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ABSTRACT

Cancer is one of the leading causes of death worldwide, significantly impacting public health, with current treatment options that
often have side effects on patients. In this context, magnetic hyperthermia emerges as a non-invasive alternative that utilizes magnetic
nanoparticles to generate heat and destroy cancer cells. In this vein, this research sought to synthesize magnetic La ,Sr, ,MnO,
(LSMO) nanoparticles in order to study the effect of the synthesis route on the production of nanoparticles with optimal properties
for biomedical applications. LSMO samples were synthesized via the sol-gel, ceramic, and Pechini methods. These samples were
characterized through X-ray diffraction (XRD), small-angle X-ray scattering (SAXS), thermogravimetric analysis (TGA), and vibrating
sample magnetometry (VSM) in order to study their structure, morphology, and magnetic behavior. The nanoparticles obtained
via the Pechini method exhibited the best crystalline structure, the smallest size, and reduced magnetic properties. This work
allowed identifying the ceramic method as the synthesis route that produces nanoparticles suitable for biomedical applications,
as demonstrated through the numerical calculation of the specific absorption rate (SAR). The results indicated that the SAR of
nanoparticles synthesized using this method is 30 times greater than that of samples synthesized using the other two methods under
equal field amplitude and frequency conditions.
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RESUMEN

El cancer es una de las principales causas de muerte a nivel mundial y tiene un impacto significativo en la salud publica, con opciones
de tratamiento actuales que suelen generar efectos secundarios en los pacientes. En este contexto, la hipertermia magnética surge
como una alternativa no invasiva que utiliza nanoparticulas magnéticas para generar calor y destruir células cancerigenas. Dado lo
anterior, esta investigacion busc sintetizar nanoparticulas magnéticas de La, ,Sr, ,MnO, (LSMO) para estudiar el efecto de la ruta de
sintesis en la produccion de nanoparticulas con propiedades Gptimas para aplicaciones biomédicas. Las muestras de LSMO fueron
sintetizadas mediante los métodos sol-gel, cerdmico y Pechini. Estas muestras fueron caracterizadas mediante difraccion de rayos X
(XRD), dispersion de rayos X a bajo angulo (SAXS), andlisis termogravimétrico (TGA) y magnetometria de muestra vibrante (VSM),
con el fin de estudiar su estructura, morfologia y comportamiento magnético. Las nanoparticulas obtenidas mediante el método
Pechini presentaron la mejor estructura cristalina, el menor tamafio y propiedades magnéticas reducidas. Este trabajo permitio
identificar el método cerdmico como la ruta de sintesis que produce nanoparticulas adecuadas para aplicaciones biomédicas, como
se demostré mediante el calculo numérico de la tasa especifica de absorcion (SAR). Los resultados indicaron que el SAR de las
nanoparticulas sintetizadas con este método es 30 veces mayor que el de las muestras sintetizadas mediante los otros dos métodos
bajo iguales condiciones de amplitud de campo y frecuencia.
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Influence of the Synthesis Route on the Structural and Magnetic Properties of La,_Sr, .MnO, Nanoparticles

Introduction

It is well known that particle size, morphology, and
crystalline homogeneity influence the properties of materials
at the nanometric scale. In the case of manganites such as
La, SrMnO, (LSMO), these properties can be modified
through different synthesis techniques. Particularly, particle
size can be controlled using different synthesis methods and
processing conditions [1]-[4].

The properties of LSMO that depend on particle size
are critical for biomedical applications, e.g., saturation
magnetization (M), and it has been demonstrated that
particle size range influences the magnetic response [1], [5].
Thus, the specific absorption rate (SAR), a key parameter
for magnetic hyperthermia applications of nanoparticles,
is directly proportional to M? [6], [7]. Likewise, particle
heating efficiency can be used to activate thermo-sensitive
polymers for drug delivery applications [8], [9]. In magnetic
imaging diagnosis, particle size also plays an important
role in relation to the longitudinal and transverse relaxation
times [10]. In addition, improving the magnetic properties of
LSMO nanoparticles, as well as coating them with carboxyl-
containing polymers such as PVA, opens new possibilities for
use in RNA extraction by magnetic separation, contributing
to the diagnosis of viral agents such as SARS-CoV-2, as
recently proposed by [11].

Most of these applications have employed iron oxide
magnetic nanoparticles IOMNPs) such as Fe,O,and y-Fe,O,.
Several works have demonstrated that nanoparticles with a
lower Curie temperature favor heating in the therapeutic
range (41-47 *C) for magnetic hyperthermia applications
[121-[15]. Typical IOMNPs exhibit a Curie temperature of
around 858 K [14], [16], while manganite nanoparticles (La,_
Sr MnO,) fall within the range of 350-370 K [15]. This can
be tuned by means of the Sr content [17]-[19], which makes
LSMO a promising family of compounds for biomedical
applications.

Lanthanum manganites (LaMnO,) are complex manganese
oxides with a perovskite-like crystalline structure, which can
be understood as a set of regular MnO, octahedra in contact
with each other through their vertices. In this structure,
oxygen ions are located at the vertices, while La occupies
the center of the cube. When La** ions are partially replaced
by divalent ions such as Sr*? in a specific proportion, LSMO
perovskite is formed, and a double exchange interaction
between Mn** and Mn** ions takes place, favoring the
change in crystalline phase from an orthorhombic structure
(Pbnm) to a rhombohedral one (R3c) [4], [20]-[22], with
the latter being responsible for the structural, electrical, and
magnetic properties of LSMO [23], [24].

The use of LSMO nanoparticles in magnetic hyperthermia
is possible due to their biocompatibility. Several studies on
these nanoparticles have revealed a low cytotoxicity, making
them suitable for biomedical applications, particularly for
magnetic hyperthermia. In vitro cytotoxicity tests conducted
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on Hela cell lines using MTT assays demonstrated a
concentration-dependent effect, with approximately 92%
cell viability at 1T mg/mL and 63% at 5 mg/mL, suggesting
minimal toxicity at lower concentrations [25]. This low
cytotoxicity can be attributed to the hydroxyl group coating
on the nanoparticles, which enhances their biocompatibility.
Similar results were reported using concentrations of 0.66,
0.9, and 1.02 mg/mL after 96 hours, demonstrating that LSMO
nanoparticles significantly reduce cell viability in a time- and
dose-dependent manner; the viability decreased by 69, 82,
and 86%, respectively [26]. Likewise, LSMO nanoparticles,
particularly those with silica coatings, have shown promising
biocompatibility and controlled cytotoxicity, which makes
them suitable for magnetic hyperthermia cancer therapy. In
vitro biocompatibility assessments using murine fibroblast
(L929) cells indicated a high viability, exceeding 70% at 1
mg/mL and reaching over 93% at 250 pg/mL, which again
confirms these nanoparticles’ minimal toxicity at lower
concentrations [27].

This work analyzes the influence of synthesis pathways
on the magnetic and morphological properties of LSMO
nanoparticles. Additionally, it explores how these properties
affect heat generation in radiofrequency fields, with the
aim of proposing LSMO nanoparticles as heat mediators in
hyperthermia experiments for cancer treatment. Studies on
magnetic nanoparticles (MNPs) with a LSMO perovskite-
type structure in the field of hyperthermia are still scarce,
which justifies further exploration.

To this effect, three different synthesis methods, including
the traditional sol-gel process [28], the ceramic method
[29], and the Pechini method [30, 31] were employed to
prepare LSMO nanoparticles. In the ceramic method, the
metal oxides or carbonates are used as precursors, which
are mixed and calcined at high temperatures to form
nanoparticles. Generally, the resulting compounds have
an inhomogeneous size distribution and impurity phases
[29]. In wet chemical approaches like the Pechini and
sol-gel methods, the formation of nanoparticles occurs
during the decomposition of previously formed organic-
inorganic complexes. These processes provide smaller
nanoparticles, along with a better control of stoichiometry,
size, and morphology as well as fewer defects [32]. Once
the nanoparticles had been characterized, we analyzed the
influence of these synthesis methods on their structural,
morphological, and magnetic properties.

To bridge the knowledge gap between LSMO nanoparticles
and their potential biomedical applications, we performed a
morphological, structural, and magnetic characterization of
synthesized LSMO nanoparticles, with the aim of identifying
the method that offers the most homogeneous LSMO
nanoparticles as well as improved magnetic properties.

This documentis organized as follows. In the Experimentation
section, the methods used are presented. The Results and
discussion section outlines the results and correlates the
properties obtained. This section is divided into structural,
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thermal, and magnetic characterization, concluding with
specific absorption rate (SAR) simulations to examine the
application of LSMO nanoparticles in hyperthermia. Finally,
the main conclusions of this work are presented.

Experimentation

Synthesis methods

Pechini’s method

Citric acid and ethylene glycol (1:4 molar ratio) were initially
mixed for 30 min under constant stirring at 80 °C in a reflux
system. Subsequently, high purity nitrates were added
in a 1:1 molar ratio (citrate:cation), i.e., La(NO,),.6H,0O
(99.99%), Sr(NO,)..6H,0 (99.9 %) and Mn(NO,),.6H,0
(99.9 %), which had been previously dissolved in water,
and heated at 80 *C for an additional 30 min. Once a pH
of 5.0 was reached, it was maintained by adding NH,OH.
Esterification was performed in an electric oven at 140 °C,
which, in turn, enabled the removal of traces of H,O. The
result was heated to 180 °C to remove the excess of ethylene
glycol released during polymerization and oligomerization.
The obtained solid was then calcined at 250 °C for 8 h.
Finally, the powders were calcined at 650 °C for 12 h [33].
The sample synthesized through this method was labeled
as M1.

Ceramic method

In this method, La,0, (99.99%), Sr(NO,),.6H,0 (99.9%),
and MnQO, (99%) precursors were mixed in stoichiometric
quantities and grinded in agate mortar for 45 min. The
obtained powders were calcined in a muffle at 1100 2C for
12 h, with subsequent sintering at the same temperature
for an additional 12 h [34]. The sample synthesized by this
route was labeled as M2.

Sol-gel method

In the sol-gel synthesis of LSMO nanoparticles, the required
molar amounts of the metal salts La(NO,),, 6H,O (99.99%),
Sr(NO,)3.6H,0 (99.9%), and Mn(NO)3.6H,0 (99.9 %) were
dissolved in bi-distilled water, and then a mixture of citric
acid:ethylene glycol (1:4) was added to the solution. The
molar ratio between the salts and the mixture was 1:10. The
solution was heated to 80 °C under vigorous stirring until a
polymer gel was formed as a result of the poly-esterification
reaction, which was then pyrolyzed at 200 °C. The obtained
powder was further heated at 400 °C for 2 h and at 650 °C
for 12 h [24], [35]. This solid was labeled as M3.

Structural, morphologic, and

characterization

magnetic

The structural properties of the LSMO powders were
studied using X-ray diffraction (XRD). The samples were
irradiated with Cu Ka radiation (\=1.5406 A) from an

X-ray source powered at constant voltage (40 kV) and
constant current (40 mA). Diffraction data were acquired
with a LynxEye linear detector in a 26 range of 2.000-
69.999°, with a step of 0.024°. A qualitative analysis by
comparison with the PDF-2(2016) diffraction dataset was
conducted, and a quantitative analysis was carried out by
fitting the observed diffraction patterns with the inorganic
crystal structure database (ICSD) by means of the Rietveld
method. The reported percentages correspond to the
relationship between the polycrystalline phases, quantified
without considering any content of amorphous material.
Additionally, the crystal size (d, ) was estimated from XRD
data via the Scherrer equation.

Particle size and morphology were studied using small-
angle X-ray scattering (SAXS). To this effect, SAXS patterns
were obtained in the National Synchrotron Light Laboratory
at Campinas, Brazil. The powder samples were sealed
with Kapton tape into a T mm wide sample holder. For
the SAXS measurements, the samples were illuminated
with monochromatic X-ray radiation (A=1.489 A), and the
resulting 2-D scattering patterns were recorded using a
MAR165-CCD camera. To achieve a g-range of 0.14-5.09
nm™ a sample-detector length of 878.8 mm was used. An
empty sample holder was also measured in order to subtract
the Kapton contribution to the sample’s scattering.

The obtained SAXS patterns were fitted using the
mathematical model for the scattered intensity (I) of
spherical particles as a function of the wave vector (q), as
expressed in Eq. (1).

I(q):J-:f(r)Fz(r,q,An)dr+IB (1)

where f(r) is the lognormal size distribution of primary
particles of radius r, characterized by the median radius (r,)
and the standard deviation (o) for the Gaussian distribution
of the variable u = In(r/r ).

F(r, g, An) is the spherical form factor [36] that represents
the scattering amplitude produced by spherical particles of
radius r, as given in Eq. (2)

F(r,q,Ar]):47zr3A7{Sm(qr)_qrfos(qr)] 2)
(ar)

where A7 is the electronic contrast difference between
the particle and the matrix, and I, is the background
intensity. From the fitted parameters (r and o), the mean
particle radius (R xs =r0e"z/2) and the standard deviation
(sd =Ry No*> —1) were calculated. Note that the fitting
processes were carried out using SASfit software [37].

Thermal stability was assessed by means of thermogravimetric
analysis (TGA) curves using a TA Instruments TGA-Q500.
The equipment was previously calibrated using the Curie
temperature of a nickel sample (99.99% purity). In order to
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avoid oxidation during the thermal process, the oven was
previously purged with a constant flux of nitrogen for 30
min. For thermal decomposition analysis, the sample mass
was measured throughout the temperature ramp (from 25
to 800 °C) at a constant rate of 5 *C/min under a nitrogen
atmosphere (60 mL/min flux).

The magnetic characterization of each sample was carried
out using a vibrating sample magnetometer (VSM-Versalab
by Quantum Design). Isothermal specific magnetization (M)
loops under an applied magnetic field (H) with a maximum
H of 3.0 T for different temperatures were taken from a
known mass of powder samples. The selected temperatures
ranged between 50 and 325 K. For magnetization cycles
analysis, the particle mean magnetic moment ({x)), the
saturation magnetization (Ms), and coercive field (Hc) were
calculated.

A flowchart of our methodology is presented in Fig. 1.

Pechini's method

The sample was heated to
180°C to remove excess
ethylene glycol, then
calcined at 250°C for 8

High-purity nitrates
La(NOz)z-6Hz0,
Sr(NQz)z-6Hz0, and
Mn(NOz)z-6H20 were

Results and discussion
XRD and SAXS analyses

The XRD patterns are shownin Fig. 2a. Forall samples, the most
intense diffraction peaks were indexed for a rhombohedral
structure with the space group R3, corresponding to the
crystalline structure of La, Sr MnO, [1]-[3].

The quantitative analysis performed using the Rietveld
method revealed that the main perovskite crystal phase was
La,_Sr, .MnO, for samples M1 and M3 (74.2 and 30.6%).
The diffraction peaks can be indexed using a cubic crystalline
structure. The calculated latfice parameters were a = 5.50(9)
A, 5.52(1) A, and 5.56(6) A for samples M1, M2, and M3,
respectively. Other crystalline phases for M1 included x = 0.33
(21.4%) and x = 0.4 (4.4%). As reported in the literature [37],
[38], a lower incidence of undesired crystalline phases might
even be achieved through longer sintering at the same synthesis
temperature. For sample M2, the phase corresponding to x =

- DRX:

XRD analysis using Cu Ka radiation (A
= 1.5406 A) and a LynxEye detector

covered a 26 range of 2.000°-69.999°
at 0.024° steps. Phase identification

i g hours. usad the PDF-2(2016) database, while
caratoto.cation ralo, the Rietveld method with the ICSD
database provided quantiiative
NH.OH analysis. Crystal size was estimated
priv =y LSMO using the Scherrer equation,
:> p:> :> | :> excluding amorphous material.
15 &>
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1,05 (99.99%), Sr(NOs); Lo
6H,0 (99.9%) and MnO,
(99%) precursors were mixed
in stoichiometric quantiies
and grinded in agate mortar
for 45 minutes.

The obtained powders
were calcined in a muffle

at 1100 °C for 12 hours,
with subsequent sintering
at the same temperature
for an additional 12 hours

Sol-gel method

The molar ratio
between the salts and
such a mixture was

110 -

‘1 LSMO
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La(NOz)=z-6H20, 12

Sr(NOz)z-6H:0, and The solution was

Mn(NOz)s-6H20 were heated to 80°C The obtained

dissolved in bi-distiled under stirfing powder was
water, followed by the until a polymer further heated at

addition of a citric gel formed via 400 "Cfor{z h
acid: ethylene glycol (1:4) poly- and a 650 °C for

misture. esterification, 12 hours
then pyrolyzed at
200°C.

Figure 1. Methodology flowchart
Source: Authors
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Laboratory of Synchrotron Light (Brazil).
Scattering patterns were recorded with a
MAR165-CCD camera, and SAXS data,
corrected for Kapton's contribution, were
fitted to a spherical particle model.

Magnetic properties were measured
using a VSM-Versalab magnetometer
under @ magneticfieldup to 3.0 T a
50-325 K. Magnetization loops were
recorded from powder samples, and
(1), Ms, and Hc were calculated from
the magnetization cycles.

Structural,
momhologic and
magnetic
characterization TeA Thermal stabilty was assessed using
i TGA curves from a TGA-QS00 analyzer,
— calibrated with pure nickel. To prevent
'4 L.&:l oxidation, the oven was purged with
. nitrogen for 30 minutes. Sample mass
- . # was recorded from 25 to 800°C at a
. heating rate of 5°C/min under a 60 mL/
= min nitrogen flow.
" VSM:
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0.3 was not observed, and the main crystalline phase was x
= 0.33 (38.5%). For this sample, precursors and intermediate
compounds such as La(MnO,) (27.1%) and La(OH), (15.2%)
were observed alongside Sr and La silicates (20.2 %). In Fig. 2b,
the diffraction peaks for La(MnO,), La(OH),, and the silicates
are labeled with +, o, and *, respectively.

In the case of sample M3, Sr(CO,) (32.4%) and LaSr,Mn.O,,
(37.0%) were observed. In Fig. 2¢, the diffraction peaks for
Sr(CO,) are labeled with arrows.

The above indicates that the best synthesis procedure to
obtain La, Sr, ,MnO, was the Pechini method (M1). Sample
M3, synthesized via the sol-gel method, reported a low
reaction yield and low crystallinity, which can be attributed
to the fact that the pH of the reaction was not controlled.

Some studies have stated that the homogeneity and stability
of metal citrate solutions may largely depend on the pH,
which is particularly important in systems with several
different metals. This is useful in optimizing the formation of
stable species of metal citrate and avoiding the precipitation
of individual hydroxides [39], [40]. This parameter is relevant
in controlling the sample particle size [41].

Once the samples had been structurally analyzed, SAXS
was used to prove whether the samples were composed
of particles in the nanometric range. The measured SAXS
patterns, the curves fitted using Eq. (1), and the best-fitted
particle mean size (R, ) and size standard distribution (s.d)
values are shown in Fig. 2 and Table I.

The SAXS curve fitting revealed that the spherical model was
sufficient to fit all the data. The wide size distribution obtained
from the fitting is presented in the form of insets in Fig. 3 (b,
¢, d), indicating a polydispersity of over 55% for samples M1
and M3, as well as over 93% for sample M2. The mean radius
(R,,) is in agreement with the crystal size (d,, ) measured
using the XRD peak at 32.7° and the Scherrer equation — if
each crystal is assumed to be a sphere of diameter d, .

6000

3000

6000
3000

I (a.u)

2000

1000

26 (°)

Figure 2. X-ray diffraction patterns for all the samples. The indexed
peaks are related with the La Sr, ,MnO, crystalline structure.
Source: Authors

I (a.u)

o M1 ° M2
Fit

q(nm’)

0.18 —
- -M3

0.12

I (a.u)
f(r)

10° 0 10 20 30 40
q(m’) r (nm)

Figure 3. SAXS pattern for samples M1, M2, and M3. Solid lines
correspond to the best-fit curves obtained using Eq. (1). The particle
number size distribution obtained via the SAXS fitting procedure is also
presented.

Source: Authors

Thermal degradation

TGA curves are shown in Fig. 4. These analyses were
performed on the final products after calcination. Fig. 3a
presents the percent mass loss vs. the temperature for all
the samples.

100

ﬂ/—\

—M1

98

96

— M3

mass percent (%)

100 200 300 400 500 600 700 800
T(°C)

10"

0.2}F
0.1 | s V12
2 00
Z 10"

eight (%/min)

De
o

=

w

100 200 300 400 500 600 700 800
T(°C)

Figure 4. Thermal decomposition of all samples. a) Mass loss curves.
Arrows indicate the two main thermal decomposition processes. b)
Differential mass loss curves.

Source: Authors
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In this figure, sample mass losses take place as the
temperature increases. For samples M1 and M3, two
different thermal events are observed (indicated with arrows
in Fig. 3a). First, a slight mass reduction between room
temperature and 550 °C, followed by an abrupt mass loss
between 550 and 700 °C. This second reduction is clearly
more pronounced for sample M3. Meanwhile, sample M2
exhibits an abrupt mass reduction between 250 and 300 °C,
as well as a second reduction in the range of 550 to 650
°C. In Fig. 4b, these stages are more clearly seen as peaks,
whose centers correspond to the mean decomposition
temperatures.

The observed thermal behavior is related to the chemical
composition of the samples, considering that each chemical
phase decomposes at a different temperature. Hence,
the initial slight mass loss of samples M1 and M3 may be
associated with sample dehydration.

In Fig. 5, the second derivative of the TGA curve (d2W/
dT?) serves as a powerful analytical tool that enhances the
resolution of thermal events by revealing inflection points
not readily apparent in the original or first-derivative data
[42]. For all the samples, the second derivative exhibits
multiple transitions corresponding to distinct decomposition
steps, indicating the breakdown of the material into
several subphases. These subtle changes provide a precise
delineation of the onset, peak, and termination temperatures
of each thermal event, allowing for a more comprehensive
understanding of the material’s thermal stability and
compositional complexity. The rapid drop in the second
derivative at the onset of the first decomposition event
(25-100 °C) indicates a sudden, pronounced change in the
reaction kinetics, consistent with the beginning of thermal
decomposition. This behavior suggests that a specific
subphase, which is less thermally stable, undergoes an
abrupt breakdown, leading to a swift acceleration of the
mass loss rate, typically associated with physisorbed water.
Essentially, it marks a well-defined thermal event where the
material’s structure rapidly transitions from a stable state
to a decomposing phase, highlighting the onset of a critical
degradation step [43].

In Fig. 4b, a peak related to the thermal decomposition of
unreacted precursors [44], [45] was observed for all the
samples between 250 and 300 °C. For sample M2, this peak
was more pronounced, and the mass loss corresponded
to 1.0%. In samples M1 and M3, although this peak was
also observed, the mass loss was rather negligible. This
correlates well with the unreacted precursors observed via
XRD for sample M2. The peak observed between 550 and
700 °C corresponds to the thermal decomposition of organic
remnants from the synthesis process [2]. In this stage, mass
losses of 2.3, 0.9, and 7.1 were recorded for samples M1,
M2, and M3, respectively. The mass percentages after the
thermal process were 95.85, 98.05, and 90.61% for samples
M1, M2, and M3, which could correspond to dehydrated
LSMO nanoparticles [2].
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Magnetic properties

Fig. 6 shows the magnetization curves at different
temperatures for each sample. The magnetization (M) was
normalized using the La, Sr,MnO, phases (LSMO) present
in each sample according to the XRD analyses. This value
increased with the magnetic field (H) until saturation was
reached (M ). Likewise, the saturation decreased when the
temperature increased, as expected for magnetic systems
[1], [5]. The insets in Fig. 4 show the coercive field (H ) for
each temperature. As expected, the coercive field did tend
to zero when the temperature increased [46].

Fig. 6d presents the magnetization curves at 300 K. These
curves were fitted using the Langevin equation convoluted
with a lognormal distribution of magnetic moments (f(u) ):

kT pp H

In this model, & is the particle magnetic moment, N is the
mass density of magnetic moments, X,, represents the
susceptibility associated with paramagentic contributions to
the magnetization process, and p, = 41x107 Tm/A denotes
the vacuum magnetic permeability.
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Figure 5. Second-derivative analysis of TGA curves
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Figure 6. M vs. H curves at different temperatures, measured by means
of VSM, for samples a) M1, b) M2, and c¢) M3. Insets: zoom around the
zero-field. d) Magnetization curve at 300 K for samples M1, M2, and
M3. Continuous lines represent best-fit curve obtained using Eq. (3).
Source: Authors

From the fittings, the magnetic saturation was calculated
as M, = N(u), where (1) is the mean magnetic moment
calculated from the fitted lognormal distribution 1 (). The
results showed that the 300 K magnetization curves can be
fully fitted using Eq. (3), which indicates that, at 300 K, the
LSMO nanoparticles behaved as super-paramagnetic [47].

The fitted (4) and M_ values are presented in Table 1.
Both parameters were similar for samples M1 and M3. For
sample M2, {(#) was around 1.6 times the value obtained
for M1. This value was equal to the ratio between the
crystallite volumes of samples M1 and M2, which indicates
that, the higher the particle size, the higher the magnetic
moment. This behavior has already been observed for
similar La Sr, ,MnO, nanoparticles [48]. Eq. (3) was also
used to determine M_and H_for each temperature.

The fitting procedure was enough to fit the curve, even for
the lowest temperature. In order to determine the coercive
field from the fittings, the Langevin equation was displaced
for £H . This value corresponds to a fitting parameter.

Fig. 7 presents the thermal behavior of the coercive field
and the magnetic saturation. In Fig. 7a, the behavior of H_vs.
T"2 is shown. The coercive field decreased with temperature
until a value of zero was reached. For superparamagnetic
nanoparticles, a linear behavior is expected — it is observed
at lower temperatures. The theoretical temperature at
which H = 0 is known as the blocking temperature (T,).
When T > T, nanoparticles are expected to behave as
superparamagnetic particles, and, when T < T, the magnetic
anisotropy energy is higher than the thermal energy. Then,
the thermal fluctuation ceases, and the particles” magnetic
moments become blocked.

The H_vs. T'"? curves were fitted using the thermal-activated
Stoner-Wohlfarth model [49]-[51]:

- /2
H. =H |1- T (4)

B

Ke/f

In Eq. (4), "= . is the anisotropy field, K, is the
effective magnetic anisotropy constant, p denotes the
particle magnetic moment, Ms,, is saturation magnetization
at T = 0 K, and T, is the blocking temperature. It has been
demonstrated that this method enables a good approximation

to the blocking temperature [7],[52].

The fitted values of T, and K, are shown in Table 1. They
are in good agreement with those measured for similar
nanoparticles [48], [53], [54]. In Fig. 7b, the fitted M
is plotted against temperature. For all the samples, M
decreased with temperature. This behavior is typical of
ferromagnetic materials. The temperature at which M, =
0 is called the Curie temperature (T). In order to obtain
information from the M_vs. T curves, these values were fitted
using the spin-wave model for the dependence of M_ on the
temperature T [55]:

M (T)=M,(1-B,T%) 4

where M_is the saturation magnetization at 0 Kand B, is a
constant whose value depends on the exchange integral /.
The coefficient o generally takes the value of 3/2 for bulk

Table I. Structural, morphological, and magnetic parameters of the samples. Here, d, is the crystallite size obtained from X-ray diffraction, R,
is the mean particle radius (with a standard distribution s.d.) obtained from SAXS, (x) is the mean particle magnetic moment (with a standard
distribution s.d.), Ms is the magnetic saturation, Hc is the coercive field, T, is the magnetic blocking temperature, K . is the magnetic anisotropy
constant, M_ is the magnetic saturation extrapolated to 0 K, and T_ is the Curie temperature.

R *sd Ms T K Mo T
Sample | dyo (M) | Tty [0S W] amacg,, o) | HEOAM | omy | Amikggo | © K
M1 2.49
.. | 14.5x0.7 |5.4 =£3.0 |6570 =42 13.6 0.9 189 =18 | 111751281 40.3 +0.6 358 28
Pechini +0.02
M2 1.22 353
Ceramic 17.0+0.7 |8.2 £7.7 (10534 =550|19.8 =0.1 1.45 =0.04| 458 =4 2740 27 89.7 £2.5 +0.06 123
M3 2.71
14.6+0.7 |5.3 £3.0 (6690 =77 [14.4 =0.6 0.27 £0.01| 186 =20 | 11168 +1574| 33.6 =0.5 367 £28
Sol-gel +0.02

Source: Authors
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ferromagnetic materials and, for some bulk spinel ferrites, o
ranges between 0.2 and 2.0. The fitted values for M, and a
are presented in Table 1 and the best-fit curves are shown
in Fig. 7b.

The fitted value for M_ was similar for samples M1 and
M3, and the value of M_found for sample M2 was similar
to those reported for larger particles [42], [56]. The lower
magnetization of samples M1 and M3 could be related to the
formation of a magnetically frustrated layer on the particle’s
surface — these effects were more marked when the particle
size was reduced [57].

The fitted o values were 2.49 for M1, 1.22 for M2, and 2.71
for M3. It has been demonstrated that the a value depends
on particle size: the smaller the size, the higher the o value
[48]. This was confirmed via XRD and SAXS size analysis:
M2 exhibited the highest mean particle size in comparison
with M1 and M2. The o value fitted for sample M2 was
the nearest to a = 3/2, indicating that the particles almost
reached the bulk state.
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Figure 7. Thermal behavior of a) the coercive field (H) and b) the
magnetic saturation
Source: Authors

From the fittings, the value of T_ was calculated as " :[5%]
These values are presented in Table 1, using B, = 4.28 x 107
K2%,7.54 x 10*K"%, and 1.77 x 7107 K*”" for samples M1,
M2, and M3, respectively. The results are in good agreement
with those expected for La, Sr MnO, nanoparticles [42],
[46], [48].

Specific absorption rate calculations for magnetic
hyperthermia

Once the structural and magnetic characterization had been
performed, these results were used to study, by means
of simulation, the possible applications of LaSr, ,MnO,
nanoparticles in magnetic hyperthermia. As explained
elsewhere, if the magnetic properties and the size distribution
are known, it is possible to numerically simulate the SAR [7],
[49]. One of the most important biomedical applications of
magnetic nanoparticles is magnetic hyperthermia (MH).

In MH, a set of magnetic nanoparticles is submerged in a
radiofrequency (RF) magnetic field. These nanoparticles
absorb energy from the field and dissipate it to the medium
as heat. This heat can be used to kill cancer cells. The key
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parameter to measure nanoparticles’ ability to transduce
magnetic energy into heat is the SAR. Said heat is produced
by magnetic relaxation processes governed by the imaginary
part of the magnetic susceptibility (¥"). Thus, the SAR can
be modeled as follows:

SAR:yoﬂfHoz_[:;("(f,r)g(r)dr (6)

where uy = 4mx107 H/m is the vacuum magnetic
permeability; f and H, are the RF field frequency and
amplitude, respectively; g(1) is the Gags;ian distribution of
the relaxation times (1); and #7177 %, with n=t
being the low field d.c. specific susceptibility.

7T is defined as the time it takes for the magnetic moment
to switch from one equilibrium position to another. If the
particle is immersed in a solid matrix, a whole rotation is
not allowed, and magnetic moment switching takes place
internally. This is known as the Néel relaxation process. The
associated relaxation time is

KV
T

i )
T=1"

where 7 = 10" s is the characteristic time, K is the effective
magnetic anisotropy constant, V is the particle volume,
k, is the Boltzmann constant, and T is the temperature.
As observed, a particle size distribution (g(r)) generates a

relaxation time distribution (g()).

Thus, the behavior of SARvs. H, at 100 kHz can be calculated.
The results are presented in Fig. 8.

21F o6 —_
- -M3
D04
g
14
141 5 02
9
E % 5 10 15
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s 7t
—M2
0 : , A
0 5 10 15

Figure 8. Specific absorption rate calculations vs. RF magnetic field
amplitude at 100 kHz
Source: Authors

Moreover, the mean Néel relaxation time can be calculated:
for samples M1 and M3, 7 = 0.2 ns, and, for M2, T = 0.1 ns.
This indicates that, the lower the relaxation time, the higher
the SAR.

As observed in Fig. 8, sample M2 exhibits the best SAR
behavior, which means that this sample is a good candidate
for biomedical applications. In addition, M2 has the highest
saturation magnetization and the lowest Curie temperature.
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From a chemical point of view, M2 is composed of
La, . Sr,.;MnO, instead of La, Sr, ,MnO,, the main chemical
phase for samples M1 and M3. This slight increase in the
Sr content enhances the magnetic properties and the SAR

of M2.

Conclusions

In this work, three different ways to synthesize La,
Sr MnO, magnetic nanoparticles were tested. Although the
precursors were fixed to obtain the phase La Sr,,MnO,,
this was only possible through the Pechini and sol-gel
methods. In contrast, the ceramic method yielded the
phase La Sr ,,MnO, The structural characterization
revealed that unreacted precursors and other manganite
phases (different from x=0.3 and x=0.33) were present
in all samples, implying low reaction yields, especially
for the sol-gel and the ceramic methods. Meanwhile, the
magnetic characterization revealed that a slight increase in
Sr content leads to enhanced magnetic properties, making
the sample prepared through the ceramic method (M2) a
good candidate for biomedical applications, as confirmed
by SAR calculations. Thus, this study demonstrated that
the synthesis pathway influences the properties of LSMO
nanoparticles and, consequently, their applications in
magnetic hyperthermia. The results presented herein may
informimprovementsin the synthesis of LSMO nanoparticles
for biomedical applications, especially regarding their
magnetic properties. This could include magnetic
hyperthermia and drug delivery. Future work is expected
to address the cytotoxicity effects of LSMO nanoparticles in
cell cultures and determine the heat generated in RF fields
under different experimental conditions (in vitro, ex-vivo,
and in vivo).
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