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1. Introduction

Enhancing the magnetic properties of
superparamagnetic iron oxide nanoparticles
using hydrothermal treatment for magnetic
hyperthermia application

Carla Martins,® Catarina Rolo,® Vanessa R. G. Cacho,” Laura C. J. Pereira, 1 °
Jodo Paulo Borges, (22? Jorge Carvalho Silva, 2 ¢ Tania Vieira® and

Paula I. P. Soares (&) *@

Superparamagnetic iron oxide nanoparticles (SPIONs) are the most commonly used inorganic
nanoparticles for magnetic hyperthermia in cancer treatment. In this technique, the temperature of the
tumor is increased by applying an external alternating magnetic field, which induces heat release from
magnetic nanoparticles located at the tumor site. In this study, SPIONs were produced using the
chemical co-precipitation technique combined with hydrothermal treatment to reduce their size
dispersibility and increase their crystallinity, which are directly related to their magnetic properties. The
size of the SPIONs increased from 9 nm to 20 nm after hydrothermal treatment at 160 °C for 24 h.
These NPs exhibit a cubic/rectangular shape with a structure composed of both magnetite and
maghemite. Their superparamagnetic behavior was confirmed, and the magnetic saturation increased
from 58 to 73 emu g*1 at RT and from 67 to 81 emu g*1 at 10 K. Magnetic hyperthermia measurements
showed an increase in SAR values from 83 to about 160-200 W g~ depending on the hydrothermal
treatment conditions. Additionally, the exposure of normal and melanoma cells to SPIONs in the
presence of an alternating magnetic field leads to a significant reduction in cell viability, with a more
pronounced effect in melanoma cells. These results demonstrate the high potential of this synthesis
technique for producing SPIONs for cancer treatment via magnetic hyperthermia.

relevant as the particle size decreases due to an increase in the ratio
of surface atoms to core atoms. For biomedical applications, NPs

Magnetic nanoparticles (mNPs) are among the most commonly
used inorganic nanoparticles for biomedical applications.' Particu-
larly, superparamagnetic iron oxide nanoparticles (SPIONSs) are
mainly investigated as magnetic hyperthermia agents,”” contrast
agents for magnetic resonance imaging (MRI),>® and other bio-
medical applications.”™® For these applications, the magnetic
properties of SPIONs (e.g;, magnetic anisotropy, coercivity) and
their composition, structure, morphology, and stability in the
physiological environment are critical. Two types of features pri-
marily influence the magnetic properties: finite-size features (due to
quantum confinement) and surface effects, which become more
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ranging from 10 to 50 nm are favored since they form a single
magnetic domain and exhibit superparamagnetic properties.**

SPIONs composed of magnetite - Fe;0, or maghemite - y-
Fe,0; are the most employed mNPs for magnetic hyperthermia
applications."'® Superparamagnetism occurs when the size of
magnetic materials is decreased below the single domain limit
when the coercivity and remanence reach zero, and the mag-
netic moments can rotate freely and reverse their direction
rapidly. Therefore, in the absence of a magnetic field, the net
magnetization of the particle is zero.'> When an alternating
magnetic field (AMF) is applied, SPIONs dissipate heat through
relaxation loss by Néel and Brownian relaxation mechanisms.
The Néel relaxation mechanism is related to magnetocrystalline
anisotropy, while the Brownian relaxation mechanism is asso-
ciated with the fluid’s viscosity in which the nanoparticles are
suspended."®

The magnetic properties and biological interactions of
SPIONSs are highly dependent on the synthesis method. Conse-
quently, the chosen synthesis method impairs the magnetic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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hyperthermia efficiency of SPIONs. Many studies have tried
to optimize the synthesis method and study the critical
parameters that enable fine-tuning diameter, shape, and com-
position. Chemical co-precipitation of metal salts is the
typical synthesis method to produce SPIONs for biomedical
applications.”” Despite the clear advantages of this technique
(low cost, green chemistry, high yield, and easy scalability),
there is poor control of the size distribution of SPIONs. Reso-
vist® is composed of SPIONs produced by chemical co-
precipitation technique and was approved in 2001 in Europe
as an MRI contrast agent." However, this formulation’s specific
absorption rate (SAR) values (typically used to evaluate the
efficiency of mNPs in magnetic hyperthermia applications) are
low.'®

Other standard techniques include solvothermal synthesis
and thermal decomposition. However, these methods’ yields
are usually low (milligram scale), they use organic solvents, and
the obtained mNPs possess a hydrophobic surface, requiring
further processing for biomedical applications.’® SAR values
are usually significantly higher when non-hydrolytic methods
are used, although, in most cases, the H x f product highly
surpasses the biological limit (5 x 10° A ms™") defined by Hergt
et al.'® Thermal decomposition and solvothermal methods
produce higher SAR values (4- and 3-fold increase compared
to Resovist, respectively). Additionally, these methods enable
the production of anisotropic nanoparticles. In some studies,
these anisometric-shaped NPs showed a 20 to 30-fold increase
in SAR value compared to Resovist."®

In this sense, research has been focused on green chemistry
methods to synthesize SPIONs through an environmentally
friendly approach. Here, a compromise must be found to
generate SPIONs with high crystallinity and large magnetic
volume by minimizing the thickness of the spin-disordered
surface layer.”® Additionally, the size and shape of the nano-
particles have a strong influence on their magnetic properties.
For example, sphere-like SPIONs have lower coercivity com-
pared to cube-like SPIONs, which may be caused by strong
exchange interactions during spin alignment.>!

Hydrothermal synthesis is a hydrolytic synthesis method to
produce SPIONs, amongst other inorganic nanoparticles, in
which a substance is crystalized in a sealed container (auto-
clave) at high temperature (typically above 100 °C) and high
vapor pressure (typically above 1 atm). In this method, mag-
netic NPs are produced by rapid nucleation and fast growth,
leading to highly crystalline iron oxide nanoparticles. Hydro-
thermal synthesis is performed through simple, cost-effective
experimental procedures, and the obtained NPs exhibit excel-
lent water dispersibility.>*>® Bonvin et al.®>**° explored the
combination of chemical co-precipitation technique with
hydrothermal treatment to improve the particle size dispersi-
bility, morphology, and composition. Additionally, they verified
that the size of SPIONs increased from 8 to 21.5 nm with
hydrothermal treatment duration (from 0 h to 24 h). Magnetic
hyperthermia studies were also conducted under an AMF of
23.9 kA m™' at frequencies ranging from 200 to 600 kHz,
showing an increase in SAR with particle size (and, therefore,
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hydrothermal treatment duration) for constant frequency and
magnetic field strength.

Ozel et al.?” also studied the effects of hydrothermal treat-
ment duration and temperature after chemical co-precipitation
on SPIONSs characteristics. The hydrothermal treatment ranged
from 1 to 120 hours at 160 °C, showing an increase in particle
size from 14 to 74 nm and an increase in saturation magnetiza-
tion from 74.9 to 93.5 emu g ', respectively. The particle size
distribution was also observed to broaden with increasing
reaction time. Torres-Gémez et al’*® conducted a study to
investigate the impact of the synthesis temperature on the
shape of NPs. The NPs were synthesized using the hydrother-
mal method at temperatures of 120, 140, and 160 °C for 4 hours.
Morphological analysis revealed NPs with a high degree of
crystallinity and distinct shapes at each temperature, specifi-
cally quasi-spheres (at 120 °C), octahedrons (at 140 °C), and
cubes (at 160 °C). Particle size increased with increasing reac-
tion temperature from 23.46 nm (at 120 °C) to 107.21 nm (at
160 °C). Moreover, magnetic measurements revealed that the
saturation magnetization increased with temperature from
52.71 emu g~ ' at 120 °C to 107.57 emu g~ ' at 160 °C.

This study combines our previously optimized chemical co-
precipitation technique**®?® with hydrothermal treatment at
140 °C and 160 °C, testing different treatment durations. In
addition, to complete the characterization of the obtained
SPIONSs to evaluate their morphology, size, and size distribu-
tion, the effect of hydrothermal treatment on the magnetic
properties (namely magnetic saturation and coercivity) and on
magnetic hyperthermia application (namely SAR) was also
assessed. Furthermore, it is shown that SPIONs with the best
performance induce cell death in normal and tumorous cell
lines, using melanoma as a model disease. The cytotoxicity of
SPIONSs in the absence and presence of an alternating magnetic
field were tested to evaluate the potential of these SPIONs for
magnetic hyperthermia application in cancer treatment.

2. Experimental section/methods

2.1. Materials

Iron chloride hexahydrate (FeCl;-6H,0, 97%, Alfa Aesar, Ward
Hill, MA USA), iron chloride tetrahydrate (FeCl,-4H,0, 98%,
Alfa Aesar, Ward Hill, MA USA), ammonia solution (NH, at 25%
in water, Panreac, Chicago IL, USA), and ultrapure water
(Millipore, Burlington, MA USA) were used to synthesize iron
oxide nanoparticles. Iron quantification using the phenanthro-
line method*® was performed using hydrochloric acid (HCI,
37% (v/v), Sigma-Aldrich, St. Louis, MO USA), hydroxylamine
(99%, Sigma-Aldrich, St. Louis, MO USA), 1,10-phenantroline
(Alfa Aesar, Ward Hill, MA USA), and ammonium acetate
(Scharlau, Barcelona, Spain). For in vitro assays, the following
materials were used: Dulbecco’s modified Eagle’s medium low
glucose (DMEM-LG, Biowest, Nuaillé¢, France), DMEM high
glucose (DMEM-HG, Biowest, Nuaillé, France), fetal bovine
serum (FBS, Biowest, Nuaillé, France) penicillin (100 U mL ™",
Invitrogen, Waltham, MA USA), streptomycin (100 pg mL ™},
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Invitrogen, Waltham, MA USA), gentamicin (10 mg mL ™
Gibco, Waltham, MA USA), amphotericin B (Fungizone®, Qui-
migen, Alverca do Ribatejo, Portugal), dimethyl sulfoxide
(DMSO, Supelco, St. Louis, MO USA), penicillin/streptomycin
(P/S, Gibco, Waltham, MA USA), resazurin (Alfa Aesar, Ward
Hill, MA USA), phosphate buffer solution (PBS 1x pH 7.4),
paraformaldehyde 4% (PFA, Sigma-Aldrich, St. Louis, MO USA),
potassium hexacyanoferrate(u) trihydrate 4% (VWR chemicals,
Radnor, PA USA), and mowiol (Sigma-Aldrich, St. Louis, MO,
USA). All the chemicals used were of analytical grade and used
without further purification.

2.2. Synthesis of iron oxide nanoparticles

Superparamagnetic iron oxide nanoparticles were produced
using the chemical co-precipitation technique previously
described.”® 5 mmol of iron(m) chloride hexahydrate and
2.5 mmol of iron(u) chloride tetrahydrate were dissolved in
50 mL of ultrapure water, followed by the addition of 10 mL of
ammonium solution to precipitate the iron oxide nano-
particles. The reaction was conducted under mechanical stir-
ring (600 rotations per minute) and in anaerobic conditions.
The reaction was stopped after 5 minutes by adding 50 mL of
ultrapure water. The magnetic precipitate was washed five
times with ultrapure water and stored at 4 °C for further use.
SPIONs without further treatment were named “pristine NPs”.
The hydrothermal treatment was performed according to pre-
vious literature.”” Following the chemical co-precipitation
synthesis, after the reaction with ammonium solution for five
minutes, the alkaline suspension was transferred to a stainless
steel autoclave containing a Teflon cup (Parr Instrument Com-
pany, model 4748). The autoclave was submitted to 140 °C or
160 °C during different reaction times: 2, 8, 16 and 24 h. After
the predetermined time, the autoclave was cooled to room
temperature. The resultant precipitate was washed five times
with ultrapure water. These NPs were named “X °C Y h” where
X corresponds to temperature and Y corresponds to the hydro-
thermal treatment duration. The iron content of the prepared
samples was measured through the 1,10-phenantroline colori-
metric method previously described.®® The relationship
between iron and iron oxide NP concentrations was determined
using the formula [Fe] = 0.7 x [NPs], obtained from control
experiments.®® A part of the nanoparticle’s suspension was
freeze-dried (VaCo2, Zirbus) to obtain dry NPs for further
characterization.

2.3. Characterization

XRD diffraction (XRD) patterns of dry samples were obtained
using the X'Pert PRO PANAlytical X-ray diffractometer. 26
values were taken from 15° to 80° using a Cu-Ko radiation
(. =1.54060 A) with a step size of 0.033. Scherrer’s equation and
Williamson-Hall method were used to measure the average
crystallite size. Lattice parameters were calculated through
interplanar distances determined from the Bragg equation
(4 = 2dsin0).

Transmission electron microscopy (TEM) images were
obtained using a Hitachi H-8100 II with thermo-ionic emission
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LaB6 with a resolution of 2.7 A. TEM analysis was performed in
NPs diluted in ultrapure water placed in a Kevlar 25 mesh grid.
FTIR spectra of the iron oxide nanoparticles were acquired
using a Nicolet 6700-thermo electron corporation attenuated
total reflectance Fourier transform infrared spectrometer (ATR-
FTIR). Measurements were performed in dry samples in the
range of 400-4000 cm™ " with a resolution of 2 em™'. Thermo-
gravimetric analysis (TGA) was obtained using a Thermal
Analyzer NETZSCH STA 449 F3 Jupiter at a rate of 10 °C min ™'
(25 to 900 °C) in a N, atmosphere. Dynamic light scattering
(DLS) measurements were performed using a SZ-100 nanopar-
ticle series (Horiba, Lda) with a 532 nm laser and a Peltier
temperature control system (25 °C). DLS measurements were
carried out for diluted NPs suspensions (five replicas for each
concentration) using a disposable cell with a scattering angle
equal to 90°. Data analysis was performed using cumulant
statistics to measure hydrodynamic diameter (Dy) and poly-
dispersity index (PI).® Measurements were performed in fresh
samples and after a storage period of 1 month in ultrapure
water and DMEM HG. The zeta potential of diluted SPIONs
suspension (0.15 mg mL™~') with pH in the range of 6.5 to 8.5
was measured using a graphite disposable cell. The magnetic
properties of SPIONs were performed using a 7 T SQUID
(superconducting quantum interference device) magnetometer
S700X from Cryogenic Ltd (London, UK). Samples of about
10 mg were prepared and inserted in gelatine capsules. The
zero field cooled (ZFC) and field cooled (FC) measurements
were performed by cooling the sample to 10 K at zero field or in
the presence of an external field of 100 Oe, respectively.
Isothermal magnetization curves were obtained for fields up
to 5 T for 10 and 300 K temperatures.

2.4. Magnetic hyperthermia assays

Magnetic hyperthermia studies were conducted for 10 minutes
using a D5 series (Nb Nanoscale Biomagnetics), where 1 mL of
NPs solutions was submitted to an AMF with an intensity of
24 kA m~" and frequency of 388.4 kHz. To evaluate the heating
ability of the SPIONs, the measurements were performed in
1 mL samples with different NP concentrations diluted in
ultrapure water: 1, 2.5, 5, and 10 mg mL™". After one month,
measurements were also made to evaluate stability, keeping the
iron concentration at 5 mg mL~". To mimic a cellular environ-
ment, the hyperthermia capability was also tested for NPs
(INPs] = 5 mg mL™ ") in PBS 7.4 and DMEM HG, in fresh
samples and after one month. Magnetic hyperthermia mea-
surements were also conducted in NPs incubated for 24 hours
with HFFF-2 and melanoma cells and about 45 x 10* and 50 x
10" cells were seeded, respectively, for each 1 mL sample. For
these measurements, the alternating magnetic field was
applied for approximately 4 minutes until 43.5 °C was reached,
turned off until it was cooled to 43 °C, and turned on again
until 44 °C was attained, for 4 cycles. It should be noted that the
equipment has an associated delay, which means the NPs
continue to heat up slightly after the magnetic field is turned
off and vice versa.

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

SPIONs samples cytotoxicity was evaluated according to stan-
dard ISO-10993 biological evaluation of medical devices, part 5:
tests for in vitro cytotoxicity. The assays were performed using
the direct method, human Caucasian fetal foreskin fibroblast
cells HFFF2 (European collection of authenticated cell cultures
(ECACC) 86031405) and advanced cutaneous melanoma cancer
cells WM983b (Rockland). HFFF2 cell line, representing healthy
cells, and WM938b cancer cell line were seeded in 96-well plates
at a density of 7.5 x 10* cells mL™*, and 1 x 10’ cells mL?,
respectively. HFFF2 cells were grown in DMEM-LG supplemen-
ted with 10% FBS and 1% P/S, and WM983b cell line was grown
in DMEM-HG supplemented with 5% heat-inactivated FBS and
1% P/S. The plates were seeded and incubated (Sanyo
MCO19AIC) overnight at 37 °C in 5% CO,. A 500 pL solution
was prepared, containing concentrations of nanoparticles ran-
ging from 1 to 0.0625 mg mL ", diluted in the appropriate
culture medium with 0.5 pL of gentamicin (10 mg mL™").
Medium was replaced in each well with 100 pL of the NPs
suspension in quadruplicates, and the plates were incubated
for 24 hours. The negative control cells were never exposed to
the NPs solution and the positive control cells were treated with
10% DMSO to induce cell death. The wells were then washed
twice with culture medium, and 150 pL of a mixture of
resazurin and culture medium (1:1) were added to each well
and left to incubate for 2 hours. Afterward, 100 pL of each well
was placed in another 96-well plate, and the absorbance was
measured at 570 nm (absorption peak for resorufin) and
600 nm (absorption peak for resazurin) in a plate reader (Biotek
ELX 800 UV). Cell viability was calculated using the conversion
of resazurin into resorufin by the negative control cells as the
reference.

An identical approach was used to evaluate the cell viability
in experiments conducted on cells with NPs that were subjected
to magnetic hyperthermia. For comparison purposes, a nano-
particle control was also established where cells were exposed
to the same amount of NPs but not subjected to the AMF. Cell
control, where cells were not exposed to NPs or to the alternat-
ing magnetic field, was also defined. In these experiments,
instead of using a 96-well plate initially, the procedure was
carried out in the 1 mL flasks used in magnetic hyperthermia.

2.6. Internalization studies

Prussian blue staining was used to visualize iron oxide nano-
particles due to the formation of a bright blue precipitate (ferric
ferrocyanide - (Fe,"[Fe"(CN)e];)) when ferric irons react with
potassium ferrocyanide (K4[Fe(CN)s] 3H,0).>> HFFF-2 and mel-
anoma cells were seeded in 24-well plates at a density of
22.5 x 10* cells mL™, and 3 x 10° cells mL™, respectively,
in triplicates for each type of SPIONs and incubated at the
previously mentioned conditions. A 0.1 mg mL ™" nanoparticle
solution was prepared with 2 pL of gentamicin, and 500 pL was
placed in each well and left to incubate for 1, 6, and 24 hours,
each time point in a distinct plate. The negative control cells
were never exposed to the NPs solution. After the respective

© 2025 The Author(s). Published by the Royal Society of Chemistry
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time points, cells were washed two times with PBS 1x, fixed
with PFA 4% for 15 minutes, and stained with a mixture of HCI
4% and potassium hexacyanoferrate(u) trihydrate 4% (1:1),
diluted in ultrapure water, for 40 minutes. After washing twice
more with PBS, cells were then mounted with mowiol and
coverslipped. After drying overnight, cells were examined using
a microscope (Nikon Eclipse Ti-S with Nikon D610 camera).

2.7. Statistical analysis

In different tests, a statistical study was carried out. For this, at
least 3 replicates of each sample and assay were performed. A
single-factor analysis of variance (ANOVA) was carried out.
Then, a series of statistical parameters were calculated, includ-
ing the mean and standard deviation. In addition, a mean
comparison test was performed to detect significant differences
(a confidence level of 95%, p < 0.05).

3. Results and discussion

3.1. Structural and morphological characterization

Superparamagnetic iron oxide nanoparticles were produced
using the chemical co-precipitation technique. This method
enables the production of hydrophilic nanometric nano-
particles with a high yield and adequate superparamagnetic
properties for magnetic hyperthermia application. However,
their stability in physiological conditions can compromise their
biomedical application.>® Using surfactants or other stabilizing
molecules may increase their stability in physiological condi-
tions but usually affect their magnetic saturation and perfor-
mance in magnetic hyperthermia applications. Combining
chemical co-precipitation synthesis with hydrothermal treat-
ment makes it possible to enhance the stability and magnetic
saturation of SPIONs, without stabilizing molecules.>**”

SPIONSs structural characterization was performed before
(pristine NPs - without hydrothermal treatment) and after
hydrothermal treatment (X °C Y h, where X corresponds to
the temperature and Y corresponds to the hydrothermal treat-
ment duration - 2, 8, 16, and 24 h). XRD patterns of the
corresponding samples are displayed in Fig. 1A. The obtained
patterns were compared to standard diffraction patterns of
magnetite (JCPDS 039-1346) and maghemite (JCPDS 019-629).
All peak positionsat (22 0),(311),(222),(400),(422),(511),
(4 4 0), and (5 3 3) are consistent with the standard X-ray data
for magnetite or maghemite. All samples display a crystalline
cubic structure. Comparing pristine NPs with samples sub-
mitted to hydrothermal treatment, it is visible that the diffrac-
tion peaks become sharper with the increase of hydrothermal
treatment time, indicating a crystallinity enhancement.?”** The
most significant difference is observed in pristine NPs, where a
smaller peak definition is observed compared to samples with
hydrothermal treatment. Samples submitted to a hydrothermal
treatment longer than 16 h (inclusive) have a higher degree of
crystallinity, also showing the presence of a diffraction peak
(2 2 2) that is not visible in other samples.
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Fig. 1

(A) XRD diffractogram and respective (B) magnification of the most intense peak (3 1 1) of pristine NPs produced by chemical co-precipitation

technique without further treatment, and SPIONs that underwent hydrothermal treatment under different temperature and duration conditions.
(C) Calculated lattice parameter (a) based on the XRD data and the respective correspondence to pure magnetite (gray zone), pure maghemite (reddish
zone), and core-shell magnetite—maghemite (yellowish zone). (D) Comparison of calculated crystallite size using the Debey—Scherrer equation and the
Williamson—-Hall (W. H.) method, and the average diameter measured on TEM data.

Magnetite typically precipitates in an inverse spinel struc-
ture with oxygen atoms organized in a closed-packed cubic
lattice containing iron(m) atoms in the tetrahedral sites and a
mixture of iron(u) and iron(m) atoms in the octahedral sites.
Since iron(u) is highly unstable in air, magnetite usually oxi-
dizes partially or entirely into maghemite. This oxidation may
result in core-shell magnetite-maghemite NPs or pure maghe-
mite NPs, respectively.**

Since magnetite and maghemite present similar XRD pat-
terns with discrete differences, a simple comparison with
standard diffraction patterns is insufficient to distinguish
between these iron oxide specimens. A closer evaluation of
the highest intensity peak (3 1 1) of XRD patterns (Fig. 1B)
demonstrated that pristine NPs obtained by traditional
chemical co-precipitation technique have a peak position closer
to that of pure maghemite (20 = 35.631). The hydrothermal
treatment at 160 °C below 16 h originates NPs with a peak
position closer to pure magnetite (20 = 35.423). However, a
hydrothermal treatment longer than 16 h (at 140 °C or 160 °C)
leads to NPs with peak positions closer to pure maghemite.
Additionally, the lattice parameter is slightly different for
magnetite (8.3967 A) and maghemite (8.3457 A).>* A more
detailed analysis of peak broadening that can influence the
distance between adjacent planes (d) calculated by the Bragg

eqn (1):

1730 | Mater. Adv., 2025, 6,1726-1743

A =2dsin0 (1)

Where 6 is the diffraction angle, and 4 is the incident X-ray
wavelength. The lattice parameter (a) of each sample was
calculated using (2):

1 h2 2 2
— = Wk +10 )
dyic? a?

Where (7 k [) corresponds to Miller indices of the higher
intensity peak (3 1 1). Fig. 1C represents the calculated lattice
parameter of each sample and their correspondence to the
intervals of lattice parament of pure magnetite and maghemite
found in the literature.*® The data obtained suggests that
pristine NPs are indeed composed of maghemite, which may
be a result of post-synthesis oxidation of NPs since they are
stored in ultrapure water in the presence of air. When the
hydrothermal treatment is performed at 160 °C during 2 h, 8 h,
and 16 h, the NPs experience a lattice size increase, possibly
related to a size-dependent lattice expansion.*® However, per-
forming the same hydrothermal treatment for 24 h leads to a
smaller rise in lattice parameters. The same effect is observed
with the hydrothermal treatment performed at 140 °C for 16 h
and 24 h. In the later samples, a lattice contraction driven by
oxidation®* may come into play, leading to NPs composed
mainly of maghemite and a smaller lattice parameter compared

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to smaller durations of hydrothermal parameters. Previous
reports demonstrate that oxidation of iron(u) during the hydro-
thermal treatment may occur since the reaction occurs in the
presence of oxygen.*®

Additionally, peak broadening analysis allows the calcula-
tion of crystallite size and lattice strain. The average crystallite
size (D) is inversely proportional to the full width at half-
maximum (f) of the highest intensity diffraction peak (3 1 1),
and was calculated through the Debye-Scherrer eqn (3):

KA

b= pcosl (3)

Where K is the shape factor (0.94).”>*® The average crystallite
size (Table 1) of the untreated sample is 10.2 nm, increasing to
12.7, 14.1, 20.6, and 21.3 nm with 2, 6, 16 and 24 h of
hydrothermal treatment at 160 °C, respectively. At 140 °C, the
average crystallite size is 18.9 and 18.4 nm for 160 h and 24 h
hydrothermal treatment, respectively. The size increase is
caused by the redissolution of smaller disfavored NPs nuclei,
followed by their deposition onto larger nuclei, which are more
thermodynamically favorable. This particle growth pathway is
called the Ostwald ripening pathway.*”

Since the Debye-Scherrer equation only attributes peak
broadening to crystallite size, it usually underestimates the
average crystallite size. Alternatively, Williamson-Hall analysis
can distinguish the independent contributions of crystallite
size and lattice strain to peak broadening. Additionally, in this
analysis, all visible diffraction peaks are considered. Using (4),
the crystallite size (D) can be estimated from the y-intercept and
lattice strain (¢) from the slope of the linear fit to the data.

ﬁTCOSHI%+4ESin9 (4)

Eqn (4) is dependent on the diffraction angle. The William-
son-Hall method does not depend on (1/cosf); instead, it
varies with tan 0. Therefore, the Williamson-Hall method can
distinguish the contribution of crystallite size and lattice strain
to Bragg peak broadening.*® A precise crystallite size can be
determined by (5):

frcost = % + ¢(4sin 0) (5)

Table1 Average TEM diameter, crystallite size determined by the Debye—
Scherrer equation and the Williamson—Hall method, lattice strain obtained
by Williamson—Hall method, and lattice parameter obtained by the Bragg
equation

Crystallite size (nm)

TEM Lattice

diameter Debye- Williamson- Lattice parameter

(nm) Scherrer Hall strain  (A)
Pristine NPs 9.3 £ 2.4 10.7 11.3 —0.0012 8.3484
160 °C 2 h 11.3 + 2.3 12.7 14.2 —0.0009 8.3818
160 °C8h 132 £2.1 14.1 13.8 —0.0002 8.3775
160 °C16h 17.6 £ 2.5 20.6 20.4 —0.0007 8.3775
160 °C24 h 19.8 £3.4 21.3 19.8 —0.0004 8.3539
140 °C16 h 16.0 + 2.6 18.9 20.7 —0.0004 8.3505
140°C24h 176 £2.7 184 19.3 —0.0007 8.3546

© 2025 The Author(s). Published by the Royal Society of Chemistry
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This equation represents the uniform deformation model,
where the lattice strain is considered constant in all crystal-
lographic directions, i.e., considering an isotropic nature of the
crystal. If the term (S cos 0) is plotted with respect to (4 sin 0),
the lattice strain and crystallite size can be obtained from the
slope and y-intercept, respectively. Table 1 shows the results
obtained, where it is visible that in most cases, the crystallite
size obtained through the Williamson-Hall method is higher
than the one obtained by the Scherrer equation, which is in
accordance with previous publications.’*?® An exception is
seen in samples 160 °C 8 h, 16 h, and 24 h, where the crystallite
size estimated by the Williamson-Hall method is smaller,
which may be caused by the lattice shrinkage effect.**

As expected, an increase in crystallite size is also visible with
the increase of hydrothermal treatment duration.”® The Ost-
wald ripening mechanism can explain this size increase.
This mechanism is significant when the precursor concen-
tration (in this case, iron(un) and iron(ur)) decreases to levels
below the nucleation threshold. At that stage, small nuclei
energetically disfavored redissolve and deposit in larger nuclei,
which is thermodynamically favorable, thus producing larger
particles.?” Increasing the reaction time from 16 h to 24 h does
not significantly increase the crystallite size.

TEM evaluated the morphology of the prepared iron oxide
NPs. Fig. 2 exhibits the representative images of each sample
and the respective size distribution graph obtained from at
least 150 measurements. Similarly to what was observed in the
crystallite size, there is a size enlargement associated with the
increase of hydrothermal treatment duration, pristine NPs have
an average size of 9.3 nm, which increases to 11.3, 13.2, 17.6,
and 19.8 nm when the hydrothermal treatment is applied at
160 °C for 2 h, 8 h, 16 h, and 24 h, respectively. At 140 °C, the
NPs size increases to 16.0 and 17.6 nm for a treatment duration
of 16 h and 24 h, respectively (Table 1). These results are in
agreement with the literature, where it is demonstrated that at
higher temperatures, the reaction duration has a more signifi-
cant impact on particle size.>”

Additionally, the hydrothermal treatment induces a change
in NPs morphology: while pristine NPs present a quasi-
spherical shape, NPs undergoing hydrothermal treatment have
a cubic/rectangular shape with more faceted edges (Fig. 2E-H).
During synthesis, NPs adapt to the most thermodynamically
stable morphology. Following growth processes like Ostwald
ripening and coalesce, NPs recrystallize and reveal lower energy
surfaces. This is in accordance with the Gibbs-Wulff theorem,
which states that a crystal will rearrange itself to minimize
surface energy by taking on a shape depending on its preferred
growing planes.*® In magnetite’s face-centered cubic (FCC)
structure, the most stable, i.e., lower energy, crystallographic
facetis (11 1), followed by (1 0 0), which leads magnetite-based
NPs to acquire an octahedral shape, which leads to a quasi-
sphere form when truncated. NPs will increase in size and
maintain their shape if the facets grow at the same rate. If one
of the facets has lower energy, it expands due to increased
growth in the perpendicular direction of higher-energy
surfaces.”®?
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(A) Representative TEM images and the respective (B) size distribution graph obtained from at least 150 measurements of pristine NPs obtained

from chemical co-precipitation technique without further treatment, and SPIONs subjected to a hydrothermal treatment of 160 °C 2 h (C), 160 °C 8 h (D),

160 °C 16 h (E), 160 °C 24 h (F), 140 °C 16 h (G), and 140 °C 24 h (H).

Taking this into consideration, it appears that for the
synthesized SPIONs with hydrothermal treatment, facet (1 0 0)
became more stable, leading to more intense perpendicular
growth to facet (1 1 1) and thus resulting in a cubic shape. After
these processes occur, NPs tend to recrystallize and expose lower
energy surfaces. The occurrence of a polyhedral shape in SPIONs
submitted to or prepared by the hydrothermal method has
already been reported in other research studies, such as Gomez
et al., who observed a cubic shape for NPs synthesized at 160 °C
and an octahedral structure for 140 °C.*®

Except for pristine NPs, all samples exhibited a highly
similar size between the particle size estimated by TEM and
the crystallite size determined by XRD, as seen in Table 1.
SPIONs that underwent hydrothermal treatment seem to have a
single coherently diffracting (crystallite) domain.*® Accordingly,
SPIONS’ size evolution concerning the hydrothermal treatment

1732 | Mater. Adv., 2025, 6,1726-1743

conditions appears to follow the same pattern as crystallite size,
suggesting that size increased with hydrothermal treatment
duration and temperature. It is worth noting that the most
similar results are those of SPIONs that underwent hydrother-
mal treatment at 160 °C for 16 hours and 140 °C for 24 hours,
implying that the temperature difference compensates for the
duration difference and vice versa, resulting in similar-sized
SPIONS.

DLS measurements were performed to evaluate the prepared
NPs’ hydrodynamic diameter and their behavior and stability in
simulated in vivo conditions (culture medium). Additionally,
DLS measurements also determine the polydispersity index
(PI), providing insight into the size heterogeneity of the sample.
Long-term colloidal stability in water was evaluated by carrying
out these measurements immediately after synthesis and again
after a storage period of one month at 4 °C. The assessment of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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size and colloidal stability of NPs is of utmost importance in
therapeutic applications, as these characteristics significantly
impact their mechanism of action in both in vitro and in vivo
environments.*® The correlation function was fitted consider-
ing a polydisperse sample with two decay rates. Consequently,
the hydrodynamic diameter calculation revealed two separate
size groups: smaller particles (Dy;) and aggregates (Dy,). The
latter was considered insignificant when it comprised less than
20% of the correlation function. The pronounced co-existence
of both size groups suggested that the sample is not mono-
dispersed. Furthermore, a PI greater than 0.3 is widely accepted
as a clear indicator of broader size distribution, indicating
aggregation.*

Fig. 3A represents the hydrodynamic diameter of all samples
in water immediately after synthesis and after storage in water
at 4 °C for one month. The values are also summarized in
Table 2. It is visible that in most cases, the NPs present a
hydrodynamic size below 200 nm immediately after synthesis,
except for sample 160 °C 24 h. The more significant difference
between TEM diameter and the hydrodynamic diameter may be
related to some degree of aggregation caused by strong mag-
netic dipole-dipole interactions between particles and the
interparticle interactions via van der Waals forces.>® After one
month of storage, most samples maintain their hydrodynamic
size, except for samples 160 °C 2 h and 8 h. In both cases, the
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smaller hydrothermal treatment may lead to incomplete recrys-
tallization of the NPs,** which may increase the polydispersity
of the sample and the instability of NPs, leading to more
aggregates. Indeed, larger hydrodynamic sizes are associated
with larger PI, sometimes overcoming the conventional limit of
0.3, indicating a polydisperse sample.*

Zeta potential measurements provide a measure of the
nanoparticle surface charge. This constitutes a crucial aspect
of NPs’ physicochemical characterization since it allows for
evaluating SPIONSs’ colloidal stability and correlation to char-
acteristics critical to biomedical applications like toxicity and
cellular internalization. Only highly stable NPs that can remain
dispersed will be used in therapeutic applications. According to
the literature, a stable colloidal system will have a zeta potential
above 30 mV (in absolute value).**** Table 2 displays the
measured zeta potential values for all samples immediately
after synthesis and after one month of storage. The zeta
potential value in all samples is below —30 mV, indicating high
colloidal stability. After storage, the values were kept in the
interval considered stable, although a higher value was exhib-
ited for all samples. This may be related to a rearrangement in
the Stern layer, leading to a more negative surface charge at the
aggregates of NPs.*>*°

FTIR spectra of pristine NPs and NPs with different hydro-
thermal treatments are presented in Fig. 4A, where it is possible
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Fig. 3 Dynamic light scattering results: hydrodynamic diameter of pristine NPs obtained from chemical co-precipitation technique without further
treatment, and SPIONs subjected to the hydrothermal treatment: (A) in ultrapure water immediately after synthesis, and after one month of storage at
4 °C, and (B) in DMEM HG. Dy; and Dy, represent the smaller hydrodynamic diameter and large aggregates, respectively, determined using the cumulants
method considering a polydisperse sample. Data is expressed as average + standard deviation for at least five independent experiments.

Table 2 Dynamic light scattering results: hydrodynamic diameter (Dy), polydispersity index (Pl), and zeta potential (zeta) obtained immediately after
synthesis and after one month of storage at 4 °C of pristine NPs obtained from chemical co-precipitation technique without further treatment, and
SPIONSs subjected to the hydrothermal treatment at different temperatures and durations

Post-synthesis

1-Month storage

Dy (nm) PI Zeta (mV) Dy (nm) PI Zeta (mV)
Pristine NPs 159 + 6 0.186 £ 0.089 —33.1 £ 0.6 119 £ 7 0.205 £ 0.063 —-50.5 + 1.7
160 °C2 h 163 £ 26 0.285 £ 0.048 —43.5 + 1.1 360 £ 72 0.285 + 0.095 —41.8 £ 0.2
160 °C 8 h 164 + 31 0.313 £ 0.039 —-36.4 £ 0.7 316 £ 18 0.343 £+ 0.081 —34.6 = 0.9
160 °C 16 h 181 + 6 0.202 £ 0.033 —39.5 £ 0.2 191 + 10 0.236 £ 0.054 —59.2 + 3.6
160 °C 24 h 268 + 4 0.258 £ 0.035 —37.8 £ 4.7 244 £ 8 0.315 £ 0.048 —54.6 + 5.8
140 °C 16 h 150 + 8 0.219 £ 0.062 —31.1 + 4.7 164 + 2 0.170 £ 0.022 —62.4 £ 2.5
140 °C 24 h 190 + 8 0.256 £ 0.074 —32.3 1+ 4.2 159 + 2 0.221 + 0.034 —58.2 £ 0.5

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and SPIONSs subjected to the hydrothermal treatment at 140 °C or 160 °C during 2 h, 8 h, 16 h, or 24 h.

to identify transmittance bands characteristic of iron oxide. At
570 cm™ ', the band is associated with the Fe-O stretching
mode of the tetrahedral and octahedral sites, representing a
typical magnetite absorption band. This is observed for all
samples; however, it is substantially weakened for pristine
SPIONs compared to the others. According to Ercuta et al,”’
a narrow band at 570 cm ™' suggests high purity and a lack of
defects, features that appear to increase with the intensity of
the hydrothermal treatment. The band at 1630 cm ™' is asso-
ciated with the H-O-H stretching vibration mode and seems to
narrow and sharpen in the same manner as the previously
mentioned band. The final broader band (3000 to 3400 cm ™) is
attributed to the O-H stretching vibration mode due to possible
moisture on the sample.*

TGA and DTA analysis was performed to evaluate the ther-
mal stability and composition of the NPs. TGA curves for all
synthesized NPs are presented in Fig. 4B. The initial weight loss
until 120 °C can be associated with the evaporation of residual
water on the sample, which accounts for less than 1%, except
for pristine NPs, which is 1.88% (still very residual). From that
temperature forward, a distinct difference exists between pris-
tine NPs and NPs that underwent hydrothermal treatment.
Pristine NPs present a further mass loss of 2.02%, which is
associated with the conversion of Fe;O, to y-Fe,O; and FeO,
which are the stable phase of the diagram of Fe-O system above
570 °C.*®

The thermogram shows that NPs subjected to hydrothermal
treatment exhibit a slight mass gain of about 1%, approxi-
mately between 100 and 200 °C. This behavior can be attributed
to the oxidation of Fe*’, indicating the transformation of
magnetite into maghemite. Previous studies have also con-
firmed that the oxidation of magnetite leads to a mass gain.
Similar findings were reported for magnetic NPs that under-
went hydrothermal treatment at 250 °C for 24 hours.***° Upon
reaching 500 °C, the NPs’ mass stabilizes. Although the differ-
ences in mass gain are minimal between the four samples,
sample 140 °C 16 h is the one with smaller mass gain (0.36%)
compared to 140 °C 24 h (0.94%), 160 °C 16 h (1.29%), and
160 °C 24 h (1.25%). These results agree with the variations in
lattice parameters represented in Fig. 1C, in which sample

1734 | Mater. Adv., 2025, 6,1726-1743

140 °C 16 h is closer to pure maghemite. Additionally, these
results confirm a possible partial oxidation of magnetite during
the hydrothermal treatment, which may lead to a possible core-
shell magnetite/maghemite NP.>*

3.2. Magnetic evaluation of iron oxide nanoparticles

Considering the previous results, the applicability of the pro-
duced magnetic NPs as magnetic hyperthermia mediators and
in vitro experiments were only performed on samples subjected
to a hydrothermal treatment of 16 h or 24 h. These samples
exhibit larger crystallite and TEM sizes, are more stable over
time, and have a different morphology than pristine NPs. To
evaluate the effect of the hydrothermal treatment, pristine NPs
are also included in the following analysis.

The magnetic properties of the produced SPIONs were
evaluated through SQUID measurements (Fig. 5). Table 3 sum-
marizes the results obtained concerning the saturation magne-
tization (Ms), coercivity (Hg), and magnetic remanence (M;) at
10 K and 300 K. The temperature dependence of the magneti-
zation curve in the zero field cooled (ZFC) and field cooled (FC)
states under an applied field of 100 Oe for the different tested
samples. The blocking temperature (Tg) was determined as the
maximum value of the ZFC curve. It is observed that the ZFC
and FC curves only converge at 310 K, suggesting a super-
paramagnetic behavior for the NPs at this temperature. For
pristine NPs, Ty is well below 300 K, which indicates super-
paramagnetic behavior in physiological conditions. This mag-
netic behavior is also confirmed by the absence of coercivity
and remanence at 300 K. For sample 140 °C 16 h Ty can be only
estimated by the broad maximum at approximately 192 K. The
curve characteristics of the remaining samples are interestingly
dominated by the presence of the Verwey transition at approxi-
mately 102 K, which masks the appearance of the Ty maximum.
The Verwey transition is usually observed at close to 120 K and
is a characteristic property of perfect stoichiometric magnetite
particles larger than 20 nm in diameter due to the electron
transfer that occurs between the Fe** and Fe®" cations in the
>152 Wwith the reduction in particle
size, the Verwey temperature tends to shift towards lower
values.>* > Besides the smaller size, for the pristine and the

octahedral coordination.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Magnetic results of SPIONs samples with further hydrothermal treatment: (left) magnetization (M) as a function of the magnetic field (B) at
different temperatures and durations at 10 K and 300 K; (right) magnetization (M) as a function of the temperature (T) at a magnetic field of 100 Oe.

140 °C 16 h samples, the Verwey transition may not be observed
because nanoparticles are sufficiently non-stoichiometric due
to surface effects, such as surface dead layer and oxidation. In
fact, samples 140 °C 24 h, 160 °C 16 h, and 160 °C 24 h show

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

sizes not far from 20 nm (see Table 1). The data in Table 3
indicates that these nanoparticle samples, with the exception of
pristine NPs, are still slightly ferrimagnetic in nature at 300 K,
showing measured coercivity and remanence values. However,
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Table 3 Magnetic properties of pristine NPs and SPIONs with further
hydrothermal treatment at different temperatures and durations: satura-
tion magnetization (Ms) at 10 K and 300 K, coercivity (Hc), magnetic
remanence (M,) at 10 K, and blocking temperatures (Tg)

Ms (emug™")  Hc (Oe) M, (emu g™ )

10K 300K 10K 300K 10K 300K Tg(K)
Pristine NPs*® 67 58 260 16 155
140°C16h  79.2  70.8 300 75 21 7 192
140°C24h  80.7 72.7 380 77 19 5 —
160°C16h  81.8 73.5 390 85 20 7 —
160°C24h 812 733 380 75 20 7 —

for biomedical applications, these values are negligible as the
human body is at a slightly higher temperature of 36.6 °C
(312 K), where the behavior of these samples is already super-
paramagnetic. The Mg values are in good agreement with the
literature of synthesized SPIONs through similar methods.***"
The increase of Mg after samples being subjected to hydro-
thermal treatments is certainly due to the observed ferrimag-
netic behavior, which corroborates the results from the ZFC/FC
magnetic data and may reveal a higher percentage of magne-
tite, in particular for the sample treated at higher temperatures,
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160 °C during 16 h, with higher Mg values of 73.5 emu g~ .
These results also agree with the structural data and the
increase of the crystallite sizes of treated samples that were
found to be higher than those of the pristine NPs.

Magnetic hyperthermia measurements were conducted to
evaluate the SPIONs heating ability when submitted to an AMF
with a frequency of 388.4 kHz, which falls within the range of
preferred frequencies for human applications, typically 100 to
500 kHz.”® Through the results obtained by TEM, it has been
determined that all the synthesized NPs possess a diameter
smaller than 30 nm, and by SQUID, these NPs exhibit super-
paramagnetic behavior at the human body temperature. The
temperature variation as a function of the iron concentration
for various NPs is illustrated in Fig. 6A. It is observed that the
temperature variation increased proportionally with the iron
concentration for all samples. However, it was less intense for
pristine NPs compared to NPs undergoing hydrothermal treat-
ment. This difference appeared to become more pronounced as
the iron concentration increased. SPIONs that underwent
hydrothermal treatment increased temperature up to 60 +
4 °C for hydrothermal treatment at 140 °C for 16 hours at a
NPs concentration of 10 mg mL™", whereas pristine NPs only
increased 28 + 2 °C at the same concentration. No significant
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Fig. 6 Magnetic hyperthermia assays performed on pristine NPs, and SPIONs with further hydrothermal treatment at different temperatures and
durations. (A) Temperature variation measured during 10 minutes of application of an external alternating magnetic field at an intensity of 24 kA m~* and
frequency of 388.4 kHz at different nanoparticle (NP) concentrations. (B) Specific absorption rate (SAR) of freshly prepared samples at a concentration of
5 mg mL~%. (C) Temperature variation of NPs dispersed in water, phosphate buffer solution (PBS 7.4) or DMEM HG at a nanoparticle concentration of
5 mg mL™% measurements were performed in freshly prepared samples and after a storage time of 1 month at 4 °C. Data is expressed as average =+
standard deviation for at least three independent experiments. *p < 0.05, **p < 0.005, ***p < 0.001 compared to pristine NPs (B) or with freshly
prepared sample (C).
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differences were found between samples that underwent hydro-
thermal treatment.

A better comparison between samples can be made using
the specific absorption rate (SAR), which can be determined
using (6):

SAR

_ Cnpiige + Ciny y (dT) (6)
max

Mype E

where (d7/dt)max is the maximum slope of the colloidal tem-
perature curve submitted to a hyperthermia test, Cxp is the
specific heat of the nanoparticles, mg. is the iron mass, C; is the
specific heat of the liquid and m is the fluid mass.® The
maximum slope of the colloidal temperature curve was deter-
mined at the first instances after the magnetic field was set to
300 Gauss on all measurements to determine an accurate value
of SAR and secure adiabatic conditions.*

SAR values are shown in Fig. 6B for all samples at a NP
concentration of 5 mg mL~". Comparing pristine NPs with the
ones subjected to hydrothermal treatment, pristine NPs exhibit
lower values (82.5 & 21.2 W g~ '). Notably, SPIONs subjected to
hydrothermal treatment at 140 °C for 16 hours show the high-
est SAR value of 203 + 58 W g~ * for the same NP concentration.
These differences can be correlated to the previously analyzed
morphological characteristics. Typically, SPIONs produced by
hydrolytic methods like the chemical co-precipitation techni-
que exhibit low SAR values."® It is known that small changes in
SPIONs structural characteristics can strongly impact other
characteristics, including magnetic ones. An enhanced surface
crystallinity is linked to an increased magnetic volume and a
reduced magnetically inactive surface layer, leading to a high
magnetization saturation and an improved capacity for heat
generation. Additionally, the shape of the NP also plays a
crucial role in determining its magnetic properties, with
cubic-shaped particles exhibiting higher levels of magnetiza-
tion saturation.”””*® Bovin et al.®>® demonstrated that with the
increase of hydrothermal treatment time, iron oxide NPs may
increase their SAR value from approximately 25 W g~ " (pristine
samples) to approximately 400 W g~* (24 h of hydrothermal
treatment). SPIONs subjected to hydrothermal treatment
showed higher crystallinity and a cubic shape, which may
contribute to the observed results. This highlights the potential
of hydrothermal treatment to improve the SAR values of pris-
tine NPs, thus rendering them suitable for magnetic hyperther-
mia applications.* It was observed that SPIONs with different
hydrothermal treatment conditions exhibited slight differences
in SAR values, which are not statistically significant.

Fig. 6C presents the magnetic hyperthermia results at a NP
concentration of 3.5 mg mL ™" of freshly prepared NPs, and
after one month of storage at 4 °C in ultrapure water, PBS 7.4,
or cell culture medium (DMEM HG). When stored in water, all
samples exhibit a decrease in the temperature increase and SAR
values (Table 4) that can be attributed to the loss of colloidal
stability, as Brownian and Néel relaxation are affected by this
phenomenon. Nevertheless, the SAR value of all samples
remains above 100 W g~ ' and higher than pristine SPION.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Magnetic hyperthermia results of pristine NPs, and SPIONs with
further hydrothermal treatment at different temperatures and durations:
temperature variation (AT), specific absorption rate (SAR), intrinsic loss
power (ILP), obtained in freshly prepared samples and samples stored
during one month at 4 °C. All samples were measured at a nanoparticle
concentration of 5 mg mL™*

SAR AT 1 SAR 1 month
AT (°C) Wwe™ month (°C) (Wg)
Pristine NPs  12.9 £ 0.9 82.5+21.2 10.9+ 0.4 55.6 + 11
140 °C 16 h 43.8 + 1.9 203 + 58 39.5 + 2.2 113 £+ 20
140 °C 24 h 42.7 + 3.9 181 + 63 34.8 + 0.9 165 + 17
160 °C 16 h 42.7 £ 1.8 161 + 26 32.5 + 0.7 144 + 7
160 °C 24 h 37.6 = 0.3 162 £+ 54 33.6 = 1.2 157 £ 2

To evaluate the heating efficacy of SPIONs in physiological
environment, magnetic hyperthermia measurements were con-
ducted on SPIONS diluted in both DMEM HG and PBS. DMEM
exhibits high viscosity and, as a result, significantly affects
Brownian motion. However, it does not strongly influence Néel
relaxation, which is the reorientation of the magnetic moment
within a nanoparticle, independent of physical rotation.>”*®
Therefore, most heat release may be attributable to Néel
relaxation in these conditions. Comparing temperature
increase values in water, PBS, and DMEM HG, no significant
differences are observed. This indicates that, despite the higher
viscosity of DMEM HG or the possible interaction of ions/
proteins present in PBS and DMEM with the surface of NPs,
which may result in NP aggregation, are not affecting the
heating ability of NPs. Therefore, heat release is occurring with
the contribution of both Brownian and Néel relaxation

mechanisms.>®>°

3.3. Invitro cytotoxicity and internalization

In vitro cytotoxicity assays are critical for evaluating the safety
and biocompatibility of NPs in medical applications. The
assays were performed using a resazurin assay on fibroblasts
(HFFF2 cell line) and melanoma cells (WM938b cell line). These
experiments provided insights into the cytotoxicity on both
normal and tumor cells at different NP concentrations
(Fig. 7). The viability of both fibroblasts and melanoma cells
remained consistently high, exceeding 80%, after exposure to
varying concentrations of NPs for 24 hours. These results
indicate that the synthesized NPs, at concentrations below
1 mg mL ™" do not cause toxicity to the studied cell lines. These
results are in accordance with the literature, which evaluated
the cytotoxicity profile of pristine NPs and NPs treated hydro-
thermally at 100 and 200 °C on tumor cells.>®° No significant
differences in cytotoxicity were observed between the hydro-
thermal conditions or the normal and tumor cell lines.

To develop safe and effective NPs and assess their potential
risks for biomedical applications, it is essential to conduct
internalization studies to better understand how SPIONs inter-
act with living cells. Furthermore, examining how the morpho-
logical changes induced by hydrothermal treatment impact cell
uptake is beneficial. Prussian blue staining was used to label
SPIONs and obtain internalization images for HFFF2 and
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Fig. 7

In vitro cytotoxicity assays: cell viability (%) was measured by the direct method using resazurin after 24 hours of exposure to pristine NPs and

SPIONs subjected to further hydrothermal treatment at different temperatures and durations. (A) HFFF2 cell line (representing a healthy cell line),
(B) WM938b cell line (representing a tumorous cell line). Data are expressed as average + standard deviation from at least three independent experiments.
*p < 0.05, **p < 0.005, ***p < 0.001 compared to the negative control (C—).

WM938b cells. The control groups for each time point were not
treated with SPIONs and, as expected, did not display any blue
deposits. Fig. 8 shows images taken at 1 h, 6 h, and 24 h of cell
exposure to NPs. The uptake of SPIONs by fibroblasts was
found to increase with incubation time. However, HFFF2 cells
exhibited relatively lower levels of internalization of pristine
NPs, as evidenced by fewer intense blue deposits within the
cells. The NPs tended to accumulate in higher quantities
around the cellular membrane in melanoma cells. At the 24-
hour mark, highly concentrated regions surrounded the cells,
with less actual internalization, as the NPs primarily encircled
the cells. Additionally, no discernible qualitative difference was
observed in the internalization of pristine NPs compared to
those that underwent hydrothermal treatment. It was impos-
sible to differentiate the level of internalization among SPIONs
subjected to different hydrothermal treatment conditions, as
the images obtained appeared quite similar.

Various aspects related to the morphological characteriza-
tion of NPs, including physical properties such as shape, size,
and surface charge, can significantly impact their cellular

1738 | Mater. Adv., 2025, 6,1726-1743

uptake. The size of NPs, in particular, can profoundly affect
the rate and pathway of cellular internalization.®*” In a study
conducted by Chithrani et al.®® on the cellular internalization of
NPs of different sizes (14, 50, and 74 nm) in HeLa cells, the
most efficient uptake was observed for 50 nm NPs, suggesting
that there may be an optimal size for cell uptake. Similarly,
HFFF2 cells showed a more significant uptake of larger SPIONs
that underwent hydrothermal treatment (16.0 to 19.8 nm)
compared to smaller, pristine NPs.

The shape of NPs can also greatly influence their uptake
and interactions with cellular components. Several studies
have been conducted to examine the effects of shape on cellular
uptake. Quasi-spherical NPs provide fewer binding sites to
the cell membrane due to their curved surface, resulting in
less internalization. In contrast, NPs with sharp edges pene-
trate cell membranes more effectively, leading to greater
internalization.®™®* In an investigation by Nizamov et al.®! on
the drug delivery efficiency of iron oxide NPs, it was found that
doxorubicin-loaded cubic NPs were more toxic to LNCaP and
PC-3 cells than spherical ones. This suggests that the cubic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Internalization studies using Prussian blue staining were conducted on HFFF2 (a healthy cell line) and WM938b cells (a tumorous cell line) after 1,

6, and 24 hours of exposure to 0.1 mg mL™* of pristine NPs and SPIONs subjected to different hydrothermal treatment conditions.

shape of NPs could potentially enhance their cellular interna-
lization and cytotoxicity.

3.4. Magnetic hyperthermia in vitro

To gain a deeper understanding of the magnetic behavior of
SPIONs internalized by both normal and tumoral cells, mag-
netic hyperthermia measurements were conducted on HFFF2
and WM938b cell lines after 24 hours of exposure to NPs at a
concentration of 5 mg mL~'. The primary purpose of this
experiment was to evaluate if SPIONs under these conditions
could attain magnetic hyperthermia temperatures between 42
and 45 °C. An AMF was applied until the temperature reached
43.5 °C. The field was then turned off until the temperature
cooled to 43 °C, then turned on again until the temperature
rose to 44 °C. This alternating pulsed magnetic field was
applied four times. Due to the intrinsic delay of the magnetic
hyperthermia equipment, the magnetic field was turned off at
44 °C to prevent exceeding the upper limit of 45 °C. Fig. 9A and
B shows the applied AMF as described and the registered

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

temperature for pristine NPs and 140 °C 16 h NPs when in
contact with the HFFF2 cell line.

Pristine NPs could not reach the temperatures required for
magnetic hyperthermia, as by the end of the 15-minute experi-
ment, the temperature barely reached 40 °C. In contrast, all
SPIONs subject to hydrothermal treatment reached 43.5 °C in
approximately three and a half minutes. The period of the
oscillations between 42 and 45 °C, observed during the pulses
of the applied AMF, was approximately 50 seconds. These
results are consistent with the previous findings on SAR and
temperature increase values, revealing that pristine SPIONs
cannot reach the minimum temperature rise necessary for
magnetic hyperthermia under these experimental conditions.
SPIONs subjected to hydrothermal treatment exhibit high
responsiveness to magnetic field intensity, quickly reaching
the required temperatures, indicating their potential utility as
effective agents for magnetic hyperthermia. Fig. 10A and B
shows that SPIONs in contact with melanoma cells reveal the
same behavior regarding this magnetic hyperthermia analysis.
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Fig. 9 Magnetic hyperthermia measurements were performed in vitro using the HFFF2 cell line (representing healthy cells): (A) heating curve (black)
of pristine NPs at a concentration of 5 mg mL™" obtained after 15 minutes of application of an alternating magnetic field (black) with an intensity of
24 kA m~t and a frequency of 388.4 kHz. (B) Heating curve (black) of SPIONSs treated at 140 °C for 16 h (representative of hydrothermal treatment) at a
concentration of 5 mg mL~* obtained after 15 minutes of “on and off" application of an alternating magnetic field (red) with an intensity of 24 kA m~* and
a frequency of 388.4 kHz, maintaining the temperature between 42 °C and 45 °C. (C) Cell viability measured using the resazurin assay immediately after
applying the alternating magnetic field; (D) cell viability measured under the same conditions 24 hours later. Data are expressed as average + standard
deviation for at least three independent experiments. *p < 0.05, **p < 0.005, ***p < 0.001 compared to the negative control (C—) (symbol above

column) or to NP control (symbol above horizontal line).

To evaluate the impact of magnetic hyperthermia on both
normal (HFFF2) and melanoma (WM938b) cell lines, cell
viability was assessed using a resazurin assay immediately after
the application of the AMF and again 24 h later to further
investigate the impact of magnetic hyperthermia on the cell
cultures. A NP control was established for each nanoparticle
type: a cell culture that was not exposed to the AMF but
contained the same concentration of NPs (5 mg mL™ ') to
distinguish between the cytotoxic effects of NPs and effects of
magnetic hyperthermia. The results presented in Fig. 9C and D
show the percentage of HFFF2 cell viability immediately after
undergoing magnetic hyperthermia treatment and 24 hours
later, respectively. These results demonstrate that, although the
pristine NPs did not reach the desired magnetic hyperthermia
range, the exposure to the AMF reduced cell viability 24 hours
after its application. This effect may be related to the genera-
tion of hot spots in specific cellular locations, which cannot be
measured by the equipment used as it measures the tempera-
ture in the medium.'® Compared to samples that underwent
hydrothermal treatment, a significant difference in cell viability
was observed immediately and 24 hours after AMF application.
Despite the reduction in cell viability caused by the high NPs

1740 | Mater. Adv,, 2025, 6,1726-1743

concentration, the application of AMF significantly reduced cell
viability from 60-70% to approximately 10-20%.

Analyzing the effects of magnetic hyperthermia on mela-
noma cells (Fig. 10), it is evident that pristine NPs significantly
decrease cell viability after applying an AMF, even though
magnetic hyperthermia temperatures are not achieved. In this
case, the presence of NPs alone is more significant, causing a
considerable reduction in cell viability, even without applying
an AMF. The experimental setup may also cause this reduction.
The NPs control samples were subjected to the same protocol
except for the hyperthermia part. Therefore, additional stress
and the presence of NPs may have contributed to a higher
decrease in cell viability. Additionally, this effect is more
prolonged, with a continuous decrease in cell viability observed
24 hours after AMF application. These results suggest mela-
noma cells are more sensitive to the produced NPs, which could
benefit cancer treatment.

4. Conclusions

The production of magnetic nanoparticles for biomedical
applications should follow specific principles to enable their

© 2025 The Author(s). Published by the Royal Society of Chemistry
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actual use in medicine rather than being limited to laboratory
studies. The synthesis method must be simple, reproducible,
with high yield, and free of toxic solvents, among other require-
ments. Additionally, in the case of SPIONs, these should exhibit
high crystallinity and high saturation magnetization while
maintaining their magnetic properties over the intended usage
period. In this work SPIONs were produced by combining
chemical co-precipitation technique with hydrothermal treat-
ment. The NPs size increased from 9 to 20 nm, with a mor-
phological change from spherical to cubic/rectangular shapes.
These changes led to an improvement in magnetic saturation
from 58 to 73 emu g " at RT. After hydrothermal treatment, the
SPIONs remained stable in water during storage and retained
their magnetic properties under physiological conditions (body
temperature), specifically their superparamagnetic properties.
Magnetic hyperthermia measurements assessed their potential
for cancer treatment in normal and melanoma cell lines. A
significant decrease in cell viability was observed when cells
were exposed to NPs after hydrothermal treatment, with a more
pronounced effect in melanoma cells. These results demon-
strate the high potential of this synthesis method for producing
SPIONSs for cancer treatment via magnetic hyperthermia.

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