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Abstract: Superparamagnetic nanoparticles are of high interest for therapeutic applications. In this
work, nanoparticles of calcium-doped manganese ferrites (CayMn;_,Fe;Oy4) functionalized with
citrate were synthesized through thermally assisted oxidative precipitation in aqueous media. The
method provided well dispersed aqueous suspensions of nanoparticles through a one-pot synthesis,
in which the temperature and Ca/Mn ratio were found to influence the particles microstructure
and morphology. Consequently, changes were obtained in the optical and magnetic properties that
were studied through UV-Vis absorption and SQUID, respectively. XRD and Raman spectroscopy
studies were carried out to assess the microstructural changes associated with stoichiometry of the
particles, and the stability in physiological pH was studied through DLS. The nanoparticles displayed
high values of magnetization and heating efficiency for several alternating magnetic field conditions,
compatible with biological applications. Hereby, the employed method provides a promising strategy
for the development of particles with adequate properties for magnetic hyperthermia applications,
such as drug delivery and cancer therapy.

Keywords: magnetic nanoparticles; superparamagnetism; citrate-stabilization; calcium ferrites;
manganese ferrites; magnetic hyperthermia

1. Introduction

Magnetic nanoparticles have been of high interest for several biomedical applications,
such as drug and gene delivery [1], magnetic resonance imaging [2], and magnetic hy-
perthermia [3]. The iron oxides are the most widely used type of magnetic nanoparticles,
owing to the high saturation magnetization, chemical stability, low cytotoxicity, and rather
easy and scalable synthesis [4]. Particularly interesting is the case of nanoparticles of spinel
ferrites, with a unit cell consisting of a cubic close-packed arrangement with 32 oxygen
atoms, and 8 tetrahedral (A) and 16 octahedral (B) occupancies for cation doping and
distribution, as by the general formula (M?")"[Fe;3*]80,2~, with the consequent tuning
of their characteristic properties (e.g., optical, magnetic and dielectric) [4-6]. Particularly,
the manganese ferrites” outstanding magnetic properties, high transition temperature,
and chemical stability render these particles suitable for several applications, including
hyperthermia [7] and MRI [8]. In addition, manganese can be consumed in the amount
of 0.67-4.99 mg, with a mean value of 2.21 mg/day [9], and recently the Mn?* released
concentration from 3 to 18 nm nanoparticles was demonstrated to be in the range of safe
doses [10]. Yet, as its cytotoxicity is still of concern [11], other chemical compositions, such
as ferrites doped with calcium, have recently been proposed [12-14].
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When it comes to the suitable applications of these nanoparticles, stabilization is a ma-
jor factor to consider, so as to ensure the biocompatibility and prevent particle aggregation.
Among the several functional groups that can be employed, the citrate has been commonly
used for biomedical applications [15-18], including in commercial iron oxide nanoparti-
cles such as the MRI contrast agent VSOP C184 [19]. Here, the citric acid coordinates the
iron oxide surface, leaving at least one carboxylic acid group exposed, thus rendering the
surface hydrophilic and avoiding particle aggregation. However, despite being commonly
employed as a post-synthesis surface modification [20], if used during the synthetic pro-
cess, the citric acid molecules can affect both the nucleation and growth, modifying the
crystallite size and oxidation degree of the final nanoparticles [15,21-23]. Thus, there has
been a growing search for one-pot strategies to obtained well-defined stabilized particles,
either employing hydrothermal [18] or co-precipitation methods [15]. Recently, a thermally
assisted oxidative precipitation was demonstrated to be a suitable and scalable method
for the production of spherical and anisotropic magnetic particles [17,24,25]. In general,
the synthesis reaction mechanism is described by an alkalization reaction of ferrous ion
to ferrous hydroxide, and consequent dehydration reaction of iron hydroxide and ferric
oxyhydroxide (resulting from Fe(OH), oxidation) to magnetite [26], as follows:

Fe?* +20H~ — Fe(OH), (1)

1
3Fe(OH), + 502 = Fe(OH), + 2FeOOH + H,O 2)
Fe(OH), + 2FeOOH — Fe;0y + 2H,0 (3)

The final size of these superparamagnetic magnetite nanoparticles, stabilized with
citrate, was reported to be affected by precursor concentration, ionic strength and reaction
time [26]. For instance, the partial oxidation of the initially formed Fe(OH), into ferric
oxyhydroxide is driven by the O, dissolved in water, which, together with the lower ionic
strength, leads to larger particles. However, a longer reaction time was reported to decrease
the size of the particles. Hence, in this work, we describe the one-pot synthesis of ferrites
doped with manganese and/or calcium stabilized with citrate through thermally assisted
oxidative precipitation, requiring neither post-synthesis stabilization nor calcination treat-
ment. The effect of the calcium/manganese cation ratio on the nanoparticle morphology
and microstructure was studied, as well as the resulting magnetic properties. Further, the
suitability of these magnetic nanoparticles for magnetic hyperthermia was assessed for
several conditions adequate for biological applications.

2. Results and Discussion
2.1. Nanoparticles Morphology

A transmission electron microscopy (TEM) analysis (Figure 1) demonstrated that
increasing the calcium/manganese ratio affected the final morphology of the nanoparticles,
narrowing the size distribution and decreasing the average size (from ~20 nm to ~5 nm). For
instance, the presence of only manganese led to larger polydisperse particles, comprising
single and multicore particles (more images of obtained structures are in Figure S1 in
Supplementary Material). Doaga et al. [7] also reported for manganese doped ferrites that
a higher content of manganese favoured the formation of larger particles obtained through
co-precipitation method. The addition of calcium strongly favoured the formation of
smaller and more monodisperse particles (Figure S2), but also displayed nanorod/spindle
like structures. The formation of rods can be associated with the lepidocrocite or goethite
as by-products of ferrous ion oxidation [27].
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Figure 1. TEM images of the synthesized calcium and manganese-doped ferrites at 90 °C.

The multicore-like structures were mainly observed in the x = 0.4-0.6 calcium nominal
fractions, and also in the x = 0.1 and x = 0.2 fractions, whereas a content of x = 0.3 and
x = 0.8 presented a higher amount of small single core and rod-like structures. In the case
of the samples synthesized with only calcium as dopant, (pseudo-)cubic and multicore-like
particles were observed, and the sample was devoid of rod-like particles. The formation of
multicore/flower-like particles was also reported by Gavilan et al. [28] from the oxidation
of the Fe(OH), intermediate in water in the presence of dextran.

The smaller size of the calcium (doped) ferrites can be associated with the prevention
of crystal growth by Ca?* as reported for other ferrites [29,30], in which the presence of
citrate ions can provide additional electrostatic and steric repulsion, and thus hamper the
fusing of the generated nuclei into larger particles. In addition, citrate is reported to not
only prevent the oxidation of iron oxide to hematite [18], but also hamper the oxidation of
Fe(II), as carboxylates are stronger complexing agents than the anions of simple ferrous
salts [17], thus also delaying the nucleation. Nonetheless, the citrate role in ensuring
a smaller size was clearly confirmed by the larger particle size obtained for manganese
ferrites synthesized without citrate (Figure S3). In this sense, the presence of citrate is crucial
to favor the repulsion between the initially formed nuclei, thus leading to the formation
of smaller particles and also of multicore/flower-like particles, as the fusion between the
formed cores is prevented.

Considering that the stabilization by citrate results from the chemical bonds between
carboxyl groups of citrate and OH groups of the magnetic nanoparticles surface [15], a
higher reaction temperature was tested to assess the impact of an increased chemical
reaction rate. As displayed in Figure 2, a higher temperature (100 °C) led to samples devoid
of rod-like structures and a predominance of the multicore particles, in both stoichiometric
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manganese and calcium ferrites. The formation of smaller single cores of the magnetic
nanoparticles was noticed in the case of the calcium ferrite, which decreased from ~7 nm
to ~4 nm, but not in the case of the manganese ferrite, which kept the same average size
(~19 nm). Both samples displayed a large content of multicore particles with average sizes
of ~50 nm and ~20 nm for the manganese and calcium ferrite, respectively. Summarizing
this part, the thermally assisted oxidative precipitation in the presence of citrate and at
100 °C offers control over the production of multicore/flower-like nanoparticles, with the
dopant ion playing a role in determining the final size of the small single cores. Nonetheless,
the results are also promising for future research in the exploration of other reaction
conditions, including the oxidant, as a means to assess other morphologies or tune the ones
here described.
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Figure 2. TEM images and histograms of the particles obtained from the synthesis of (A,B) manganese
and (C,D) calcium ferrites at 100 °C, in the presence of citric acid. The red histogram corresponds to
the smaller single cores forming part of the multicore-like particles (blue histogram).

2.2. Microstructure Characterization
2.2.1. X-ray Diffraction Analysis

X-ray diffraction (XRD) studies were carried out to determine the phase composition
and crystalline domain size of the nanoparticles, as well as to understand the changes
observed in the particle size. The XRD patterns in Figure 3A-C revealed that all synthesized
particles displayed crystalline nature, which endows the employed method suitable to
achieve crystalline manganese and/or calcium ferrite nanoparticles, as other synthesis
routes of calcium-doped ferrites require calcination after synthesis [14,29,30]. In all the
cases, the patterns displayed Bragg’s reflections characteristic of the Fd3m space group,
that can be indexed as (111),(220),(311),(420),(511),(440), and (6 2 0), reflecting the
presence of manganese/calcium ferrites with a cubic structure [31-33]. Yet, another phase
was formed in the samples with a larger calcium content (x > 0.2), with peaks indexed as
(104),(110),(113),(202),(024),(018)and (11 6), associated with the presence of calcite
(calcium carbonate) rhombohedral structure belonging to the R3c space group. Thus, the
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results also suggest that the obtained rods are a shape by-product of the reaction, and not
lepidocrocite or goethite.
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Figure 3. XRD patterns of (A) manganese ferrites, (B) calcium and manganese mixed ferrites, and
(C) calcium ferrites. Dependence of (D) lattice parameter, crystallite size, (E) X-ray density (dy),
specific surface area (S), and (F) hopping length in tetragonal (L) and octahedral (Lg) sites on the
Ca?* and Mn?* content.

The synthesis of both stoichiometric manganese and calcium ferrites at 100 °C led to
single-phase nanoparticles, suggesting that the calcium carbonate present in the mixed
ferrites can be an intermediate of the reaction that is not completed at 90 °C. In this sense,
the results suggest that Ca?* might interfere with the nucleation and growth of the crystals,
with a fraction of the iron ions remaining in an amorphous phase (mostly for x = 0.3 in
a CayM;_,Fe Oy ferrite). For instance, the formation of calcium carbonate has also been
reported by Gomes et al. [34] in a sol-gel synthesis method, in which a single phase of
CaFeyOy4 could be achieved through calcination at 1000 °C.

The Rietveld refinement method was employed to assess the crystallographic prop-
erties of the several synthesised particles (see the refinement of each profile in Figure 54).
As displayed in Figure 3D, the replacement of MnZ* (0.80 A) with CaZ* (0.99 A) led to a
decrease of the average crystallite size, which is in agreement with TEM results. Hashhash
etal. [35] suggested that a decrease of the particle size with Ca®* content could be associated
with the reaching of the ion’s solubility limit, which leads to its accumulation in the grain
boundaries, thus suppressing the grain growth. In addition, the lattice parameter a also
decreased, though an average increased value was obtained at x = 0.4. This behaviour
can be associated with the occupation of the B-sites by Ca?" ions, that have a larger ionic
radius [35]. However, at x = 0.4, the migration of Ca®* from B to A-sites might be favoured,
promoting the migration of the smaller Mn?* or Fe* ions to the B-sites. Chhaya et al. [36]
reported that migration of Ca?* to the A-sites replaces the smaller Fe>* (0.64 A), while
a further increase might lead to a continuous reduction of Ca?" ions in the A-sites and
consequent reduction of lattice constant. Besides, Islam et al. [8] also reported that for a
larger particle size the Mn?* tended to occupy the A-sites. In this way, the hopping lengths
in tetrahedral (L) and octahedral (Lp) sites displayed a decreasing trend with the Ca?*
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content (except at x = 0.4), which was also obtained for the particles synthesized at 100 °C
(see Table S1 in Supplementary Material). Further, for a low Ca?* content (x < 0.4), the
change in the molecular weight is not significant, so the decrease of the cell unit volume
leads to an increase of the X-ray density and specific surface area, while both fell for larger
CaZ* content, except at x = 0.8, in which the concomitant reduction of crystallite size led
to a larger specific surface area. Other parameters were calculated (Table S2), including
the tetrahedral and octahedral radii, that further suggest the discussed transfer of Ca*,
Mn?* and Fe** between A- and B-sites. The preferential occupation of the B-sites by Ca**
and the formation of inverse spinels was also confirmed through estimation of the cation
distribution using the Bertaut method (see discussion and Table S3 in Supplementary
Material) [37].

2.2.2. Raman Spectroscopy Characterization

Raman spectroscopy studies were carried out to get further insight into microstructural
changes of the nanoparticles. A comparison of the several samples of nanoparticles obtained
through synthesis at 90 °C is displayed in Figure 4, and the deconvolution with Lorentzian
curves is included in Figure S5 (Supplementary Material). The samples did not display the
calcite bands, which are commonly observed at ~150 cm 1,280 cm ! and 712 em ! [38],
possibly for being below the threshold of the device sensitivity. The group theory predicts
five Raman active modes for spinels with Fd3m space group (Ajg + Eg + 3T2g bands),
associated with the motion of O ions in the A and B-sites [39—42]. In general, when
considering nanoparticles, the Aqg, ng(Z), and Eg Raman modes are the most intense,
located in this case around ~670 cm ™!, ~450 cm !, and ~320 cm ™!, respectively (values
reported in Table S4), which closely match other reported values for manganese-doped
ferrites [43,44]. Besides, the spectra displayed some resemblance to profiles commonly
observed in inverted spinels [45]. Particularly, the A, is associated with the symmetric
stretching of O ions with respect to the metal ion in A-sites, which occurs together with
the deformation of three metal-oxygen bonds at the octahedral sites (as the tetrahedral
sites are not isolated) [40], thus being sensitive to the mass of the tetrahedral cation and
size of the nanoparticles [46]. Hence, the splitting of the A;g mode in two modes, as
displayed in Figure 4B,C, can be associated to the fact of having two different cations
in A and/or B sites. In addition to the metal-doping associated changes, the increase
of Ca®* was accompanied by a decrease of particle size, which is also suggested by an
overall downshift, broadening of the Raman bands and intensity decrease resulting from
the increase of micro-deformation and/or the dominance of phonon confinement [39,46].
Further, the incremental Ca?* content induced changes also displayed some relation with
the variation of lattice parameter (see further discussion in Supplementary Material) that
further confirmed the ions distribution in both A and B-sites.

2.3. Optical Properties

The nanoparticles optical properties also displayed changes associated with the syn-
thesis temperature and Ca/Mn ratio. Regarding the latter, the UV-vis absorbance was
observed to achieve an enhanced absorbance in the near-infrared region at larger Mn2*
content, which has been commonly reported for manganese-doped ferrites [47].

The Tauc plot was further employed (see plots in Figure S6 in Supplementary Material)
to estimate the optical direct band gap, as also described for other ferrites [48,49]. Here, the
increased content of Mn?* ions was accompanied by a red-shift of the optical band gap,
which was found to decrease by synthesizing the particles at 100 °C. The red-shift of calcium
ferrites band gap has also been reported for doping with Co?* [49], which was associated
with the increased particle size leading to a larger distance between atoms, and thus a
reduction of the potential energy of materials’ electrons. In the work by Samira et al. [47],
the substitution of Ni by Mn also produced a red-shift of the optical band gap, which
was associated to Mn inducing inner bands that provided additional paths between the
conduction and valence bands, producing a decrease of the band gap value.
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In this sense, the results suggest that both the Ca/Mn ratio and synthesis temperature
affect the optical band gap. Thus, both parameters can be employed to tune the specific
capacitance that is commonly larger for smaller band gaps [47] and the energy harvesting
ability of the nanoparticles, which can be of interest for photocatalysis applications in
environmental cleaning.
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Figure 4. (A) A comparison of the Raman scattering spectra of the manganese- and/or calcium-doped
ferrites obtained at 90 °C. The fitting of Lorentzian bands to Raman spectra of (B) manganese and
(C) calcium ferrites synthesised at 90 °C and 100 °C.

2.4. Hydrodynamic Diameter and Zeta Potential

The behaviour of nanoparticles in the solution was studied at a concentration of
0.01 mg/mL. In agreement with the TEM and XRD results, the increasing content of Ca®*
ions led to a decrease of the hydrodynamic diameter (Figure 5C), which was also decreased
by carrying out the synthesis at 100 °C. The obtained hydrodynamic diameter was obviously
larger than the physical particle size, which can be associated with the high stability of the
nanoparticles, as resulting from the electrostatic double layer stabilizing the nanoparticles
in the solution or the formation of aggregates [50]. Indeed, this increased stability is
also suggested by the rather low polydispersity index (in the ~0.1-0.2 range, Figure 5D),
which might result from the particles dispersing into quasi-monodisperse structures, as
also pointed out by the correlograms single decay in the majority of the samples (see
Figure S7 in Supplementary Material). Further proof of the stability is confirmed by the
highly negative zeta potential (Figure 5E) associated with the citrate functionalization at
the nanoparticles surface, and correlated with the lack of noise (absence of sedimentation)
in the correlograms.

In line with these results, the stabilization with citrate has been demonstrated to endow
nanoparticles with good colloidal stability and circulation time, very appropriate for the
potential bio-related applications [51,52]. Though a protein corona is commonly formed
upon contact of the nanoparticles with the biologic fluids, which can influence the particle
size and, consequently, the biodistribution in vivo and blood-clearance [53,54], the mag-
netic hyperthermia (vide infra) ability should not become substantially affected. Besides,
the citrate negative charge provides a means for the adsorption and delivery of chemother-
apeutic drugs through electrostatic interactions, such as doxorubicin [55], rendering the
particles are a versatile platform for further developments in biomedical applications.
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Figure 5. (A) UV-vis absorption spectra of the synthesized nanoparticles at 0.01 mg/mL and (B) de-
pendence of the optical band gap on the Ca/Mn content for the particles synthesized at 90 °C (black
squares) and 100 °C (red squares). The dependence of (C) hydrodynamic diameter, (D) polydispersity
index (PDI), and (E) zeta potential on the particle type at 0.01 mg/mL is also included.

2.5. Magnetic Properties

Figure 6A includes the field-dependent magnetization of the different samples of Ca-
doped manganese ferrite nanoparticles, offering relatively large values of saturation mag-
netization and negligible values of coercivity and remanence, at 300 K (see also Figure S8
and Table S5), reflecting superparamagnetic behaviour in all cases [56]. The largest values
of saturation magnetization were registered for the stoichiometric manganese or calcium
ferrite synthesised at 100 °C, stemming from the distribution of the magnetic cations (Mn?*
and Fe>") in the crystalline structure (Figure 6B). The reproducibility of the method was also
evidenced by the similarity of the stoichiometric manganese ferrite magnetic properties to
other reported particles for the same synthesis method [57].

Regarding the particles with intermediary composition, the saturation magnetization
displayed a Ca/Mn ratio dependence profile similar to the obtained in the crystallite and
particle size, in which the obtained magnetization decreases for smaller sizes. This effect for
individual particles is usually ascribed to the formation of a dead layer inversely propor-
tional to the particle size, in which the spin canting and surface disorder (in-homogeneities,
oxidation, and truncation of the crystalline lattice) are detrimental for the saturation magne-
tization [18,58,59]. However, this effect is very small and alone is not enough to explain the
results, as the saturation magnetization remained reasonably high in some mixed ferrites,
such as in the range x = 0.4 to 0.6, despite displaying smaller particle size than the CaFe,O4
and MnFe, Oy particles. Instead, as these samples were observed to display a cluster like
morphology, in which close contacts are formed between the nanoparticles in each cluster,
the minimization of the magnetic dead layer effect can be associated with the promotion
of direct exchange and dipolar interactions that are described to minimize the decrease of
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the saturation magnetization [59]. Nonetheless, the inversion degree and inter-sublattice
A-B super-exchange interaction were found to well describe the saturation magnetiza-
tion dependence on the Ca/Mn ratio (see discussion and Figure S9A,B in Supplementary
Material) [4,32,33,60-65].
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Figure 6. (A) Magnetization dependence on the applied magnetic field obtained for the manganese-
and/or calcium-doped ferrites obtained at 90 °C (from x = 0 to x = 1) and 100 °C (x =0 and x = 1)
measured at 300 K. Dependence of the (B) saturation magnetization and (C) blocking temperature on
the Ca/Mn ratio obtained from ZFC and FC curves under a field of 100 Oe.

In addition to the size and dipolar interactions between the clusters’ nanoparticles, the
ferrites magnetocrystalline anisotropy plays a huge role in the final magnetic behavior, as
evidenced in the measurements at 5 K, in which the coercivity displayed a Ca?* content de-
pendence profile (Figure S9C), in line with the pointed-out distribution of magnetic cations.

The magnetic properties were further characterized through zero field cooled (ZFC)
and field cooled (FC) measurements under an applied field of 100 Oe. The ZFC-FC mag-
netization curves are displayed in Figure S10 in Supplementary Materials. The broader
ZFC curves suggested larger particle size dispersity [4], which is mainly noticeable in the
samples with x = 0 and in agreement with the TEM results. Nevertheless, the dipolar
interactions between nanoparticles in the final flower-like structures should be taken into
account as well [59], since this is suggested by the FC magnetization curve flatness observed
in the low temperature range (mainly in the samples range from x = 0.4 to x = 1) [66,67].
Figure 6 includes the blocking temperature dependence on Ca/Mn ratio, obtained from
the ZFC derivative (dM/dT, shown in Figure S10) [68], reflecting the highest values for
the manganese ferrites. Furthermore, the obtained blocking temperatures for CaFe,Oy
and MnFe, O, particles were similar to other reported particles [69,70], proving therefore
the reproducibility of the method. Overall, the magnetic characterization proves that
the nanoparticles of CaFe,O4, MnFe,O4 and of intermediary formulations (x = 0.4 to 0.6)
are superparamagnetic at room temperature and therefore very promising for magnetic
targeting applications, given the large values of saturation magnetization.

2.6. Magnetic Hyperthermia

The heating efficiency of the nanoparticles was evaluated considering alternating
magnetic fields (AMF) of different amplitude and frequency, but fulfilling the medical
threshold limit of Hyf <5 x 10° Am~! s~! [71]. The heating profiles are displayed in
Figure 7.
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Figure 7. (A) Dependence of the intrinsic loss power (ILP) on the composition of the nanoparticles at
5 mg/mL. (B) ILP and (C,D) temperature variation over time of the manganese and calcium-doped
ferrites obtained through synthesis at 100 °C. The equivalent magnetic flux density is also indicated
in brackets.

In general, the incremental content of Ca?* ions (in substitution of Mn?* ions) led to a
decrease of the heating efficiency (Figure 7A) that was quantitatively evaluated through
the intrinsic loss power (ILP). However, a slight increase was obtained in the range x = 0.4
to x = 0.6, given the particular distribution of magnetic cations in the spinel ferrite crys-
talline structure for these stoichiometries. Furthermore, the samples synthesized at 100 °C
displayed similar or slightly improved heating efficiency (Figure 7B) than the batch ob-
tained at 90 °C, owing to the absence of phase impurities. Both samples of nanoparticles
considered in this analysis induced a rather large temperature variation in 2 min (~15 °C
when applying a field of ~13 kA /m (17 mT) and 382.6 kHz, in the case of the manganese
ferrite, and ~4 °C with a field of ~13 kA/m (17 mT) and 161.6 kHz, for the calcium ferrite,
of which mild hyperthermia treatments can take advantage of, in a short period of time.

Compared to other reported magnetic nanoparticles, the developed CaFe,O4 and
MnFe,O; particles displayed similar or improved heating efficiency than other transition
metal-doped [72], cobalt-doped [73,74], calcium-doped [75], manganese-doped [8], and
multicore particles [76].

Hence, the high heating efficiency of the manganese- and calcium-doped ferrites,
together with the superparamagnetic behaviour, endow the developed particles suitable
for magnetic hyperthermia therapy. Nonetheless, the exploration of several synthesis
parameters, including reaction time, salts/reagents/ligand concentration, and reducing
agents, are envisioned as future works to fine-tune the shape and heating performance of
the developed particles.
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3. Materials and Methods
3.1. Synthesis of Magnetic Nanoparticles

Citrate-stabilized iron oxide nanoparticles doped with calcium and/or manganese
were synthesized through an oxidative precipitation method adapted from [26]. In general,
trisodium citrate dehydrate (1 mmol) and NaOH (4 mmol) were added to 19 mL of ultrapure
water at 90 °C or 100 °C. A 1 mL aqueous solution of FeSO4.7H,0 (1.33 mmol) and the
doping metal salt (MnSO,4.H0, Ca(CH3CO,);) (0.66 mmol) was added, drop by drop, into
the mixture under vigorous agitation and air open. After 2 h, the solution was cooled down
to room temperature, washed through magnetic decantation with water/ethanol 1:1, and
dried at 80 °C.

3.2. General Spectroscopic Methods

Absorption spectra were recorded in a Shimadzu UV-3600 Plus UV-Vis-NIR spec-
trophotometer (Shimadzu Corporation, Kyoto, Japan). A conventional PAN’alytical X'Pert
PRO diffractometer (Malvern Panalytical Ltd., Malvern, UK) was used for X-ray diffraction
(XRD) analyses, operating with Cu K radiation, in a Bragg-Brentano configuration, at
the Electron Microscopy Unit, University of Tras-os-Montes and Alto Douro (UTAD), Vila
Real, Portugal. Raman spectroscopy measurements were performed at room temperature
with a Renishaw inVia Reflex Raman confocal microscope system (Wotton-under-Edge,
Stroud, UK), equipped with a high-resolution grating of 1200 grooves mm~!. The excita-
tion line, 785 nm, of a NIR diode laser was focused onto the sample by a x20 objective
with a numerical aperture (NA) value of 0.40 in a backscattering geometry. The spectra
were acquired with a measured power of about 650 uW on the sample, with a spectral
acquisition time of 120 s over one accumulation and the range 1001000 cm~!. The average
hydrodynamic diameter and zeta potential of the nanoparticles (n = 3 independent runs)
were measured in phosphate buffer pH 7.4 at 0.01 mM in a Dynamic Light Scattering (DLS)
equipment Litesizer™ 500 from Anton Paar (Anton Paar GmbH, Graz, Austria), using
a semiconductor laser diode of 40 mW and A = 658 nm, backscatter angle (175°), and a
controlled temperature of 25 °C.

3.3. Transmission Electron Microscopy (TEM)

TEM images of nanoparticles were recorded using a high contrast JEOL JEM-1010,
operating at 100 kV (CACTI, Vigo, Spain). A small portion of the sample was placed onto a
TEM 400 mesh copper grid with Formvar/Carbon (ref. S162-4 from Agar Scientific), held
by tweezers and the excess solution was cleaned. The processing of STEM images was
performed using Image]J software (National Institutes of Health, NIH, Bethesda, MD, USA),
which consisted in enhancing local contrast and adjusting brightness followed by manual
selection of fibres.

3.4. Magnetic Properties

Magnetic measurements were performed in an MPMS3 SQUID magnetometer (Quan-
tum Design Inc., San Diego, CA, USA). The field-dependent magnetization (hysteresis
cycles) of the samples were measured in the large field range (up to H = 5570.42 kA/m
or B=7T) for each sample. In all the cases at 5 K, 300 K, and 380 K, given the room
temperature applications they are designed for, a specific magnetic field correction for the
trapped flux in the superconducting coil was conducted, achieving an accuracy of residual
less than 0.16 kKA /m [77].

3.5. Hyperthermia Measurements

With the aim of evaluating the heating performance, magneto-caloric measurements
were carried out using a hyperthermia system magneTherm (nanoTherics, Warrington,
UK), working at f ~ (162, 271, 383, 617) kHz and at the magnetic field H = (13.56, 12.76,
7.98) kA/m. For all experiments, the initial temperature was stabilized before starting the
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measurement. Next, the AC magnetic field was applied for 10 min, and the temperature
variation was recorded using a thermocouple.

4. Conclusions

In this work, citrate-stabilized multicore nanoparticles of Ca-doped manganese ferrite
(CayMn;_,Fe,O4) were synthesized through a thermally assisted oxidative precipitation
in aqueous media. While the incremental content of calcium was found to decrease the
average nanoparticle size, decreasing the synthesis temperature from 100 to 90 °C was
accompanied by the formation of an impurity phase of calcite.

Regarding the resulting particle shape, the synthesis resulted in the formation of
single, multicore and rod-like particles, but the synthesis carried out at 100 °C allowed
to preferentially obtain the multicore nanoparticles. Furthermore, the variation in the
Mn/Ca ratio led to changes in the microstructure, mainly in the lattice parameter and
cation distribution, and consequently in the final magnetic properties.

The particles displayed great colloidal stability, with a low podydispersity, lack of
sedimentation and highly negative zeta potential.

The obtained calcium-doped manganese ferrite nanoparticles displayed relatively
large values of saturation magnetization and heating efficiency, higher than other reported
superparamagnetic nanoparticles, which, together with the superparamagnetic behaviour,
render them suitable for therapeutic applications, such as drug delivery and cancer therapy.
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