at 200 kV. TEM specimens were prepared by depos-
iting a solution of MNPs dispersed in hexane onto a copper 
grid. Size histograms were constructed from measurements of 
approximately300–500 particles in arbitrarily chosen regions 
of representative TEM images, and the mean particle size (⟨d⟩) 
and dispersion (σ) were estimated by fitting the data with a log-
normal distribution.

The chemical composition was obtained by energy-dispersive 
X-ray spectroscopy (EDS) of the MNP powders using scanning 
electron microscopy (SEM) with a Thermo Fisher Scientific 
Inspect S50 microscope operating at 30 kV.

2.4   |   Determination of MnIONP Concentration

Known volumes of the magnetic fluid were dried in an oven 
at 100°C and weighed to determine their mass. These particles 
were then analyzed using thermogravimetric analysis (TGA) 
using a DTG-60H instrument (Shimadzu) under an argon at-
mosphere to prevent oxidation, with a flow rate of 100 mL/min. 
Samples were heated from room temperature to 900°C at a con-
stant heating rate of 2°C/min.

Magnetic characterization of the dried nanoparticles was con-
ducted using a 7307 Lake Shore VSM at room temperature. 
To determine the magnetization as a function of the magnetic 
mass, the contribution of the coating to the particle weight was 
subtracted.

2.5   |   Ferromagnetic Resonance Measurements

FMR measurements were performed at 300 K using an ELEXSYS 
II-E500 spectrometer operated in an X-band resonant cavity 

(9.4 GHz). For FMR measurements, the samples were prepared 
by dispersing 0.1 wt% of the MnIONPs in a polymer resin, which 
was then dried for 8 h under a static magnetic field of 8 kOe 
within a 2 cm air gap between two permanent magnets (diam-
eter = 8 cm). Subsequently, a smaller section (0.5 × 0.2 × 0.2 cm3) 
from the center of the solid resin was extracted and placed in the 
FMR spectrometer to measure the angular dependence of the 
resonance field (Hr).

2.6   |   Free Radical Production

The generation of DMPO adducts was determined at room 
temperature using the ELEXSYS II-E500 EPR spectrometer 
equipped with an X-band resonant cavity (9.4 GHz). The reaction 
mixtures for the EPR experiments were prepared by dispersing 
120 μg of MnIONPs in 200 μL of a 10 mM acetate buffer solu-
tion (pH = 5) and 50 μL of a DMPO/water solution (0.33 g mL−1). 
The reaction was initiated by the addition of 10 μL of 30% H2O2 
(0.49 M). The solution was contained in a Q-band quartz tube 
with a diameter of 1 mm. To quantify the amounts of DMPO 
adducts, the EPR spectrum of each solution was recorded si-
multaneously with a MgO pattern crystal doped with a known 
concentration of Mn2+ attached to the tube. All spectra were 
processed using the Spin software from Bruker. The baseline 
for each spectrum was computed with a 3rd-degree polynomial 
and then subtracted. After that, the resonance lines were fitted 
using the hyperfine parameters of the identified components. 
The concentrations of DMPO adducts were determined by com-
paring the fitted EPR spectrum intensities of each species with 
the intensity of the MgO/Mn2+ standard.

2.7   |   Characterization of Glucose-Functionalized 
Nanoparticles

After glucose functionalization of MnIONPs, the apparent zeta-
potential of the nanoparticle dispersions was measured using 
a dynamic light scattering (DLS) instrument equipped with a 
zeta-potential analyzer (Zetasizer 1000, Malvern Instruments). 
Prior to the measurements, the nanoparticles were suspended 
at a concentration of 25 μg/mL in 1.5 mM of NaCl prepared in 
milli-Q water and ultrasonicated for 5 min to ensure uniform 
dispersion. Measurements were conducted at 25°C ± 1°C in a 
disposable zeta cell. The Smoluchowski approximation was 
used for the analysis, and a voltage of 150 mV was applied 
during the measurements. Each measurement consisted of an 
average of three runs, with each run containing at least 10 sub-
measurements to ensure accuracy and reproducibility. The re-
ported zeta potential values are the mean ± standard deviation 
of three independent measurements.

To verify the correct functionalization, ATR-FTIR spectra were 
recorded at a spectral resolution of 4 cm−1 from 500 to 4000 cm−1 
with a Spectrum Two spectrometer (PerkinElmer). Each spec-
trum was averaged over a total of four scans.

Magnetization as a function of temperature was measured 
using a SQUID magnetometer. The measurements were con-
ducted in both zero-field-cooled (ZFC) and field-cooled (FC) 
modes, applying a magnetic field of H = 100 Oe. For ZFC 
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measurements, the sample was cooled to low temperatures in 
the absence of an applied magnetic field, and magnetization 
was recorded during the warming process under a constant 
applied field. For FC measurements, the sample was cooled 
under an applied field, and magnetization was recorded 
during the warming process under the same field conditions. 
The thermal decay of remanence, denoted as Ir (T), was eval-
uated by applying a field of H = 5 kOe at 5 K to saturate the 
sample, then reducing the field to zero and subsequently 
starting to record the remanent magnetization at increasing 
temperatures. ZFC and Ir (T) measurements were conducted 
across a temperature range from 10 to 300 K. The irreversibil-
ity temperature, defined as the temperature where ZFC and 
FC curves split, was recorded to characterize the magnetic 
blocking behavior.

X-ray Photoelectron Spectroscopy (XPS) measurements were 
performed on powdered glucose-coated MnIONP samples 
using a Kratos AXIS Supra surface analysis system (Kratos 
Analytical Ltd., UK). Due to the magnetic nature of the mate-
rials, spectra were acquired in electrostatic lens mode without 
charge neutralization. Survey spectra were recorded with a pass 
energy of 160 eV, and high-resolution spectra of the Fe 2p and 
Mn 2p regions were acquired using a pass energy of 20 eV. Peak 
fitting was conducted using CasaXPS software. After Shirley 
background subtraction, the peaks were fitted with a mixed 
Gaussian–Lorentzian line shape.

2.8   |   Heating Efficiency Measurements

Magnetic fluid hyperthermia experiments were conducted using 
a D5 Series nB Nanoscale Biomagnetics magnetic field applica-
tor at frequencies of 571 and 646 kHz and an applied magnetic 
field amplitude of 170 Oe. The efficiency of the nanoparticles as 
heating agents was determined by the SLP, calculated using the 
formula:

where CLiq is the heat capacity of the liquid carriers, and mLiq 
and mMNPs are the masses of the liquid and nanoparticles, re-
spectively. Three different media were tested: (a) 0.5 wt% of oleic 
acid-coated MnIONPs dispersed in hexane [η(295 K) = 0.3 mPa 
s]; (b) 0.32 wt% of oleic acid-coated MnIONPs dispersed in 
clarified butter oil [CBO, η(295 K) = 477 mPa s] and (c) 0.6 wt% 
of glucose-functionalized MnIONPs dispersed in water 
[η(295 K) = 1 mPa·s]. The CBO samples were prepared by dis-
persing the required number of MnIONPs in hexane to achieve 
the final concentration, followed by MnIONPs precipitation 
with a permanent magnet and the addition of CBO at 313 K.

2.9   |   Peroxidase-Like Activity

The intrinsic peroxidase-like activity of the MnIONPs was as-
sessed using a published protocol with an ABTS substrate at 
room temperature [20], and a previously reported method from 
our group employing TMB as the peroxidase substrate [21]. The 
absorbance of the oxidized substrates was measured at 650 nm 

for TMB and at 420 nm for ABTS using a Shimadzu UV–Visible 
1900 spectrophotometer at room temperature.

2.10   |   Cell Culture

The HepG2 human hepatocellular carcinoma cell line (ATCC 
HB-8065) was cultured in high glucose Dulbecco's modified 
Eagle's medium (Gibco) supplemented with 10% fetal bovine 
serum (Natocor, Argentina), 100 U/mL penicillin, 100 μg/mL 
streptomycin, 0.25 μg amphotericin B, and 2 mM L-glutamine 
(Gibco). The cells were maintained in a saturated humidity at-
mosphere containing 5% CO2 at 37°C.

2.11   |   Nanoparticle Dose-Dependent Toxicity

A total of 1.7 × 106 HepG2 cells were seeded in a 10 mm cell cul-
ture plate (Genbiotech SRL). After 48 h, the cells were incubated 
with different doses of MnIONPs (0, 100 μg/mL and 200 μg/mL) 
for an additional 24 h. Following this incubation period, the 
cells were washed twice with phosphate buffered saline (PBS), 
detached using 0.05% Trypsin–EDTA (Gibco) for 10 min, centri-
fuged at 400 g for 5 min, and resuspended in 310 μL of DMEM 
supplemented with 15 mM of HEPES buffer (pH 7.4). The cell 
suspension was then divided into three aliquots: 200 μL for MFH 
treatment, 100 μL maintained in an incubator in a closed tube 
at 37°C, and 10 μL was used for cell counting using a Luna-II 
counter (Logos Biosystems). All experiments were performed in 
triplicate.

2.12   |   In Vitro Experiments of MFH

To investigate the effects of MFH treatment on cells, specifi-
cally focusing on the thermal responses impacting cell viabil-
ity, cells were first thermalized at 36.5°C and then exposed to 
an alternating magnetic field of 170 Oe and 646 kHz for 30 min. 
Temperature was continuously monitored during and after the 
magnetic field exposure to ensure that hyperthermia was attrib-
utable to the field and not to external thermalization. Following 
exposure, the cell suspension was mixed at a 1:1 ratio with a 
0.4% Trypan Blue solution to assess cell viability using the 
Trypan Blue exclusion method.

2.13   |   Lipid Peroxidation (TBARs)

Lipid peroxidation was analyzed using an adapted version of 
the TBARS assay as described by Aguilar Diaz De Leon and 
Borges [22]. Briefly, 30 μL of the cell suspension (including 
the culture media) obtained after magnetic field exposure was 
mixed with 100 μL of 8% SDS, 750 μL of 3.5 M acetate buffer 
(pH 4.0), 750 μL of 0.35% thiobarbituric acid in 20% acetic acid, 
and 350 μL of Milli-Q water. The samples were then heated in 
a thermalized shaker (Numak MS-100) for 1 h at 95°C, cooled 
on ice for 10 min, and centrifuged at 15,000 rpm for 10 min. 
Absorbance was measured at 532 nm, and malondialdehyde 
(MDA) concentration was calculated and normalized to the 
number of cells exposed to the MFH or control treatment (kept 
at 37°C in the incubator).

SPL =
CLiq ⋅mLiq ⋅ ΔT

mMNPs ⋅ Δt
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2.14   |   Statistical Analysis

Data were statistically analyzed using R version 4.3.2 (2023). An 
analysis of variance (ANOVA) followed by Tukey's post hoc test 
was performed to compare different groups. The Shapiro-Wilk 
test was used to confirm that the data fit a normal distribution, 
and Bartlett's test was employed to verify the homogeneity of 
variances among samples. Differences between groups were 
considered significant at a p-value of < 0.05. Results are pre-
sented as mean ± standard deviation.

3   |   Results

3.1   |   Nanoparticle Characterization

As previously reported for the thermal decomposition synthe-
sis route, the final average particle size and morphology are 
influenced by various experimental parameters [23, 24]. In 
this study, two samples with distinct mean particle sizes (⟨d⟩) 
were prepared. The final control of magnetic nanoparticles' 
⟨d⟩ was achieved by modifying three parameters: the agita-
tion speed during the synthesis reaction, the reflux time, and 
the molar ratio between the precursors (acetylacetonates) and 
1,2-octanediol (see Experimental section for details). Analysis of 
representative TEM images evidenced that the two synthesized 
MnIONPs present uniform size and a faceted octahedral shape 
(Figure 1A,B), indicative of a high crystallinity degree in both 
samples. The size distribution of the nanoparticles was deter-
mined by approximating their shape as spherical and fitting the 
data to a log-normal distribution for both samples. This analysis 
yielded mean particle sizes of ⟨d⟩ = 12 and 28 nm with standard 
deviations (σ) of 2 and 3 nm, respectively (Figure 1D). Moreover, 
as can be observed in the HRTEM images (Figure  1C), both 
samples confirm the high crystallinity degree and the cubic 

crystalline structure through the indexation of the fast Fourier 
transform (FFT) in the [011] zone axis, corresponding to the (1¯ 
1¯ 1), (2¯20), and (1¯ 11¯) planes.

In order to determine the relative concentration of Mn and 
Fe in the samples, we performed compositional EDS during 
SEM and TEM measurements in three areas from different 
locations of the samples to acquire the corresponding spec-
tra (Figure S1). The differences in the results obtained for the 
composition of these zones were consistent within the exper-
imental error, confirming the macroscopically homogeneous 
nature of the samples (Table S1). Nevertheless, concerning the 
global composition of the sample, a deviation from nominal 
stoichiometry incorporated in the synthesis solution ([Fe]/
[Mn] = 2) was observed. The composition obtained for the 
samples, assuming the general formula MnxFe3−xO4 expected 
for Mn-incorporated ferrites, was determined to be x = 0.5 and 
0.6 for the MnIONPs with particle sizes of 12 and 28 nm, re-
spectively (Table 1).

For nanoparticle concentration determination, hysteresis loop 
measurements at T = 5 K yielded a magnetic saturation value 
(MS) of 77 emu/g for both samples. At room temperature, MS de-
creased to 66 emu/g for the 12 nm nanoparticles and 61 emu/g 
for the 28 nm nanoparticles (Figure S2, left panel). The oleic acid 
content of the MnIONPs was determined by TGA analysis, as 
shown in the right panel of Figure S2. The thermal decompo-
sition profile of the oleic acid-coated MnIONPs was consistent 
with the typical curves reported for oleic acid-coated iron oxide 
nanoparticles under an inert atmosphere [25, 26].

The effective magnetic anisotropy can be estimated from the 
anisotropy field, HA ~ 2Ke/MS, obtained from FMR by analyzing 
the angular dependence of the resonance field (HR) in oriented 
samples (Figure  S3) [27]. Based on these measurements, we 

FIGURE 1    |    (A) TEM image of the MnIONP_12 nm (upper panel) and MnIONP_28 nm sample (lower panel); (B) HRTEM image of an individual 
nanoparticle; (C) Fast Fourier transform (FFT) of the HRTEM image; and (D) Size histogram with log-normal fit (solid line).
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obtained HA values of 0.3 and 0.6 kOe for the MnIONP_12 nm 
and MnIONP_12 nm samples, respectively. However, it is import-
ant to note that this method yields reliable results only for well-
oriented systems. In our case, the linewidth exhibits anisotropic 
broadening, which prevents an accurate determination of the 
anisotropy. This behavior is particularly evident in the smaller 
MnIONP_12 nm nanoparticles, which display a broader linewidth 
of 1.8 kOe compared to 0.9 kOe for MnIONP_28 nm. This broader 
linewidth suggests the enhanced thermal fluctuation in the 
smaller nanoparticles hinders their alignment with the magnetic 
field. Therefore, we estimate the effective anisotropy constant 
from magnetization measurements, as shown in Table 2.

3.2   |   Free Radical Production

The free radical production of both samples was measured 
through EPR at room temperature using the spin-trap DMPO 
in 10 mM acetate buffer at pH = 5. This method was employed to 

detect and identify the reactive oxygen species (ROS) formed by 
the reaction of the MnIONPs with H2O2. As detailed in our pre-
vious work, the EPR spectrum comprised the convolution of res-
onance signals of the different paramagnetic species produced 
[21, 28] The distinct paramagnetic species can be well charac-
terized by the g-factor (g), hyperfine splitting factor (HSF), and 
linewidth (w) parameters, as shown in Table S2, which remain 
unchanged across different experimental conditions for all 
samples.

For the EPR measurements, the nanoparticles were chemically 
etched to remove the hydrophobic coating. Since modifications 
in Fe or Mn typically lead to distinct anisotropy fields—an effect 
not observed in the FMR measurements performed on the solu-
tion containing the etched particles—we assume that no changes 
in the oxidation state occurred. Quantification of the free radicals 
was carried out by comparing the intensity signals of each radical's 
contributions to the Mn2+ pattern sample. The DMPO/•OH con-
centration measured for sample MnIONP_12 nm is twice that of 
sample MnIONP_28 nm (Table 3).

Figure 2 shows the EPR spectra obtained after 10 min of reac-
tion for both samples (along with the corresponding fittings) 
demonstrating excellent agreement between the experimental 
data and fitted values. From the fitting, different species were 
identified as: (i) outer lines corresponding to the central res-
onance lines of Mn2+ ions in the MgO crystal used as a pat-
tern sample; [28] (ii) the DMPO/•OH free-radical spectrum, 
composed of four resonance lines with a 1:2:2:1 intensity ratio 
due to the hyperfine interaction of the electronic spin with the 
nuclear spin of nitrogen and hydrogen ions; (iii) three broader 
lines related to the interaction of the electron spin of oxidized 
DMPO with a nitrogen ion (DMPO/•N); and (iv) the absence 
of lines associated with hydroperoxyl/superoxide radicals 
(DMPO/•OOH), indicating that these species were not present 
under the experimental conditions.

3.3   |   Characterization of Glucose-Functionalized 
Nanoparticles

For biological experiments, glucose-functionalized MnIONPs 
were used. The zeta potential of the nanoparticles was 
measured (Figure  S4), yielding values of −27.5 ± 0.7 mV 
(−2.161 ± 0.054 μm·cm/V·s) for MnIONP_12 nm and 
−30 ± 1.6 mV (−2.355 ± 0.128 μm·cm/V·s) for MnIONP_28 nm 
at a conductivity of 0.2 mS/cm, indicative of moderately or 
near highly stable dispersion due to electrostatic repulsive 

TABLE 1    |    Parameters obtained from TEM and SEM analysis of MnIONP samples.

Parameter

MnIONP

12 nm 28 nm

Size (nm) 12 ± 2 28 ± 3

Formula MnxFe3−xO4 Mn0.50Fe2.50O4 Mn0.62Fe2.38O4

[Fe]∕[Mn] EDS-SEM 5.03 ± 0.03 3.90 ± 0.03

EDS-TEM 5.87 ± 0.04 3.56 ± 0.79

TABLE 2    |    Parameters obtained at low and high temperatures.

Parameter T (K)

MnIONP

12 nm 28 nm

HC (Oe) 5 370 395

300 6 56

MS (emu/g) 5 77 77

300 66 61

Ke × 105 (erg/cm3) — 1.30 0.25

Note: Effective magnetic anisotropy constant (Ke) derived from the fitting of Ir 
(T) data.

TABLE 3    |    Parameters obtained from EPR and SLP calculation for 
MnIONP samples in different solvent.

Parameter Time (min)

MnIONP

12 nm 28 nm

[DMPO/OH] (nM) 10 2335 ± 233 1211 ± 121

40 2095 ± 210 917 ± 92

SLP (W/g) Hexane 59 551

CBO 44 90

Water 37 92
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forces [29]. The ATR-FTIR spectra shown in Figure S5 of the 
glucose-coated MnIONPs show the disappearance of char-
acteristic oleic acid peaks in the FTIR spectrum: the asym-
metric CH2 vibration at ∼2920 cm−1, the symmetric CH2 
stretching at ∼2850 cm−1, and the COO− peaks at 1530–1550 
and ∼1400 cm−1 belonging to the symmetric and asymmetric 
stretching vibrations of the molecule [30]. In addition, the glu-
cose coating results in the presence of a broad peak, probably 
a composite one, between750 and 1000 cm−1. The vibrational 
band of Fe–O was observed at 550 and 560 cm−1 for the oleic 
acid-coated MnIONPs of 12 and 28 nm, respectively. Glucose 
functionalization caused a 6 cm−1 shift toward higher wave-
length values in both samples, probably due to changes in the 
local chemical environment.

Magnetization as a function of temperature was recorded in 
ZFC-FC modes under an applied magnetic field of H = 100 Oe. 
Additionally, Ir (T) was recorded following the application of 
a 5 kOe field, as shown in Figure S6. For the MnIONP_12 nm 
sample, the ZFC exhibited a broad maximum below 300 K 
and the Ir (T) curve shows that the irreversibility disappears 
at about 150 K. Meanwhile, for 28 nm particles, the sys-
tem remained blocked across the entire temperature range, 

indicating an irreversibility temperature above room tempera-
ture. Besides, the FC curves of both systems decrease with de-
creasing temperature, which is a signature of the presence of 
interparticle interactions. These features result in varying re-
manent behavior depending on the measurement protocol. In 
this context, we followed the procedure reported by O'Grady 
et  al. to estimate the effective magnetic anisotropy from the 
Ir (T) curve [31]. In systems of non-interacting nanoparticles 
with uniaxial anisotropy and easy axes aligned parallel to the 
magnetic field, the magnetic anisotropy constant (Ke) can be 
determined by fitting the Ir (T) according to the expression re-
ported by O'Grady:

where Ir is the remanence at temperature T, Ir (0) is the re-
manence at low temperature, f(V) is the volume distribution 
function of the nanoparticles, and Vo is the critical volume 
above which the particles remain magnetically blocked at 
a given temperature. The blocking condition is defined by 
the relation KV = 25kBTB, where V is the particle volume, kB 
is the Boltzmann constant, and TB is the blocking tempera-
ture. However, when these assumptions are not fulfilled, the 
fitting becomes unsatisfactory. In such cases, O'Grady et  al. 
[31] proposed an alternative method to estimate an effective 
magnetic anisotropy, based on the mean particle size and the 
temperature at which the remanent magnetization decreases 
to half of its maximum value at low temperature. Applying 
this approach, we estimated Ke values of 1.3 × 105 erg/cm3 for 
the MnIONP_12 nm sample and 0.25 × 105 erg/cm3 for the 
MnIONP_28 nm nanoparticles system. These values are in 
agreement with previous findings, which show that smaller 
nanoparticles exhibit higher magnetic anisotropy due to en-
hanced contributions from surface anisotropy [32–35].

XPS was performed on the glucose-functionalized MnIONP 
nanoparticles to assess their surface composition and oxidation 
states (Figure  S7). The high-resolution spectra of the Mn 2p 
and Fe 2p regions revealed the coexistence of Mn(II)/Mn(III) 
and Fe(II)/Fe(III) in both samples, confirming the preservation 
of the mixed-valence spinel structure after surface modifica-
tion. The total Mn content at the surface was comparable be-
tween the two samples (~33% in MnIONP_12 nm and ~39% in 
MnIONP_28 nm), with a slightly higher proportion of Mn(III) 
observed in MnIONP_28 nm, as shown in Table S3.

3.4   |   Heating Efficiency Measurements

The heating efficiency of the samples was estimated through 
SLP measurements. The SLP is one of the most important 
parameters in MFH treatments because it quantifies the effi-
ciency with which magnetic nanoparticles convert magnetic 
losses into heat. This parameter is crucial for achieving the de-
sired therapeutic temperature range to effectively target and 
destroy cancer cells [5, 36].

The SLP of the MnIONP samples was determined under 
an alternating magnetic field with an amplitude of 170 Oe 

Ir = Ir(0)
⎡
⎢
⎢
⎣
1 −

Vo

∫
0

f (V)dV
⎤
⎥
⎥
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FIGURE 2    |    EPR spectrum and corresponding fitting for the uncoat-
ed MnIONP_12 nm (upper panel) and MnIONP_28 nm (lower panel), 
measured 10 min after the addition of H2O2 at room temperature in ace-
tate buffer at pH = 5. The (+) symbols indicate the characteristic peaks of 
DMPO/• OH radical adducts, while the (*) symbols indicate DMPO/• N 
radical adducts, which were not considered in the discussion.
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(13.5 kA/m) and a frequency of 646 kHz. This parameter 
quantifies the heat generated by nanoparticles due to energy 
dissipation via Néel and Brownian relaxation mechanisms, 
which are influenced by the surrounding medium's viscos-
ity and the particle's magnetic properties. To investigate the 
interplay between these mechanisms, the SLP was measured 
in three distinct media with varying viscosities: hexane (low-
viscosity), water (intermediate-viscosity), and clarified butter 
oil (CBO) (high-viscosity). Considering that MNPs in the col-
loidal state can rotate relatively freely in low-viscosity liquids, 
such as hexane [10], these conditions offer valuable insights 
into the relative contributions of Néel and Brownian relax-
ation mechanisms to the thermal response of MNPs, as shown 
in Figure 3.

In the case of the MnIONP_28 nm sample dispersed in hex-
ane, the SLP value greatly exceeds that of CBO, indicating that 
Brownian relaxation is dominant. This does not happen in water, 
where the SLP is similar to that of CBO, and Néel relaxation is 
the only possible mechanism. This effect may be attributed to 
the formation of aggregates during the oleic acid removal pro-
cess, which hinders Brownian relaxation [37, 38].

Regarding the MnIONP_12 nm sample, the SLP values re-
main almost constant between37 and 44 W/g. Its smaller size 
reduces both relaxation times, but that of Néel more than 
Brownian. As a result, the Néel mechanism prevails regard-
less of the medium; however, its relaxation time is not tuned 
with the working MFH, and the SLP is not optimized in this 
case. For instance, recent reports have shown SLP values 
up to 700 W/g for MnFe2O4 nanoparticles with ⟨d⟩ = 46 nm, 

dispersed in water, under an alternating magnetic field with 
an intensity of H = 300 Oe (24 kA/m) and f = 571 kHz [10]. In 
comparison, the value of approximately 100 W/g for the 28 nm 
nanoparticles might seem lower, but they are half the size and 
measurements were performed with a 30% lower intensity 
compared to the reported values (the power of the applied field 
scales with H2).

3.5   |   Peroxidase-Like Activity

To evaluate the peroxidase-like activity of the samples, an 
ABTS colorimetric assay was performed according to a re-
ported standardized method [20] as shown in Figure  4. 
Consistent with previous reports on iron oxide nanoparti-
cles, the oxidation of ABTS over time is higher for the 12 nm 
nanoparticles, indicating greater catalytic activity  [39]. The 
specific activity (SA) of the MnIONPs was calculated, as 
shown in Table 4, demonstrating that manganese MNPs pos-
sess peroxidase-like activity even in the absence of H2O2 at 
acidic pH. This activity increases by approximately 50% with 
the addition of H2O2. Both activities appear to depend on the 
particle size and were also verified for the TMB substrate 
(Figure S8).

Quantification of DMPO adducts using EPR (Table S4) reveals 
that only hydroxyl radicals are observed when nanoparticles 
are incubated with H2O2 at acidic pH. The concentrations of 
hydroxyl radicals were 337 nM for the 12 nm MnIONPs and 
230 nM for the 28 nm MnIONPs, respectively. Furthermore, no 
hydroperoxyl radical formation was detected.

FIGURE 3    |    Specific loss power (SLP) as a function of the viscosity of different liquid carriers for the MnIONP_12 nm and MnIONP_28 nm sam-
ples. The inset illustrates the temperature change (in °C) over time (in seconds) for the MnIONP_28 nm sample.
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3.6   |   Nanoparticle Dose-Dependent Toxicity

Since nanoparticle toxicity can be influenced by the 
peroxidase-like activity of MnIONPs, we initially aimed to 
establish the viability of HepG2 cells after 24 h of incuba-
tion with different doses of nanoparticles (0–200 μg/mL). As 
shown in Figure 5, the MnIONPs with 12 nm were more toxic 

than those with 28 nm, as evidenced by the lower viability ob-
served for this group.

A two-way ANOVA analysis revealed a significant main effect 
of nanoparticle type [F(1, 31) = 11.09, p = 0.0021] and a signif-
icant main effect of concentration [F(2, 31) = 40.13, p < 0.001]. 
Additionally, there was a significant interaction between 
nanoparticle type and concentration [F(2, 31) = 4.16, p = 0.025].

Post hoc comparisons using Tukey's test indicated that the vi-
ability of cells treated with MnIONP_12 nm at 100 μg/mL was 
significantly lower than those treated without nanoparticles 
(p = 0.0013). At the 200 μg/mL concentration, both nanoparti-
cle types reduced viability compared to the control (p < 0.001). 
The 100 μg/mL dose was then chosen to perform the biological 
experiments.

3.7   |   In Vitro Experiments of MFH

The MFH experiment was performed for both samples. To 
achieve this, HepG2 cell pellets containing the nanoparticles 
were exposed to an external alternating magnetic field of 170 Oe 
and 646 kHz for 30 min. The selected parameters for the mag-
netic field (170 Oe and 646 kHz; H × f = 8.74 × 109 A/m·s−1) are 
considered to be below the safety limits proposed by Herrero 
de la Parte et  al. in 2022 (9.59 × 109 A/m·s−1), demonstrating 
no significant biological effects at these frequencies and field 
strengths [40].

Figure 6 shows the temperature variations for all three groups 
(without nanoparticles, with MnIONP_12 nm, and with 
MnIONP_28 nm) over the course of the experiment. The incre-
ment in the temperature for the MnIONP_28 nm was significant, 
with the temperature rising from 36.3°C to approximately 47.8°C 
(11.5°C). In comparison, the MnIONP_12 nm induced a more 
modest temperature increase from 36.5°C to 40.2°C (3.7°C). 
The control group, which did not contain any nanoparticles, 

FIGURE 4    |    Peroxidase-like activity of the glucose-functionalized 
MnIONP_12 nm (upper panel) and MnIONP_28 nm (lower pan-
el) samples. Absorbance of ABTS at 420 nm was measured over time 
for nanoparticle amounts of 5, 10, and 20 μg. Data are expressed as 
mean ± standard deviation of duplicate measurements.

TABLE 4    |    Specific activity (SA) and correlation coefficient (R2) of 
the MnIONP samples with and without the addition of 1 M H2O2.

Sample

w/o H2O2 H2O2 1 M

SA (mU/
mg) R2

SA (mU/
mg) R2

MnIONP_12 nm 1.28 0.99 2.36 0.99

MnIONP_28 nm 0.84 0.94 1.33 0.98

Note: SA is measured in mU/mg.

FIGURE 5    |    Viability of HepG2 cells after 24 h of incubation with 
MnIONP_12 nm and MnIONP_28 nm nanoparticles at concentrations 
of 0, 100, and 200 μg/mL. Data were analyzed using two-way ANOVA 
followed by Tukey's test. Results are presented as mean ± standard devi-
ation (n = 3) as a percentage of the control group Statistical significance 
is indicated as follows: *p < 0.05, **p < 0.01, and ***p < 0.001.
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exhibited only a slight temperature increase from 36.1°C to 
38.3°C, a rise of approximately 2.2°C. This temperature incre-
ment might be attributed to current circulating in the coil when 
applying the magnetic field, and it is expected to affect all mea-
surements equally.

After the MFH experiment, we fixed the cells and performed 
magnetization measurements to determine the amount of 
nanoparticles present in the tubes at the time of the experiment. 
Our analysis using one-way ANOVA revealed no significant 
differences in nanoparticle content [F(1, 4) = 0.68, p = 0.46] be-
tween the nanoparticle content per tube for the MnIONP_28 nm 
(286 μg) and the MnIONP_12 nm group (222 μg). These results 
indicate that the observed temperature increase was not due to 
variations in nanoparticle concentration.

3.8   |   Hyperthermia-Dependent Toxicity

Immediately following MFH treatment, a trypan blue assay was 
performed to evaluate the number of cells that died during the 
MFH treatment. As shown in Figure 7, there was a significant 
increase in the percentage of dead cells in the MnIONP_28 nm-
treated group compared to the control group also exposed to the 
alternating magnetic field (two-way ANOVA, p < 0.01, followed 
by Tukey's post hoc test).

Additionally, the MFH-treated MnIONP_28 nm group displayed 
significant differences compared to the MnIONP_28 nm group 
kept in the incubator at 37°C (two-way ANOVA, p = 0.001, fol-
lowed by Tukey's post hoc test). These findings indicate that 
the MFH treatment with MnIONP_28 nm nanoparticles signifi-
cantly enhances cell death relative to both control conditions.

3.9   |   Lipid Peroxidation (TBARs)

Finally, it is well established that oxidative stress occurs when 
free radical production exceeds the cellular antioxidant capacity. 
One consequence of oxidative stress is lipid peroxidation, which 
can be measured using the TBARS assay. To evaluate the impact 
of MFH treatment on free radical production, the TBARS levels 
were measured in the cell fractions exposed to the alternating 
magnetic field and in those kept in the incubator. The TBARS 
assay was conducted to compare the effects of temperature ver-
sus MnIONP size (as well as the control group), and it is shown 
in Figure 8.

The two-way ANOVA analysis [FMFH(8, 2) = 93.2, p < 0.001; 
FMnIONP(8, 1) = 28.6, p < 0.001; FMFH×MnIONP(8, 2) = 5.3, p < 0.05], 
followed by Tukey's post hoc test, revealed a significant dif-
ference in the TBARS levels between the MFH treated and in-
cubator group for the MnIONP_12 nm (p < 0.05). However, no 

FIGURE 6    |    Temperature variations over time in HepG2 cell pel-
lets with glucose-coated MnIONP_28 nm (100 μg/mL), MnIONP_12 nm 
(100 μg/mL), and the control group without nanoparticles.

FIGURE 7    |    Percentage of dead cells after MFH treatment, as deter-
mined by a trypan blue assay. A two-way ANOVA followed by Tukey's 
post hoc test was performed. * indicates p < 0.05, **indicates p < 0.01, 
and ***indicates p < 0.001 relative to the control group exposed to the 
same MFH/incubator treatment. # indicates p < 0.05 relative to the 
same MnIONP treatment group.

FIGURE 8    |    Lipid peroxidation expressed as MDA concentration 
(pmol/cell) as a function of field exposure, assessed using the TBARS 
assay. Data are shown as MDA concentration ± standard deviation. 
The data were analyzed using a two-way ANOVA followed by Tukey's 
post hoc test. * indicates p < 0.05, **indicates p < 0.01, and ***indicates 
p < 0.001 relative to the control group exposed to the same MFH/incu-
bator treatment. # indicates p < 0.05 relative to the same MnIONP treat-
ment group.
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significant differences were found between the MFH and incu-
bator conditions for the MnIONPs with 28 nm. In addition, both 
samples presented significant differences in comparison to the 
control group for both conditions: in the incubator and MFH 
treatment.

4   |   Discussion

The results presented provide a comprehensive understanding 
of the properties and potential applications of Mn-doped iron 
oxide nanoparticles and underscore the critical interplay be-
tween particle size, composition, and functionalization.

The compositional analysis revealed that the relatively low in-
corporation of Mn ions in the final phase (approximately 50% 
and 60% of the original nominal value x = 1) can be attributed 
to the formation of weaker magnetic species with higher man-
ganese content that are likely removed during the magnetically 
assisted precipitation and washing processes [41]. The lower 
incorporation of Mn compared to Fe ions may be attributed 
to the delayed onset of decomposition of Mn(acac)2 during the 
synthesis, which occurs at approximately 246°C, compared to 
Fe(acac)3, which decomposes around 220°C. This temperature 
difference likely leads to a reduced availability of Mn2+ ions 
during the critical nucleation and growth stages of the reaction, 
thereby limiting their substitution for Fe ions in the spinel struc-
ture [42, 43]. Nevertheless, no appreciable effect was observed 
in the structural properties of the samples with the small differ-
ences in the composition. The reduction in magnetization values 
(MS) at room temperature, by 18% and 24% compared to the bulk 
phase, reflects the good crystallinity of the samples as observed 
by TEM analysis. These results align the with expected behav-
ior of nanostructured materials, where surface and finite-size 
effects significantly influence magnetic properties  [44]. These 
results confirm that the thermal decomposition route used in 
this study is robust for controlling the size and composition of 
MnIONPs.

The analysis of the magnetic anisotropy field (HK) and effec-
tive magnetic anisotropy constants (Ke) of MnIONPs provides 
key insights into the influence of particle size and shape on 
their magnetic properties. The estimated Ke and HC values 
are consistent with those previously reported for MnFe2O4 
nanoparticles of comparable size [32–35] At room tempera-
ture, the pronounced reduction in Hc to near-zero values high-
lights the superparamagnetic behavior of the nanoparticles. 
This behavior is less evident in the MnIONP_28 nm sample, 
where a non-negligible fraction of particles—estimated to 
be approximately 20% based on remanence—remains mag-
netically blocked at room temperature. In contrast, the 
MnIONP_12 nm sample exhibits minimal remanence under 
the same conditions, suggesting it would be more suitable for 
MFH applications where preventing particle aggregation is 
essential.

Regarding free radical production, the catalytic behavior of 
MnIONPs can be explained by heterogeneous Fenton-like reac-
tion mechanisms. In these processes, reactive oxygen species, 
mainly hydroxyl radicals (•OH), are produced through the re-
action of H2O2 with iron or manganese [45, 46]. As mentioned 

previously, the reaction depends on the temperature, the size, the 
structure/morphology (including dopants), and surface modifi-
cations of the MNPs [17, 19, 39, 47]. Since both samples exhibited 
similar morphology and Mn content, and both measurements 
were performed at the same temperature, we attributed the fac-
tor of 2 in the detected •OH concentration to the MnIONP size.

The glucose functionalization of MnIONPs resulted in stable 
dispersions in water, as evidenced by the zeta-potential values. 
The absence of oleic acid peaks in the FTIR spectra, along with 
the observed 6 cm−1 shift in the Fe-O vibrational band, can be at-
tributed to changes in the local chemical environment induced 
by glucose, further confirming successful surface modification 
[30]. The magnetic characterization revealed significant differ-
ences in blocking temperatures between the 12 nm and 28 nm 
MnIONPs, suggesting size-dependent magnetic behavior. The 
broader blocking temperature distributions and lower maxi-
mum values observed in the Ir (T) curves suggest that there is not 
a direct association between blocking temperature and particle 
size distributions [10]. These results indicate that, in addition to 
particle size, dipolar magnetic interactions play a significant role 
in shaping the magnetic behavior of the system, with important 
implications for their potential biomedical applications. This re-
sult indicates that particle size significantly influences the mag-
netic properties and their potential applications in biomedicine.

The comparison of particle SLP performance in hexane (al-
lowing free rotation) and CBO (restricting mobility) confirmed 
the dominance of the Néel relaxation mechanism in 12 nm 
MnIONPs, emphasizing the critical role of particle size in re-
laxation dynamics. Larger 28 nm MnIONPs exhibited superior 
heating efficiency, attributable to their larger magnetic core size 
and relaxation time optimized for the applied magnetic field 
frequency. Enhanced SLP values across all tested solvents cor-
roborate this observation, reinforcing the importance of parti-
cle size optimization for MFH applications. A detailed study by 
de Almeida et al. (2020) supports these findings, emphasizing 
temperature-dependent thermal properties, including heat ca-
pacity (Cp), in calculating SLP values [48].

Catalytic activity assays further revealed that 12 nm MnIONPs 
exhibit superior peroxidase-like activity, evidenced by a higher 
ABTS oxidation rate compared to their 28 nm counterparts. This 
observation aligns with previous reports on iron oxide nanopar-
ticles [39].

On the other hand, direct oxidation of ABTS was observed even 
in the absence of H2O2, although no formation of DMPO ad-
ducts was detected by EPR. This unique catalytic behavior of 
MnIONPs is likely attributable to the presence of manganese, 
which enables oxidase-like activity independent of ROS. This 
finding differentiates MnIONPs from Fe3O4 nanoparticles, 
where manganese appears to enhance direct interactions with 
ABTS or TMB molecules [49]. Furthermore, the dual enzyme-
like activities of MnFe2O4 MNPs highlight the role of the 
transition metal valence and site occupancy within the spinel 
structure, as highlighted in prior studies [14, 50, 51].

Given that the suitability of MnIONP_12 nm particles for free 
radical-based oncological treatments arises from their higher 
catalytic activity, while MnIONP_28 nm particles are more 
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appropriate for magnetic hyperthermia due to their superior SLP 
values, hyperthermia experiments were conducted using HepG2 
cultured cells.

The observed dose-dependent toxicity of MnIONPs indicates 
a clear relationship between nanoparticle size and cellular re-
sponse. Smaller nanoparticles (12 nm) exhibited greater toxicity 
than their larger counterparts (28 nm), which can be attributed 
to their higher catalytic activity, as previously evidenced. The 
two-way ANOVA analysis further highlighted the signifi-
cant interaction between nanoparticle size and concentration, 
demonstrating that both parameters significantly influence cell 
viability.

The decision to use the 100 μg/mL dose for MFH experiments 
was due to its intermediate toxicity level, enabling biological 
experiments to proceed without excessively compromising cell 
viability, while still providing a clear indication of nanoparti-
cle impact. The significant temperature increment observed 
with MnIONP_28 nm aligns with its higher SLP values, rein-
forcing the potential efficacy of larger particles in MFH appli-
cations. Conversely, the lower temperature increase observed 
with MnIONP_12 nm highlights the dependence of heating effi-
ciency on nanoparticle size, as larger particles likely exhibit en-
hanced magnetic response under an alternating magnetic field. 
Importantly, the absence of significant differences in nanopar-
ticle content between MnIONP_28 nm and MnIONP_12 nm 
confirms that the observed temperature variations were not 
attributable to nanoparticle concentration but rather to particle 
size. The slight temperature rise observed in the control group 
can be attributed to Joule heating caused by current circulation 
in the coil during the application of the magnetic field, under-
scoring the importance of including control groups to account 
for non-specific heating effects.

With respect to cell viability after MFH treatment, the group 
treated with MnIONP_28 nm, but not MnIONP_12 nm, showed 
statistically significant differences compared to the control cells 
exposed to the alternating magnetic field (without nanoparti-
cles) and the corresponding group maintained in the incubator 
at 37°C. This can be attributed to the thermal effects associated 
with hyperthermia: tissue temperatures exceeding 41°C trigger 
the heat shock protein response, while temperatures in the range 
of 42°C–46°C cause irreversible damage, with necrosis begin-
ning after approximately 10 min. At temperatures above 60°C, 
cell death occurs almost instantaneously [52]. In this study, the 
MnIONP_28 nm sample sustained cell temperatures above 42°C 
for 30 min, indicating that significant cell death occurred under 
these conditions.

Finally, since lipid peroxidation is a consequence of oxidative 
stress caused by an imbalance between increased ROS levels 
and the antioxidant capacity of the cells [53], we performed a 
TBARs assay to determine whether MFH exacerbates the cat-
alytic activity of MnIONPs. The results indicate that MFH had 
a distinct effect on oxidative stress, particularly for the 12 nm 
MnIONPs. While the smaller nanoparticles induced significant 
oxidative stress compared to the control, the larger nanoparti-
cles caused higher overall cell toxicity, likely due to the elevated 
temperatures achieved during the treatment. Ultimately, these 
findings suggest that in magnetic hyperthermia treatments, the 

temperature to which cells are exposed appears to be more criti-
cal than the catalytic activity of the nanoparticles.

5   |   Conclusions

This study provides a detailed investigation into the size-
dependent properties and biomedical potential of MnIONPs, 
highlighting the intricate interplay between particle size, mag-
netic behavior, and catalytic activity. The compositional and 
structural analyses confirm the robustness of the thermal de-
composition method for synthesizing MnIONPs with controlled 
size and composition. Despite minor differences in composition, 
the nanoparticles demonstrated excellent crystallinity, with 
surface and finite-size effects playing a significant role in their 
magnetic properties.

Magnetic characterization revealed size-dependent anisotropy 
and relaxation dynamics, with smaller nanoparticles (12 nm) 
exhibiting Néel-dominated relaxation and enhanced catalytic 
activity, while larger particles (28 nm) demonstrated superior 
heating efficiency in MFH due to their higher SLP. These find-
ings underscore the importance of optimizing nanoparticle 
size for specific applications, where smaller particles are better 
suited for free radical-based treatments, and larger ones excel in 
hyperthermia-based therapies.

Catalytic activity assays highlighted the peroxidase-like and 
oxidase-like activities of MnIONPs, with the smaller particles 
exhibiting higher oxidative stress in  vitro. However, MFH ex-
periments demonstrated that cell toxicity is primarily influ-
enced by the thermal effects associated with particle size, as the 
MnIONP_28 nm sample maintained temperatures above 42°C 
for almost the entire treatment, leading to significant cell death. 
This reinforces the critical role of temperature control in hyper-
thermia treatments and suggests that the thermal properties of 
nanoparticles outweigh their catalytic activity in determining 
treatment efficacy.

Overall, these findings emphasize the dual functionality of 
MnIONPs, combining size-dependent magnetic and catalytic 
properties, which can be leveraged for tailored oncological 
therapies. Future studies should explore the long-term biocom-
patibility and in vivo efficacy of these nanoparticles to further 
establish their clinical potential.
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