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Abstract: Background/Objectives: The unique properties of iron oxide nanoparticles have attracted
significant interest within the biomedical community, particularly for magnetic hyperthermia appli-
cations. Various synthesis methods have been developed to optimize these nanoparticles. Methods:
In this study, we employed a powdered coconut water (PCW)-assisted sol-gel method to produce
magnetite nanoparticles for the first time. A comprehensive analysis of the thermal (differential ther-
mal analysis and thermogravimetry), structural (X-ray diffraction), morphological (scanning electron
microscopy with energy dispersive spectroscopy), magnetic (vibrating sample magnetometer and
hyperthermia), and biological (cytotoxicity essays) properties was conducted to assess their potential
for magnetic hyperthermia. Results: Samples heat-treated at 700 °C and 400 °C (washed powder)

for 4 h under argon presented only magnetite in their composition. The micrometer-sized particles
check for

updates exhibited ferrimagnetic behavior, with saturation magnetization values of 37, 76, and 10 emu/g and

specific absorption rates (SAR) of 27.1, 19.9, and 14.1 W/g, respectively, for treatments at 350 °C
B.; Carvalho, J.; Padua, A.; Henriques, (48 h), 700 °C (4 h), and 400 °C (washed powder, 4 h) under an argon atmosphere. Biological tests
C.; Soares, PLP; Gavinho, S; Valente, ~ Showed no cytotoxicity below 10 mg/mL. Conclusions: The findings highlight the potential of PCW-

Citation: Jesus, J.; Regadas, J.; Costa,

M.A.; Graca, M.PF; et al. Green assisted synthesis as a sustainable and efficient strategy for producing pure magnetite, with powder
Sol-Gel Synthesis of Iron Oxide washing preceding the heat treatment enabling the attainment of this phase at lower temperatures.
Nanoparticles for Magnetic Nevertheless, the micrometer-scale dimensions is observed in the morphological analysis limit their
Hyperthermia Applications. suitability for biomedical applications.
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particularly when combined with conventional therapies like chemotherapy or radiation
therapy [1]. In this treatment, magnetic nanoparticles are exposed to an external alternating
magnetic field, converting electromagnetic energy into heat through energy dissipation
mechanisms such as Néel and Brownian relaxation. This raises the temperature inside
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These nanoparticles offer excellent chemical stability, ease of surface functionalization, non-
toxicity, high biocompatibility [1], superparamagnetic behavior at sizes below 20 nm [4],
and easy assimilation within the body [4,5]. The last point is related to the iron ions that
result from the dissolution process, which can be stored in ferritin [4,5].

In magnetic hyperthermia, the capacity of magnetic nanoparticles to generate and
release heat is crucial for effective treatment. The performance of these nanoparticles can
be evaluated using the specific absorption rate (SAR), defined as the heat loss per unit mass
of magnetic material. SAR depends on the material’s intrinsic characteristics, including
magnetic properties, size, morphology, and aggregation status [1].

Selecting the appropriate synthesis method is important to produce magnetic nanopar-
ticles with the desired size, shape, structure, colloidal stability, and magnetic characteris-
tics [6]. The most used techniques to synthesize iron oxide nanoparticles include coprecipi-
tation [7-9], sol-gel [10-12], thermal decomposition [13], hydrothermal and solvothermal
synthesis [14,15], auto-combustion [16,17], and microemulsion [18,19]. However, these
methods typically require high temperatures, expensive equipment, and environmentally
hazardous solvents. Recognizing the need for more sustainable and cost-effective ap-
proaches, the scientific community is increasingly focused on developing greener synthesis
methods. In this context, a sol-gel method mediated by powdered coconut water was se-
lected for synthesizing magnetite nanoparticles. Coconut water, derived from a natural and
sustainable source, is composed of a mixture of water and various organic and inorganic
compounds [20]. Its main constituents are sugars, particularly sucrose and glucose [21].
Coconut water also has free amino acids and amino acids integrated into proteins. Among
them, alanine, arginine, cysteine, and serine are the most prevalent [20]. The use of coconut
water as a solvent for the dissolution of the metal precursors allows better control of parti-
cle size compared to water, as demonstrated by Manali et al. [22]. However, its complex
and variable chemical composition makes the exact process of stabilization and particle
formation difficult to understand [21]. Some authors believe that amino acids and proteins
are capable of binding/complexing to metal cations from the precursors and forming stable
micelles [20-22]. Amino acids contain functional groups that can act as ligands and form co-
ordinate bonds with metal ions [21]. Moreover, the large protein chains present in coconut
water result in steric hindrance when the ions are complexed [22]. This promotes a uniform
distribution within the colloidal solution and control over particle size and shape [20-22].
Additionally, sugars also present an important role as chelating agents and as fuel during
the calcination process [21]. Thus, the key benefits of employing coconut water include
(1) respecting green chemistry principles, (2) its role as a natural polymerization agent,
(3) the presence of high sugar concentration, (4) its abundant availability in nature, (5) its
renewability, (6) cost-effectiveness, (7) industrial-scale availability, and (8) a straightforward
production process for the powdered form [20,23]. The use of powdered coconut water
instead of fresh or bottled coconut water combines these benefits with the possibility of
precisely controlling the concentration of the solution of powdered coconut water. This
capability ensures the method’s reproducibility [20].

This eco-friendly method has been successfully used to produce magnetic nanoparti-
cles, such as doped yttrium oxide [22,24,25], nickel ferrite (NiFe,Oy) [23,26,27], niobium
oxide (Nb,Os) [28], and barium titanate (BaTiO3) [21]. However, no article using this
technique to synthesize magnetite nanoparticles has been found in the literature.

The main objective of this study is to assess the viability of synthesizing magnetite
particles using an adapted sol-gel method. In this process, magnetite powders were
prepared using iron chlorides as raw materials and powdered coconut water as a surfactant.
At the end of this process, the samples were subjected to calcination in an air atmosphere
or a non-oxidizing atmosphere. The non-oxidizing atmosphere was employed to prevent
the oxidation of magnetite [29]. Finally, to ascertain the suitability of the produced samples
for magnetic hyperthermia, they were subjected to characterization methods, including
differential thermal analysis (DTA) and thermogravimetry (TG), X-ray diffraction (XRD),
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scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), vibrating
sample magnetometer (VSM), magnetic hyperthermia assays, and cytotoxicity analysis.

2. Materials and Methods
2.1. Preparation of Fe3O4 Powders

Magnetite powders were prepared through a sol-gel proteic route, previously de-
scribed by Teixeira S. et al. [20]. For this process, iron (III) chloride hexahydrate (FeCl;-6H,O)
and iron (II) chloride (FeCl,) (Sigma-Aldrich, Munich, Germany) were employed as
reagents, and PCW was used as solvent.

First, an aqueous solution of powdered coconut water (Cocos nucifera L.) was prepared
with a concentration of 0.59 mol/dm?3. This value corresponds to the critical micelle
concentration as determined by Costa B. et al. [30]. The reagents were weighted considering
a stoichiometric ratio of 2 mol Fe(III):1 mol Fe(II) and individually dissolved in coconut
water. Then, they were combined, resulting in an exothermic reaction. Subsequently,
the sample was placed on a heating plate under magnetic stirring for 2 h at 80 °C. The
temperature was then increased to 100 °C for about 3 h to reach a viscous gel. Throughout
the procedure, pH values were recorded, and a change in the trend was noted. This served
as a control method to validate the occurrence of a chemical transformation during the
process, where Sol becomes a 3D three-dimensional network, Gel. To remove all the solvent,
the sample was subjected to a heat treatment at 250 °C for 1 h, and the resulting sample
was then manually ground to obtain a fine dark powder.

Two sample groups were prepared: the first remained unwashed (base powder) and
the other was washed with deionized water (washed powders). The washing process aimed
to remove chlorides and nutrients from the coconut water precursor, such as potassium and
calcium, since these are soluble in water. Finally, both sample groups were submitted to
various heat treatments at temperatures ranging 250-1000 °C, with different time intervals
(4, 24, and 48 h), using a heating rate of 5 °C/min under air or an inert argon atmosphere.

The scheme represented in Figure 1 shows the flow chart for the biogenic sol-gel
experimental procedure method:

Metal precursors Solvent
PR

FeCl;-6H,0 -
PCW solution
+ 0.59 mol/dm3
FeCl,
|

[ s ]
< Mixing at 80 °C for 2 h
< Mixing at 100 °C for ~3 h

Gel |

< Drying at 250 °C for 1 h

< Grounding

‘ Base powder ‘

Unwashed Washed with deionized
water

[ Base powder J [ Washed powder ]

Figure 1. Scheme of experimental procedure for PCW-assisted sol-gel method.

2.2. Thermal Characterization

To investigate mass variations and thermal phenomena, facilitating the identification
of suitable heat treatment temperatures, DTA /TG measurements were performed. The
Hitachi (Tokyo, Japan) STA7300 was used in a temperature range from room temperature
up to 1300 °C, with a heating rate of 5 °C/min, and under an argon atmosphere.
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2.3. Structural Characterization

Structural characterization and phase identification were accomplished by X-ray
diffraction (XRD). The diffractograms were obtained using an AERIS diffractometer from
Malvern Panalytical (Malvern, UK), which uses CuKa radiation (A = 1.54 A). The X'Pert
HighScore PANalytical program allowed the Rietveld refinement.

2.4. Morphological Characterization

Morphology analysis was conducted through SEM utilizing a TESCAN (Brno, Czechia)
Vega 3 microscope. Before the observation, all the samples were coated with carbon to
enhance the surface conductivity. The Image] (Bethesda, MD, USA) 1.54g software was
used to obtain the average grain size from the SEM images. Additionally, elemental analysis
was carried out using a Bruker (Billerica, MA, USA) EDS (energy dispersive spectroscopy)
system coupled to the microscope. All measurements were taken at a voltage of 25 kV.

2.5. Magnetic Characterization

The magnetic properties of each sample were acquired using a VSM from Cryogenic.
This method allowed the determination of magnetic susceptibility (for temperatures of 5
up to 300 K under a magnetic field of 100 mT) and hysteresis loop (at temperatures of 5
and 300 K using a magnetic field up to 10 T).

Magnetic hyperthermia measurements were carried out to evaluate the heating capac-
ity of each sample when exposed to a magnetic external field. For this, a concentration of
10 mg/mL of each sample was placed under the influence of a magnetic field with an am-
plitude of 300 G (~24 kA /m) and a frequency of 338.4 kHz for 10 min. These measurements
were performed using the nB nanoScale Biomagnetics D5 Series (Zaragoza, Spain). Before
the measurement, each sample was dispersed in 1 mL of ultrapure water and subjected to
an ultrasonic bath.

2.6. Cytotoxicity Analysis

Cytotoxicity assessment followed the methodology employed in the study by Regadas
et al. [31]. Cell viability evaluation was conducted according to the “ISO 10993-5 Biolog-
ical evaluation of medical devices—Part 5: Test for in vitro cytotoxicity” standard [32]
using the human osteosarcoma cell line Saos-2 (from American Type Culture Collection
(ATCC HTB-85)) and the extract method. The cells were seeded in 96-well tissue culture
microplates, with approximately 9 kcells/well placed in 100 puL of the medium, at 37 °C
in an atmosphere containing 5% CO, for 24 h. All samples were previously sterilized at
120 °C for 2 h and then incubated in McCoy medium to obtain the extract with an initial
concentration of 20 mg/mL. The resulting extracts were incubated for 24 h at 37 °C in
an atmosphere containing 5% CO,. After 24 h, the medium that was in contact with the
powder was removed and filtered with a 0.22 pm filter. Then, the culture medium from the
seeded cells was removed and substituted with filtered extracts with sequential dilutions
of 10, 5, and 2.5 mg/mL. For each concentration, 6 replicates were prepared. After 48 h of
contact between the extract and the cells, a solution consisting of a 1:1 mixture of resazurin
and culture medium was added and incubated for 3 h. Living cells metabolize resazurin,
producing resorufin, which has a pink color, while in the absence of cells, resazurin main-
tains a blue color. The absorbance of each well was measured at wavelengths of 570 nm
and 600 nm. This experiment needed two cell controls, a positive and a negative control. In
the positive control, cells were treated with 10% DMSO to promote cell death. The negative
control was based on untreated cells. Cell viability is given by the following expression:

ST o\ OD570,6OOSample
Cellviability (%) = ODs70_e0oNegative control x 100 (1)
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3. Results and Discussion
3.1. Thermal Analysis

The differential thermal (DTA) and thermogravimetric (TG) analyses of the base
powder, conducted from room temperature to 1300 °C, are shown in Figure 2. The TG
curve demonstrates a mass loss of approximately 70%, which occurs in four main stages.
The first loss occurs between 90 and 145 °C (endothermic process) and may be associated
with weakly bound water molecules (hydration). The second event occurs within the
temperature range of 145 to 190 °C (endothermic process) and can be attributed to the mass
loss from strongly bound water molecules (dehydroxylation). The last two mass losses
occur between 190 and 720 °C, which can be attributed to the decomposition of organic
chains from the precursor powder of coconut water [18] and the decomposition of chlorides
from reagents (FeCls-6H,O and FeCl,) [33].

110
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Figure 2. DTA /TG thermograms of the base powder.

An exothermic event without corresponding weight loss may indicate structural
changes, such as the formation of a new crystalline phase [20]. This makes the exothermic
peaks observed around 379, 394, and 709 °C particularly interesting, as they could be
linked to the formation of the desired magnetite phase. At approximately 700 °C, the total
mass loss is achieved (~=70%), so this temperature was established as the limit for the heat
treatments. Accordingly, the selected heat treatment temperatures were 300, 350, 400, and
700 °C.

Taking into account the structural results (Figure 3), namely, the detection of the Fe304
crystal phase, the heat treatment conditions of the most relevant samples are described in
Table 1.

Table 1. Sample names.

Sample Heat Treatment Temperature of Base Powder and Conditions
S0 700 °C, for 4 h; heating rate of 5 °C/min; in normal atmosphere
S1 350 °C, for 48 h; heating rate of 5 °C/min; in argon atmosphere
S2 700 °C, for 4 h; heating rate of 5 °C/min; in argon atmosphere

S3 400 °C, for 4 h; heating rate of 5 °C/min; in argon atmosphere (washed powder)
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Sample S3

*

Sample S2

+ J& A+ TJ\ K+

Sample S1

-+

Intensity [arb. units]

207
Figure 3. X-ray diffractograms of all samples (+ Fe304 monoclinic; * Fe3O4 cubic; V FeCly-4H,O
monoclinic; ° a-Fe,O3; & FeO(OH); & FeCl,- 4H,O unknown).
3.2. Structural Characterization

Figure 3 shows the X-ray diffractograms of the heat-treated samples and Table 2
presents the phase’s composition and their respective weight percentage in each sample.

Table 2. Crystalline phases, crystalline system, and weight percentage (wt%) for the heat-treated
samples. * Due to the high number of phases present in the sample, it was not possible to obtain the
percentage of each phase in this sample.

Sample Crystalline Phase Crystalline System wt%
S0 Fe, O3 Rhombohedral 100%
F63 O4 Cubic
o-Fep, O3 Rhombohedral
S1 FeO(OH) Orthorhombic *
FeCl,-4H,O Monoclinic
FeCl,-4H,O Unknown
S2 Fe3zOy4 Monoclinic 100%
S3 Fe3 O4 Cubic 100%

To synthesize Fe30y, it is necessary to carry out the heat treatment in an inert argon
atmosphere to prevent the oxidation of Fe?* to Fe*. In the presence of oxygen, Fe3Oy tends
to transform into Fe,O3 [29,34,35]. This is evident when comparing samples SO and S2. The
X-ray diffraction pattern of sample SO, which was treated in an oxygen-rich environment,
indicates the presence of «-Fe;O3. In contrast, sample S2, which underwent the same heat
treatment but in an argon atmosphere, displays the formation of the desired crystalline
Fe;04 phase.

As illustrated in Figure 3, all samples treated in an inert atmosphere (S1, S2, and S3)
displayed diffraction peaks indicative of magnetite (Fe304) [36]. In addition to cubic Fe3Oy,
the S1 diffractogram revealed the presence of other crystalline phases. In contrast, samples
52 and S3 demonstrated the formation of pure Fe304, which can be associated with the
exothermic peaks observed at 709 and 379 °C, respectively, in the DTA /TG thermograms
(Figure 2). However, the crystallographic structure of the magnetite differed between the
samples. Sample S2 exhibited a monoclinic FezO4 phase, while sample S3 formed a cubic
Fe3Oy structure.
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An analysis of the diffractograms of samples S1 and S2, in conjunction with the
data presented in Table 2, indicates that chloride compounds undergo sublimation as
temperature increases.

Lastly, the washing process employed on sample S3 resulted in the absence of iron
chlorides in the XRD diffractograms. This outcome indicates that this alternative approach
removes chlorides, enabling the formation of pure magnetite at a lower temperature.
Nevertheless, despite the absence of chlorides in XRD, there is still a possibility that
they may exist in the sample in an amorphous form. Furthermore, sample S3 displayed
reduced crystallinity, as evidenced by broader diffraction peaks. The observed reduction in
crystallinity may be attributed to the washing process, which not only eliminates chlorides
but also removes some iron content.

To better investigate the samples that presented only magnetite (S2 and S3) in their
constitution, Rietveld refinement was performed, as shown in Figure 4. Considering the
parameters obtained, it is possible to conclude that the quality of the refinements is good,

2
since Ryp > Rexp, x> = ( 15:;’; ) is higher than one, and the goodness of fit (GoF) given by
GoF = +/x? is close to one [37].

Rep= 2.223% R,=2.884% R,,= 4.082% GoF= 1.836 Rexp= 1.499% R_=1.706% R,,,=2.634% GoF=1.757
o Observed o Observed
Calculated Calculated
—— Difference P |~ Difference
a | Fes0, (File No. 04-025-0335)- @ | Fe;0; (File No. 04-006-6550)
T H
= S
g £
s, 8
2 2
‘@ ‘@
s o
E g =
i i o T A
| [ [ I [
r SEEA A i N NS i,
T T T T T T T T T T
10 20 30 40 50 60 70 10 20 30 40 50 60 70
209 2007
(a) (b)

Figure 4. Rietveld refinement of the samples (a) S2 and (b) S3 and agreement indexes.

3.3. Morphological Characterization

Moving on to the morphological characterization (Figure 5), an examination of the
SEM images reveals that with the increase in temperature, the grain size also increases. The
average grain size was determined using Image] software, based on 160 measurements
per sample; subsequently, a histogram was plotted according to the Sturges method [38].
The mean grain size was determined using a normal distribution function for samples S2
and S3 while a log-normal distribution function was employed for fitting sample S1. The
calculated mean grain size was 1.2 & 0.9 um for sample S1, 3.4 & 1.5 um for sample S2,
and 0.8 £ 0.2 um for sample S3, respectively. In samples S1 and S3, the presence of grain
coalescence phenomena resulted in a less accurate determination of the average grain size.
All samples exhibited a micrometer range, suggesting that the particles synthesized require
reduction to an ideal size between 10 and 100 nm for potential applications in magnetic
hyperthermia [39,40]. One viable way to achieve this size range is through ball milling,
as performed by B. Costa et al. [30]. However, the process of particle size reduction via
this technique must be carefully managed to address potential limitations, such as the
formation of an amorphous phase. Thus, a detailed examination of the impact of milling
parameters, with a particular focus on milling time and speed, should be conducted to
guarantee an effective reduction in particle size while simultaneously reducing the risk of
undesirable structural changes [30].
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Figure 5. SEM images, size distribution (left figures), and elementary mapping obtained by EDS
(right figures) of sample (a) S1, (b) S2, and (c) S3.

For sample S1, SEM images reveal the existence of different grain habits, due to
the presence of several crystalline phases, as can be seen in the results obtained by XRD
(Figure 3). However, the existence of varied phases combined with the phenomenon of
coalescence makes it difficult to identify the phase corresponding to each type of grain.
In sample S2, it is possible to observe only octahedral grains with different sizes, which
is characteristic of magnetite [41]. Sample S3 presents an irregular shape due to the
agglomeration of the grains [42].
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SEM combined with EDS allowed for an elementary analysis of the samples. The
results acquired are shown in Figure 5 (right micrographs), where the carbon element
resulting from the deposition before this analysis has been excluded. EDS confirmed the
presence of the main elements oxygen (O) and iron (Fe) in all samples. However, in samples
51 and S3, the element chlorine (Cl) was also detected, which may be linked to the iron
chlorides used as raw materials in the sol-gel synthesis method. As evidenced in the XRD
results (Figure 3) in sample S1, the chlorides were detected as a crystalline phase and also
identified by SEM-EDS, while in sample S3 they probably are in an amorphous phase,
being only detected in the elementary analysis (Figure 5), corroborating the results of both
techniques.

All samples exhibited heterogeneous composition, except sample S3. Therefore, ele-
mentary analysis was performed at different points (grains) in each sample. The results are
presented in Table 3.

Table 3. Elementary analysis of samples S1, 52, and S3 obtained by EDS.

Sample S1 S2 S3
Grain Element Atomic Percentage (%at)
O 74.01 68.68 89.53
1 Fe 25.70 31.32 9.82
Cl 0.30 - 0.65
O 45.80 70.30 66.52
2 Fe 50.88 29.79 30.42
Cl 3.33 - 3.05
O 67.85 66.59 85.83
3 Fe 24.52 3341 13.08
Cl 7.63 - 1.09

3.4. Magnetic Characterization
3.4.1. Magnetic Susceptibility

Regarding the magnetic characterization, Figure 6 shows the graphs of magnetic
susceptibility as a function of the temperature of samples 51, S2, and S3. All the samples
exhibit a magnetic transition between 100 and 115 K, which can be attributed to the Verwey
transition [43—45]. Among all the samples, at room temperature, S2 is the one that exhibits
the highest magnetic susceptibility (x = 423 emu.T~'.g~!; H = 1 kOe) due to the pure
magnetite phase in its composition being in accordance with the literature [46].

500

450 Sample S2
. j o = FC

400 ~

350

300 4, -

250

x [emu.T'.g™
S

Sample S1 -

200 - J/ i
150 —

ZFC =

100 +

- FC

50 ZFC
T T T T T T
50 100 150 200 250 300

TIKI]

Figure 6. Magnetic susceptibility as a function of the temperature of samples S1, S2, and S3.
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The blocking temperature (Tg) for each sample is presented in Table 4. This value
corresponds to the maximum of the ZFC (zero-field-cooled) curve [47]. However, it should
be noted that for samples S1 and S2, this value could be masked by the Verwey transition,
with its determination being more difficult.

Table 4. Blocking temperatures of samples S1, S2, and S3.

Sample S1 S2 S3
Tp (K) 133 117 87

3.4.2. Hysteresis Loop

Figure 7 shows the hysteresis curves for samples S1, S2, and S3 at 5 and 300 K and
Table 5 presents the magnetization, coercive field, and remanent magnetization obtained
by analyzing these curves.

5K
&) 5K 1 s . A
2604 S 80 - e
s
3 3 f f
=0 £ 60 -/
- E—— kel
! =404
204
20
100 80 60 40 20 20 40 60 8 100 o
H [KOe] T T T T T T T T T T
40 -100 -80 -60 40 -20 20 40 60 80 O100
£ ases -20 4 H [KOe]
2 20 o
3 % 80
A i, JS——
-40 3 g 60 _-%':ﬁu’“(
2 S a0 A
60 H > 407 o
s I 20y
6 4 2 2 i 6 . L
’“3’; H [KOe] o - = b D] 2 4 6

o
S
y

M [emu/g]
5
!

20

20 40 60 80 100

o

M [emu/g]
3

(0)
Figure 7. Hysteresis loop at 5 K and 300 K for samples (a) S1, (b) S2, and (c) S3.

Among the samples, S2 exhibits the highest magnetization, with a saturation magne-
tization of 76 emu/g under a 7 kOe magnetic field at 300 K. Considering that sample S2
contains 100% of monoclinic Fe3Oy crystalline phase, the saturation magnetization value
obtained is slightly lower than the literature-reported value (Ms bulk = 92 emu/g) [48].
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Table 5. Saturation magnetization, coercive field, and remanent magnetization for samples S1, S2,
and S3 at 5 and 300 k.

T(K) Sample Magnetization at 100 kOe  Coercive Field = Remanent Magnetization

(emu/g) (kOe) (emu/g)
S1 63.45 0.266 5.60
5 S2 83.54 0.032 4.93
S3 51.91 0.544 14.51
S1 37.33 0.051 6.07
300 52 75.88 0.015 0.75
S3 9.70 0.016 2.23

At room temperature, sample S1 displays a lower saturation magnetization (37 emu/g)
than S2. According to the XRD (Figure 3, Table 2), this sample presents other phases besides
the crystalline Fe;04 phase, including FeCl,-4H,0O, FeO(OH), and o-Fe;O3. The saturation
magnetization reported in the literature at 300 K for a-Fe;Oj3 is 0.3 emu/g [49] and for
FeO(OH) is 3.46 emu/g [50]. Hence, the decrease in magnetization can be attributed to the
presence of other phases than magnetite.

Sample S3 also presents only Fe3O4; however, its saturation magnetization (10 emu/g,
300 K) is much lower than sample 52 (76 emu/g, 300 k). The enhanced magnetic properties
of sample S2 can be related to its higher degree of crystallinity found on X-ray diffraction
analysis (Figure 3) [51].

At room temperature, although reduced, magnetic hysteresis is visible in all samples,
suggesting a dominant ferrimagnetic behavior [52]. This behavior is also observed in
sample S2 at 5 K.

3.4.3. Specific Absorption Rate

Magnetic hyperthermia measurements were performed to evaluate the heating capac-
ity of the three samples. The results obtained are shown in Table 6.

Table 6. Results obtained for temperature variation after 650 s and specific absorption rate of samples

S1,S2, and S3.
Sample AT (°C); At=650s SAR (W/g)
S1 20.3 £ 0.7 271 +5.0
S2 145+21 199 +£42
S3 9.57 £1.19 141+£33

The SAR values of these samples are directly related to their ferrimagnetic behavior
observed in the hysteresis loops (Figure 7). The micrometer size of the particles contributes
to the reduced SAR values presented in Table 6, since smaller nanoparticles typically exhibit
higher surface area and enhanced heat dissipation.

According to the data in Table 6, samples S1 and 52 demonstrated the highest thermal
efficiency, while sample S3 showed the worst SAR value. Although sample S3 consists
entirely of magnetite, it also contains an amorphous phase (Figure 3) and displays signs of
grain agglomeration (Figure 5), both of which negatively impact the SAR value [53,54].

As evidenced in SEM results (Figure 5), the nanoparticles produced using this method
need size reduction to be applied in magnetic hyperthermia. Reducing the particle size to
the nanometer scale will impact the SAR value, as smaller particles typically exhibit higher
SAR values, enhancing their heating efficiency [55]. A higher SAR value enables a greater
heating capacity of the nanoparticles, reducing the concentration needed for therapeutic
applications, and thereby minimizing potential side effects in patients [4].
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3.5. Cytotoxicity Analysis

The results of the cell viability tests are shown in Figure 8. Samples that lead to
a relative cell viability above 80% are considered non-cytotoxic and, therefore, can be
considered safe for use in the human body [32]. Thus, the cytotoxicity analysis reveals
that at concentrations below 10 mg/mL, all samples present a non-cytotoxic behavior. At
a concentration of 20 mg/mL, only sample S1 displays cytotoxic behavior. Since cells
are never in contact with the powdered samples, cytotoxicity must arise from either the
dissolution of ions from the iron oxide particles or the capture of ions or other medium
constituents by the iron oxide particles that causes an imbalance in medium osmolality or a
depletion of necessary nutrients that lead to cell death.

I 20 mg/mL
[ 10 mg/mL
[ ]5mg/mL

[ ]2.5mg/mL

140

120

100 4 Bl =

804 - -l -l - - - - |- - - -

60

Relative cell viability (%)

40

20

0 -

S1 S2 S3 C- C+

Figure 8. Relative cell viability for different concentrations of each sample. Cell viability above 80%
indicates that the sample is not cytotoxic (orange dashed line). C-: negative control. C+: positive
control.

In addition to cytotoxicity assays, it would be interesting in future work to study
oxidative stress, since these particles, due to their iron content, are capable of participating
in the Fenton reaction, which generates reactive oxygen species (ROS) that induce oxidative
damage in tumor cells. The combination of these mechanisms with their heat capacity
produces a synergistic effect in cancer treatment [56].

4. Conclusions

This study aimed to synthesize magnetite nanoparticles for potential applications
in magnetic hyperthermia through a sustainable coconut water-assisted sol-gel method.
The pure phase of magnetite was successfully obtained in the samples treated at 700 and
400 °C (washed powder) for 4 h under an atmosphere of argon. The washing process before
the heat treatment removes chlorides and nutrients from the coconut water precursor,
facilitating the formation of magnetite at a lower temperature. This process reduces energy
consumption, making it a more efficient method for obtaining magnetite. All synthesized
samples exhibited micrometer-scale sizes, resulting in ferrimagnetic behavior characteristics
of magnetite above the critical size. The saturation magnetization values were 37.33 (350 °C,
48 h), 75.88 (700 °C, 4 h), and 9.70 (washed powder, 400 °C, for 4 h) emu/g at 300 K and the
respective SAR values were 27.1,19.9, and 14.1 W/g. Regarding cytotoxicity, the samples
appear non-toxic at concentrations below 10 mg/mL.

Despite the interesting results, the high particle size obtained through this approach
makes these particles unsuitable for magnetic hyperthermia applications. Thus, in the
future, the particle size must be reduced, for example, through ball milling, to minimize
the risk of obstructing blood vessels. Furthermore, more in vitro tests are essential to
evaluate their therapeutic potential. These tests should include stability studies in phys-
iological environments, assessments of ROS generation, and experiments on cancer cell
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lines to determine their cytotoxicity and efficacy. Following these preliminary evaluations,
in vivo studies using animal models will be necessary to further validate their safety and
effectiveness.

Author Contributions: Conceptualization, M.P.F.G. and S.S.T.; formal analysis, J.J., ].C., AP, CH,,
PIPS., M.A.V, M.PEG. and S.S.T,; investigation, ].J., J.R., J.C., B.C,, S.G., A.P, CH., PLPS., M.PEG.
and S.S.T.; methodology, ].J., M.PEG. and S.S.T.; supervision, M.PEG. and S.S.T.; validation, S.G.,
C.H., PILPS., M.PEG. and S.S.T.; writing—original draft, J.].; writing—review and editing, J.J., B.C.,
JR,]J.C,S.G, AP, CH, PLPS,M.A.V, MPEG. and S.S.T. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by national funds (OE) through the FCT—Fundagao para a
Ciéncia e a Tecnologia, I.P., within the scope of the framework contract foreseen in the numbers 4, 5,
and 6 of the article 23, of the Decree-Law 57/2016, of 29 August, changed by Law 57/2017, of 19 July.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Acknowledgments: The authors acknowledge the support of FCT-Fundacao para a Ciéncia e a Tecnolo-
gia, LP.,, within the scope of the projects LA /P /0037 /2020, UIDP/50025/2020, and UIDB/50025 /2020
of the Associate Laboratory Institute of Nanostructures, Nanomodelling and Nanofabrication-i3N.
A. Sofia Padua and ]J.P. Carvalho acknowledge the FCT—Portuguese Foundation for Science and
Technology for PhD grants (UI/DB/151287 /2021 and 2024.00842.BD, respectively).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

Vassallo, M.; Martella, D.; Barrera, G.; Celegato, F.; Coisson, M.; Ferrero, R.; Olivetti, E.S.; Troia, A.; Sozeri, H.; Parmeggiani, C.;
et al. Improvement of Hyperthermia Properties of Iron Oxide Nanoparticles by Surface Coating. ACS Omega 2023, 8, 2143-2154.
[CrossRef] [PubMed]

Liu, X.; Zhang, Y.; Wang, Y;; Zhu, W,; Li, G.; Ma, X,; Zhang, Y.; Chen, S.; Tiwari, S.; Shi, K.; et al. Comprehensive Understanding of
Magnetic Hyperthermia for Improving Antitumor Therapeutic Efficacy. Theranostics 2020, 10, 3793-3815. [CrossRef] [PubMed]
Alromi, D.A.; Madani, S.Y,; Seifalian, A. Emerging Application of Magnetic Nanoparticles for Diagnosis and Treatment of Cancer.
Polymers 2021, 13, 4146. [CrossRef] [PubMed]

da Silva, FA.S.; de Campos, M.E. Study of Heating Curves Generated by Magnetite Nanoparticles Aiming Application in
Magnetic Hyperthermia. Braz. ]. Chem. Eng. 2020, 37, 543-553. [CrossRef]

Soares, P1.P.; Romao, J.; Matos, R;; Silva, ].C.; Borges, ].P. Design and Engineering of Magneto-Responsive Devices for Cancer
Theranostics: Nano to Macro Perspective. Prog. Mater. Sci. 2021, 116, 100742. [CrossRef]

Samrot, A.V.; Sahithya, C.S.; Selvarani, A.J.; Purayil, S.K.; Ponnaiah, P. A Review on Synthesis, Characterization and Potential
Biological Applications of Superparamagnetic Iron Oxide Nanoparticles. Curr. Res. Green Sustain. Chem. 2021, 4, 100042.
[CrossRef]

Flores-Urquizo, I.A.; Garcia-Casillas, P.; Chapa-Gonzalez, C. Desarrollo de Nanoparticulas Magnéticas Fe+32 X+2104 (X= Fe, Co
y Ni) Recubiertas Con Amino Silano. Rev. Mex. Ing. Biomed. 2017, 38, 402—411. [CrossRef]

Urquizo, I.A.F,; Garcia, T.C.H.; Loredo, S.L.; Galindo, ].T.E.; Casillas, PE.G.; Barron, J.C.S.; Gonzalez, C.C. Effect of Aminosilane
Nanoparticle Coating on Structural and Magnetic Properties and Cell Viability in Human Cancer Cell Lines. Part. Part. Syst.
Charact. 2022, 39, 2200106. [CrossRef]

Chapa Gonzalez, C.; Navarro Arriaga, J.U.; Garcia Casillas, P.E. Physicochemical Properties of Chitosan-Magnetite Nanocompos-
ites Obtained with Different PH. Polym. Polym. Compos. 2021, 29, S1009-51016. [CrossRef]

Kayani, Z.N.; Arshad, S.; Riaz, S.; Naseem, S. Synthesis of Iron Oxide Nanoparticles by Sol-Gel Technique and Their Characteriza-
tion. IEEE Trans. Magn. 2014, 50, 2313763. [CrossRef]

Xu, J.; Yang, H.; Fu, W,; Du, K; Sui, Y,; Chen, J.; Zeng, Y.; Li, M.; Zou, G. Preparation and Magnetic Properties of Magnetite
Nanoparticles by Sol-Gel Method. J. Magn. Magn. Mater. 2007, 309, 307-311. [CrossRef]

Benali, A.; Bejar, M.; Dhahri, E.; Sajieddine, M.; Graga, M.P.F; Valente, M.A. Magnetic, Raman and Mo&ssbauer Properties of
Double-Doping LaFeO3 Perovskite Oxides. Mater. Chem. Phys. 2015, 149-150, 467-472. [CrossRef]

Angermann, A.; Topfer, J. Synthesis of Magnetite Nanoparticles by Thermal Decomposition of Ferrous Oxalate Dihydrate. J.
Mater. Sci. 2008, 43, 5123-5130. [CrossRef]


https://doi.org/10.1021/acsomega.2c06244
https://www.ncbi.nlm.nih.gov/pubmed/36687092
https://doi.org/10.7150/thno.40805
https://www.ncbi.nlm.nih.gov/pubmed/32206123
https://doi.org/10.3390/polym13234146
https://www.ncbi.nlm.nih.gov/pubmed/34883649
https://doi.org/10.1007/s43153-020-00063-5
https://doi.org/10.1016/j.pmatsci.2020.100742
https://doi.org/10.1016/j.crgsc.2020.100042
https://doi.org/10.17488/RMIB.38.1.36
https://doi.org/10.1002/ppsc.202200106
https://doi.org/10.1177/09673911211038461
https://doi.org/10.1109/TMAG.2014.2313763
https://doi.org/10.1016/j.jmmm.2006.07.037
https://doi.org/10.1016/j.matchemphys.2014.10.047
https://doi.org/10.1007/s10853-008-2738-3

Pharmaceutics 2024, 16, 1578 14 of 15

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

Fotukian, S.M.; Barati, A.; Soleymani, M.; Alizadeh, A.M. Solvothermal Synthesis of CuFe204 and Fe304 Nanoparticles with
High Heating Efficiency for Magnetic Hyperthermia Application. J. Alloys Compd. 2020, 816, 152548. [CrossRef]

Daou, T.J.; Pourroy, G.; Bégin-Colin, S.; Greneche, ].M.; Ulhag-Bouillet, C.; Legaré, P.; Bernhardt, P.; Leuvrey, C.; Rogez, G.
Hydrothermal Synthesis of Monodisperse Magnetite Nanoparticles. Chem. Mater. 2006, 18, 4399—-4404. [CrossRef]

Da Silva, S.W.; Nakagomi, F; Silva, M.S.; Franco, A.; Garg, V.K,; Oliveira, A.C.; Morais, P.C. Raman Study of Cations’ Distribution
in ZnxMg 12xFe,O4 Nanoparticles. J. Nanopart. Res. 2012, 14, 1-10. [CrossRef]

Jagadeesha Angadi, V.; Manjunatha, K.; Praveena, K.; Pattar, V.K.; Jeevan Fernandes, B.; Manjunatha, S.0.; Husain, J.; Angadi,
S.V.; Horakeri, L.D.; Ramesh, K.P. Magnetic Properties of Larger Ionic Radii Samarium and Gadalonium Doped Manganese Zinc
Ferrite Nanoparticles Prepared by Solution Combustion Method. J. Magn. Magn. Mater. 2021, 529, 167899. [CrossRef]
Sopousek, J.; Pinkas, J.; Bursik, J.; Svoboda, M.; Krasensky, P. Continuous Flow Synthesis of Iron Oxide Nanoparticles Using
Water-in-Oil Microemulsion. Colloid |. 2020, 82, 727-734. [CrossRef]

Vidal-Vidal, J.; Rivas, J.; Lopez-Quintela, M.A. Synthesis of Monodisperse Maghemite Nanoparticles by the Microemulsion
Method. Colloids Surf. A Physicochem. Eng. Asp. 2006, 288, 44-51. [CrossRef]

Teixeira, S.S.; Graga, M.PE; Lucas, J.; Valente, M.A.; Soares, PLP.; Lanca, M.C.; Vieira, T.; Silva, J.C.; Borges, J.P.; Jinga, L.I;
et al. Nanostructured LiFe;Og by a Biogenic Method for Applications from Electronics to Medicine. Nanomaterials 2021, 11, 193.
[CrossRef]

Gomes, M.D.A.; Magalhaes, L.G.; Paschoal, A.R.; Macedo, Z.S.; Lima, AS,; Eguiluz, K.IB.; Salazar-Banda, G.R. An Eco-Friendly
Method of BaTiO3 Nanoparticle Synthesis Using Coconut Water. J. Nanomater. 2018, 2018, 5167182. [CrossRef]

Manali, I.E; Rodrigues, L.C.V,; Braga, A.H.; Galante, D.; Teixeira, V.C. Structural and Optical Properties of Europium- and
Titanium-Doped Y,0O3 Nanoparticles. Luminescence 2020, 35, 456—465. [CrossRef] [PubMed]

Muniz, E.P; Proveti, ].R.C.; Pereira, R.D.; Segatto, B.; Porto, P.S.S.; Nascimento, V.P.,; Schettino, M.A.; Passamani, E.C. Influence
of Heat-Treatment Environment on Ni-Ferrite Nanoparticle Formation from Coconut Water Precursor. J. Mater. Sci. 2013, 48,
1543-1554. [CrossRef]

Laia, A.S.; Gomes, M.A ; Brandao-Silva, A.C.; Xing, Y.; Maciel, G.S.; Macedo, Z.S.; Valerio, M.E.G.; Rodrigues, ].J.; Alencar,
M.A.R.C. Nd3* Doped Y,03; Micro- and Nanoparticles: A Comparative Study on Temperature Sensing and Optical Heating
Performance within the 1st Biological Window. Opt. Mater. 2023, 142, 114126. [CrossRef]

Gomes, M.A.; Brandao-Silva, A.C.; Avila, ] EM.; Alencar, M.A.R.C.; Rodrigues, ].].; Macedo, Z.S. Particle Size Effect on Structural
and Optical Properties of Y,05:Nd3* Nanoparticles Prepared by Coconut Water-Assisted Sol-Gel Route. J. Lumin. 2018, 200,
43-49. [CrossRef]

Silva, M.N.B.; Duque, ].G.D.S.; Gouveia, D.X,; De Paiva, ].A.C.; Macedo, M.A. Novel Route for the Preparation of Nanosized
NiFe,O4 Powders. J. Appl. Phys. 2004, 43, 5249-5252. [CrossRef]

de Paiva, ].A.C.; Graga, M.P.E,; Monteiro, J.; Macedo, M.A.; Valente, M.A. Spectroscopy Studies of NiFe,O4 Nanosized Powders
Obtained Using Coconut Water. J. Alloys Compd. 2009, 485, 637-641. [CrossRef]

Lucas, ].M.E; Soreto Teixeira, S.; Gavinho, S.R.; Prezas, P.R.; Silva, C.C.; Sales, A.].M.; Valente, M.A.; Almeida, A.E; Freire, EN.;
Salgueiro, C.C.M.; et al. Niobium Oxide Prepared by Sol-Gel Using Powder Coconut Water. ]. Mater. Sci. Mater. Electron. 2019, 30,
11346-11353. [CrossRef]

Cardoso, V.E; Francesko, A.; Ribeiro, C.; Bafiobre-Lépez, M.; Martins, P.; Lanceros-Mendez, S. Advances in Magnetic Nanoparti-
cles for Biomedical Applications. Adv. Healthc. Mater. 2018, 7, 1700845. [CrossRef]

Costa, B.; Carvalho, J.; Gavinho, S.; Vieira, T.; Silva, ]J.C.; Soares, PL.P; Valente, M.A.; Soreto, S.; Graga, M. Preparation and
Characterization of Zinc Ferrite and Gadolinium Iron Garnet Composite for Biomagnetic Applications. Materials 2024, 17, 2949.
[CrossRef]

Regadas, ].S.; Gavinho, S.R.; Teixeira, S.S.; de Jesus, ].V.; Padua, A.S.; Silva, ].C.; Devesa, S.; Graga, M.PF. Influence of the Particle
Size on the Electrical, Magnetic and Biological Properties of the Bioglass® Containing Iron Oxide. Magnetochemistry 2023, 9, 209.
[CrossRef]

ISO Standard 10993-5; Biological Evaluation of Medical Devices. Tests for In Vitro Cytotoxicity. International Organization for
Standardization: Geneva, Switzerland, 2009.

Miiller, M.; Villalba, J.C.; Anaissi, F.J. Decomposicao Térmica (TG-DTA) de Sais de Ferro [FeCl3.6H20O] e [Fe(NO3)3.9H20] Com
Anélise Morfologica e Quimica Do Produto Final. Semin. Ciéncias Exatas E Tecnologicas 2014, 35, 9. [CrossRef]

Nogta, O.A.; Aziz, A.A.; Usman, I.A.; Bououdina, M. Recent Advances in Iron Oxide Nanoparticles (IONPs): Synthesis and
Surface Modification for Biomedical Applications. . Supercond. Nov. Magn. 2019, 32, 779-795. [CrossRef]

Dadfar, S.M.; Roemhild, K.; Drude, N.L; von Stillfried, S.; Kniichel, R.; Kiessling, F; Lammers, T. Iron Oxide Nanoparticles:
Diagnostic, Therapeutic and Theranostic Applications. Adv. Drug Deliv. Rev. 2019, 138, 302-325. [CrossRef] [PubMed]

El Ghandoor, H.; Zidan, H.M.; Khalil, M.M.H.; Ismail, M.LM. Synthesis and Some Physical Properties of Magnetite (Fe3O4)
Nanoparticles. Int. J. Electrochem. Sci. 2012, 7, 5734-5745. [CrossRef]

Toby, B.H. R Factors in Rietveld Analysis: How Good Is Good Enough? Powder Diffr. 2006, 21, 67-70. [CrossRef]

Aragoén, EH.; Coaquira, J.A.H.; Villegas-Lelovsky, L.; Da Silva, S.W.; Cesar, D.F,; Nagamine, L.C.C.M.; Cohen, R.; Menéndez-
Proupin, E.; Morais, P.C. Evolution of the Doping Regimes in the Al-Doped SnO, Nanoparticles Prepared by a Polymer Precursor
Method. J. Phys. Condens. Matter 2015, 27, 095301. [CrossRef]


https://doi.org/10.1016/j.jallcom.2019.152548
https://doi.org/10.1021/cm060805r
https://doi.org/10.1007/s11051-012-0798-4
https://doi.org/10.1016/j.jmmm.2021.167899
https://doi.org/10.1134/S1061933X20060174
https://doi.org/10.1016/j.colsurfa.2006.04.027
https://doi.org/10.3390/nano11010193
https://doi.org/10.1155/2018/5167182
https://doi.org/10.1002/bio.3747
https://www.ncbi.nlm.nih.gov/pubmed/31851421
https://doi.org/10.1007/s10853-012-6910-4
https://doi.org/10.1016/j.optmat.2023.114126
https://doi.org/10.1016/j.jlumin.2018.04.004
https://doi.org/10.1143/JJAP.43.5249
https://doi.org/10.1016/j.jallcom.2009.06.052
https://doi.org/10.1007/s10854-019-01482-y
https://doi.org/10.1002/adhm.201700845
https://doi.org/10.3390/ma17122949
https://doi.org/10.3390/magnetochemistry9090209
https://doi.org/10.5433/1679-0375.2014v35n1p9
https://doi.org/10.1007/s10948-018-4939-6
https://doi.org/10.1016/j.addr.2019.01.005
https://www.ncbi.nlm.nih.gov/pubmed/30639256
https://doi.org/10.1016/S1452-3981(23)19655-6
https://doi.org/10.1154/1.2179804
https://doi.org/10.1088/0953-8984/27/9/095301

Pharmaceutics 2024, 16, 1578 15 of 15

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Chang, D.; Lim, M.; Goos, ].A.C.M.; Qiao, R.; Ng, Y.Y.; Mansfeld, EM.; Jackson, M.; Davis, T.P.; Kavallaris, M. Biologically
Targeted Magnetic Hyperthermia: Potential and Limitations. Front. Pharmacol. 2018, 9, 831. [CrossRef]

Wei, Y; Quan, L.; Zhou, C.; Zhan, Q. Factors Relating to the Biodistribution & Clearance of Nanoparticles & Their Effects on in
Vivo Application. Nanomedicine 2018, 13, 1495-1512. [CrossRef]

Torres-Gémez, N.; Nava, O.; Argueta-Figueroa, L.; Garcia-Contreras, R.; Baeza-Barrera, A.; Vilchis-Nestor, A.R. Shape Tuning
of Magnetite Nanoparticles Obtained by Hydrothermal Synthesis: Effect of Temperature. |. Nanomater. 2019, 2019, 7921273.
[CrossRef]

Takai, Z.; Mustafa, M.K.; Asman, S.; Takai, Z.I.; Mustafa, M.K,; Sekak, K.A. Preparation and Characterization of Magnetite (Fe304)
Nanoparticles By Sol-Gel Method. Int. |. Nanoelectron. Mater. 2019, 12, 37-46.

Bohra, M.; Agarwal, N.; Singh, V. A Short Review on Verwey Transition in Nanostructured Fe3O4 Materials. ]. Nanomater. 2019,
2019, 8457383. [CrossRef]

Kuzikova, A.V,; Shelukhin, L.A.; Maksimov, EM.; Chernov, A.L; Pisarev, R.V.; Kalashnikova, A.M. Laser-Driven First-Order Spin
Reorientation and Verwey Phase Transitions in the Magnetite Fe304 beyond the Range of Thermodynamic Equilibrium. Phys.
Rev. B 2023, 107, 024413. [CrossRef]

Hu, P; Chang, T.; Chen, W.]J.; Deng, J.; Li, S.L.; Zuo, Y.G.; Kang, L.; Yang, F.; Hostetter, M.; Volinsky, A.A. Temperature Effects on
Magnetic Properties of Fe304 Nanoparticles Synthesized by the Sol-Gel Explosion-Assisted Method. J. Alloys Compd. 2019, 773,
605-611. [CrossRef]

Rajan, A.; Sharma, M.; Sahu, N.K. Assessing Magnetic and Inductive Thermal Properties of Various Surfactants Functionalised
Fe304 Nanoparticles for Hyperthermia. Sci. Rep. 2020, 10, 15045. [CrossRef]

Lee, K; Jang, ].T.; Nakano, H.; Nakagawa, S.; Paek, S.H.; Bae, S. External Magnetic Field Dependent Shift of Superparamagnetic
Blocking Temperature Due to Core/Surface Disordered Spin Interactions. Nanotechnology 2017, 28, 075710. [CrossRef]

Abbas, M.; Parvatheeswara Rao, B.; Naga, S.M.; Takahashi, M.; Kim, C. Synthesis of High Magnetization Hydrophilic Magnetite
(Fe304) Nanoparticles in Single Reaction—Surfactantless Polyol Process. Ceram. Int. 2013, 39, 7605-7611. [CrossRef]

Araujo, R.N.; Nascimento, E.P.; Raimundo, R.A.; Macedo, D.A.; Mastelaro, V.R.; Neves, G.A.; Morales, M.A.; Menezes, R.R.
Hybrid Hematite /Calcium Ferrite Fibers by Solution Blow Spinning: Microstructural, Optical and Magnetic Characterization.
Ceram. Int. 2021, 47, 33363-33372. [CrossRef]

Tadic, M.; Panjan, M.; Lalatone, Y.; Milosevic, I.; Tadic, B.V.; Lazovic, ]. Magnetic Properties, Phase Evolution, Hollow Structure
and Biomedical Application of Hematite (x-Fe;O3) and QUAIPH. Adv. Powder Technol. 2022, 33, 103847. [CrossRef]

Nguyen, M.D.; Tran, H.V,; Xu, S.; Lee, T.R. Fe304 Nanoparticles: Structures, Synthesis, Magnetic Properties, Surface Functional-
ization, and Emerging Applications. Appl. Sci. 2021, 11, 11301. [CrossRef]

Masrour, R.; Hlil, E.K.; Hamedoun, M.; Benyoussef, A.; Mounkachi, O.; El Moussaoui, H. Electronic and Magnetic Structures of
Fe304 Ferrimagnetic Investigated by First Principle, Mean Field and Series Expansions Calculations. ]. Magn. Magn. Mater. 2015,
378, 37-40. [CrossRef]

Usov, N.A.; Gubanova, E.M.; Wei, Z.H. Specific Absorption Rate of Assembly of Magnetic Nanoparticles with Uniaxial Anisotropy.
J. Phys. Conf. Ser. 2020, 1439, 012044. [CrossRef]

Gutiérrez, L.; De La Cueva, L.; Moros, M.; Mazario, E.; De Bernardo, S.; De La Fuente, ].M.; Morales, M.P; Salas, G. Aggregation
Effects on the Magnetic Properties of Iron Oxide Colloids. Nanotechnology 2019, 30, 112001. [CrossRef] [PubMed]

Carvalho, ]J.P.F,; Vieira, T.; Silva, J.C.; Soares, P1.P; Ferreira, N.M.; Amorim, C.O.; Teixeira, S.S.; Graga, M.P.F. Potassium Ferrite for
Biomedical Applications. Materials 2023, 16, 3880. [CrossRef]

Ma, X.; Wang, Y.; Liu, X.L.; Ma, H,; Li, G.; Li, Y;; Gao, E; Peng, M.; Fan, H.M,; Liang, X.J. Fe304-Pd Janus Nanoparticles with
Amplified Dual-Mode Hyperthermia and Enhanced ROS Generation for Breast Cancer Treatment. Nanoscale Horiz. 2019, 4,
1450-1459. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fphar.2018.00831
https://doi.org/10.2217/nnm-2018-0040
https://doi.org/10.1155/2019/7921273
https://doi.org/10.1155/2019/8457383
https://doi.org/10.1103/PhysRevB.107.024413
https://doi.org/10.1016/j.jallcom.2018.09.238
https://doi.org/10.1038/s41598-020-71703-6
https://doi.org/10.1088/1361-6528/aa5190
https://doi.org/10.1016/j.ceramint.2013.03.015
https://doi.org/10.1016/j.ceramint.2021.08.239
https://doi.org/10.1016/j.apt.2022.103847
https://doi.org/10.3390/app112311301
https://doi.org/10.1016/j.jmmm.2014.10.135
https://doi.org/10.1088/1742-6596/1439/1/012044
https://doi.org/10.1088/1361-6528/aafbff
https://www.ncbi.nlm.nih.gov/pubmed/30609414
https://doi.org/10.3390/ma16103880
https://doi.org/10.1039/C9NH00233B

	Introduction 
	Materials and Methods 
	Preparation of Fe3O4 Powders 
	Thermal Characterization 
	Structural Characterization 
	Morphological Characterization 
	Magnetic Characterization 
	Cytotoxicity Analysis 

	Results and Discussion 
	Thermal Analysis 
	Structural Characterization 
	Morphological Characterization 
	Magnetic Characterization 
	Magnetic Susceptibility 
	Hysteresis Loop 
	Specific Absorption Rate 

	Cytotoxicity Analysis 

	Conclusions 
	References

