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Abstract: The article presents the results of evaluating the applicability of various types of iron-
containing nanoparticles in magnetic hyperthermia, as well as determining the degradation resistance
of nanoparticles. The objects of study were iron-containing nanoparticles obtained by chemical pre-
cipitation and subsequent modification with gold, gadolinium, and neodymium. The main methods
for studying the properties of the synthesized nanoparticles were transmission electron microscopy,
X-ray phase analysis, and Md&ssbauer spectroscopy. Evaluation of the efficiency of the use of the
synthesized nanoparticles in magnetic hyperthermia showed that Fe30,@GdFeO3 nanoparticles, for
which the specific absorption rate was more than 120 W/g, have the highest efficiency. An assessment
of the resistance of the synthesized nanoparticles to corrosion in water at different temperatures
showed that Fe,O3@NdFeO3; and Fe;0,@GdFeO3; nanoparticles have the highest resistance to degra-
dation. It has been established that in the case of the initial Fe304 nanoparticles, the degradation
processes are accompanied by partial destruction of the particles, followed by amorphization and
destruction, while for Fe,O3@NdFeO3; and Fe;0,@GdFeO3; nanoparticles, the degradation processes
proceed much more slowly, due to the presence of interfacial boundaries, which slow down the
corrosion processes. The obtained results of corrosion tests in aqueous media make it possible to
predict the area and time frame of applicability of iron-containing nanoparticles when using them in
the biomedical direction, as well as to determine storage conditions.

Keywords: iron-containing nanoparticles; magnetic hyperthermia; magnetic structures; degradation
rate; core-shell

1. Introduction

As is known, the active study of the effectiveness of the use of magnetic nanoparticles
in hyperthermia has been carried out over the past few years, and interest in these studies
is due to the unique properties of nanostructures, which make it possible to reduce the
exposure time, while heating occurs due to losses of nanoparticles from magnetorelax-
ation [1-3]. Interest in this area is also due to the fact that magnetic nanoparticles are able
to convert electromagnetic energy into thermal energy in a fairly local area, which can be
used to destroy cancer cells or various pathogens [4,5]. As a rule, in the case of magnetic
hyperthermia, heating as a result of the transformation of electromagnetic energy into
thermal energy can occur due to the effects of induction from an applied alternating pulsed
field, as a result of frictional heating caused by the interaction of nanoparticles with the
environment, or by relaxation losses of nanoparticles when exposed to an electromagnetic
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field [6,7]. In the case of magnetic nanoparticles, due to their small size, such effects are
very effective and also have a pronounced dependence on the structural properties of
nanoparticles and their phase composition, which varies with changing conditions for
obtaining or further modifying nanostructures [8-10].

Despite large prospects for the use of nanoparticles in magnetic hyperthermia, as well
as its use for the treatment of cancerous tumors or the destruction of pathogens, there
are still a number of unresolved issues and a large number of gaps in this direction. One
of these important issues is the selection of optimal nanostructures that are both highly
resistant to external influences, including corrosion when in aggressive or aqueous media,
and have high absorption capacity and heat release, which are very important indicators in
magnetic hyperthermia [11-13]. In this direction, iron-containing nanoparticles modified in
various ways have great prospects, which lie in the possibility of increasing the efficiency
of their use in hyperthermia. For example, it was shown in [14] that the formation of
nanoparticles of the CuFe, Oy type leads to an increase in the specific absorption rate (SAR)
by a factor of 1.5-2 compared to Fe3O4 nanoparticles. Similar effects were established
in [15], where it was shown that the formation of magnetic Cobalt ferrite nanoparticles
with a reverse spinel structure leads to an increase in the efficiency of their use in magnetic
hyperthermia. In this regard, in the last few years, much attention has been paid to works
devoted to various studies related to the search for optimal types of nanoparticles, as well
as the evaluation of the effectiveness of their use in magnetic hyperthermia [16-18].

The main purpose of this work is to study the effectiveness of various modifications of
iron-containing nanoparticles when using them in magnetic hyperthermia. The relevance
of this work consists in determining the possibilities of using the proposed methods for
obtaining nanoparticles (two-stage method) to create the most effective types of nanoparti-
cles for magnetic hyperthermia. The choice of chemical precipitation as the main method
for obtaining iron oxide nanoparticles makes it possible to obtain a sufficient amount of
the base material for nanoparticles, which can be modified by various modification meth-
ods (coprecipitation or mechanochemical synthesis) and impart new properties to them,
making it possible to expand the range of their application in biomedicine. The use of the
proposed modification methods will make it possible to scale this technology for industrial
production, and the results of experiments to determine the resistance to degradation in
aqueous solutions will make it possible to determine the storage and operation conditions
of nanoparticles. The novelty of this study consists in the preparation of new types of
magnetic nanoparticles using a combination of chemical precipitation and mechanochem-
ical synthesis methods, as well as a comprehensive study of their physicochemical and
magnetic properties and an assessment of the prospects for application in biomedicine, in
particular in magnetic hyperthermia. The choice of modification options, including the
creation of structures of the “core-shell” type or doped with Gd, Nd, with the possibility
of obtaining structures of complex oxides, is due to a change in their structural and mag-
netic properties, which can have a significant effect on the stability of materials during
prolonged exposure or being in aqueous solutions, as well as the efficiency of heating and
heat transfer. An important part of the work is the description of the results of experimental
studies related to the determination of the stability of nanoparticles when tested in aqueous
solutions. These experimental works will make it possible to determine the resistance of
nanoparticles to corrosion and degradation, as well as to establish their scope and time
frame of applicability.

2. Experimental Part
2.1. Materials

For the synthesis of iron-containing nanoparticles, as well as their modification by
chemical coprecipitation of the gold shell and mechanochemical synthesis, the following
chemical reagents were used: FeCl3 x 6H,0O, Na;SO3, AuCls, Nd;O3 GA(NO3); x 6(H0).
The chemical purity of these compounds was 99.95%; all reagents were purchased from
Sigma Aldrich (St. Loius, MO, USA).
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2.2. Objects of Study

Five types of nanoparticles were chosen as objects of study: (1) initial Fe;O, nanopar-
ticles (S0); (2) Fe3O4 nanoparticles annealed at 600 °C, which are characterized by the
hematite (S1) phase; (3) nanoparticles representing Fe3O4 nanoparticles coated with gold
and annealed at a temperature of 600 °C (52); (4) Fe3O4 nanoparticles doped with
Gd(NO3); x 6(H0) using the mechanochemical mixing method and subsequently an-
nealed at a temperature of 600 °C for 5 h (S3); (5) Fe304 nanoparticles doped with Nd,O3
using the mechanochemical mixing method and subsequently annealed at a temperature
of 600 °C (54).

All samples for these studies were obtained at the Laboratory of Engineering Profile
of the L.N. Gumilyov Eurasian National University (ENU, Astana, Kazakhstan). These
samples were synthesized using the standard technique of chemical precipitation of iron-
containing nanoparticles with subsequent modification of the obtained nanoparticles in
various ways.

The initial nanoparticles were obtained by dissolving 3.25 g of FeCl; x 6H,0O in 100 mL
of water with the addition of 5 mL of Nay;SOj3 (5%). The resulting mixture was mixed with
20 mL of ammonia in an argon environment and then heated at 70 °C for 30 min. After that,
the resulting mixture was heated to 90 °C with the addition of citric acid for 90 min. After
washing, the resulting precipitate of iron-containing nanoparticles was placed in sealed
containers in order to avoid oxidation processes in air and to initiate corrosion processes.

Chemical coprecipitation for coating iron-containing nanoparticles with a gold shell, as
well as the method of mechanochemical synthesis for creating iron-containing nanoparticles
of neodymium and gadolinium compounds, were chosen as modification methods.

Mechanochemical mixing of samples S3 and S4 was carried out using a planetary mill
PULVERISETTE 6 classic line (Fritsch, Berlin, Germany). Mixing was carried out in a glass
of tungsten carbide in the ratio of grinding media and mass of the sample 3:1, grinding
speed was 400 rpm, grinding time 1 h.

All samples after synthesis and subsequent modification using the method of coprecip-
itation or mechanochemical synthesis were annealed in a muffle furnace at a temperature of
600 °C for 5 h, followed by cooling the samples together with the furnace for 24 h. Thermal
annealing was used to form structurally ordered nanoparticles in the form of two-phase
composites.

The choice of an annealing temperature of 600 °C for the samples under study is
due to previous studies [11] aimed at studying the processes of phase transformations in
iron oxide depending on the annealing temperature. According to the studies carried out
in [11], it was found that with an increase in the annealing temperature above 400 °C, a
phase transformation of the Fe;0;—magnetite — Fe,O3—hematite type was observed,
followed by the formation of structurally ordered particles, the average size of which
had a pronounced dependence on the annealing temperature (at high temperatures, the
formation of large agglomerates of particles larger than 100-150 nm was observed). At
the same time, according to the data of Mossbauer spectroscopy presented in [11], with
an increase in the annealing temperature above 600 °C, the magnetic ordering degree
practically did not change, which indicated that the processes of structural and magnetic
ordering at these temperatures reach their limit, and a subsequent increase in the annealing
temperature does not lead to serious changes associated with ordering. At the same time,
an increase in the annealing temperature above 600 °C led to particles sticking together
with the subsequent formation of large agglomerates, which is unacceptable in the practical
application of nanoparticles, in particular in biomedical applications, in which the size of
objects is very important.

2.3. Characterization

Determination of the phase composition of the studied samples of nanoparticles,
depending on the type of modification, was carried out using X-ray diffraction methods,
implemented on a D8 Advance Eco powder diffractometer (Bruker, Berlin, Germany) and
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MiniFlex 600 (Rigaku Corporation, Tokyo, Japan) diffractometer. The diffraction patterns
were taken in the Bragg—Brentano geometry, in the angular range 26 = 20-80°, scanning
speed 1 sec per point, and scanning step 26 = 0.03°; the parameters were refined using the
DiffracEVA v.4.2 software.

Morphological studies were carried out using transmission electron microscopy, im-
plemented using a Jeol JEM-1400Plus microscope (Jeol, Tokyo, Japan).

Determination of the size of nanoparticles using the laser diffraction method was
carried out using an Analysette 22 instrument (Fritsch, Germany).

Mbossbauer studies applicable to the determination of hyperfine magnetic parameters
of the synthesized nanoparticles were carried out at room temperature using an MS51104m
Mossbauer spectrometer, where Co0% in an Rh matrix was used as a source. The obtained
Mossbauer spectra were analyzed using the SpectrRelax software.

2.4. Hyperthermia Research

Study of the modification effect of Fe3O4 nanoparticles in various ways on the heat-
ing rate and change in the specific absorption rate was carried out using an SPG-10AB-II
variable-frequency induction heater manufactured by Shuangping Power Supply Technolo-
gies Company Ltd., (Shanghai, China).

Experimental conditions: current value 20 A, alternating magnetic field with an
amplitude of 210 Oe and a frequency of 320 kHz. The heating of the flask with the test
solution was carried out using a copper spiral with a diameter of 6 cm, consisting of 4 turns.
The magnetic field strength was calculated based on the geometry of the coil and the
magnitude of the current. The flask with the test solution was placed inside the magnetic
coil and isolated from the environment in order to prevent heat transfer and heat loss.
The temperature control of the solution was carried out using fiber-optic thermometers
placed in the liquid; these changes were read every 5 s. Aqueous solutions with 10 mg/mL
nanoparticles dissolved in them were used as model solutions.

The specific absorption rate (SAR), which characterizes the heat-conducting properties
of nanoparticles, was calculated according to the Equation (1):

M AT
AR= —M— _ 1
S Cwater At’ ( )

Muanoparticles

where M is the mass of the solution, Mauoparticies 1S the mass of nanoparticles (10 mg), Cuater
is the specific heat capacity of the solution, and AT /At is the slope of the temperature curve.
In view of the low concentration of nanoparticles, their heat capacity was not taken into
account, and the value of the specific heat of water was chosen as Cygter-

Intrinsic loss power (ILP), expressed as a quadratic dependence on the magnetic
field and a linear dependence on frequency, as a rule, allows one to compare the heating
efficiency in hyperthermic studies conducted with different samples or at different magnetic
field strength parameters. The following expression was used to determine the ILP value;
Equation (2):

ILP = SAR/H?f, (2)

where H is the applied field strength, f—Frequency.

All experiments to assess the applicability of magnetic nanoparticles in hyperthermia
were carried out in five successive experiments on the implementation of heating and
subsequent cooling, the main purpose of which was to establish the preservation of the
stability of the heating rate, as well as the stability of the conservation of heat release values.
Based on the data obtained, the measurement errors were determined, and it was also
found that the studied nanoparticles after five successive cycles show the invariance of the
results in terms of heat release and heating rate.
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2.5. Corrosion Resistance Tests

Tests for corrosion resistance of the selected objects of study were carried out using
aqueous solutions with neutral pH =7 at different ambient temperatures: Tyaer = 25 °C,
Twater = 35 °C, Trater = 42 °C. The degree of change in sample mass (DMC) after 10 days of
corrosion was estimated using the Equation (3):

pmc = M0 M0 4000, ®)
Mo
where mg and mjg are the mass values of the samples in the initial state and after being in
the medium for 10 days.

These tests were carried out to determine the stability of nanoparticles in aqueous
solutions at various temperatures, which can be used in the preparation, long-term storage
or operation of nanoparticles. Determining the stability and understanding the time frames
for maintaining the stability of the properties of nanoparticles is a very important task
for further practical applications of nanoparticles. It is also necessary to know about
the mechanisms or the rate of degradation of nanoparticles during their interaction with
aqueous solutions, since degradation processes can lead to the destruction of the material
and the loss of its magnetic characteristics or the preservation of the stability of structural
parameters.

The stability of nanoparticles is determined by the amount of weight loss, as well as
the crystallinity degree (degree of structural ordering), which should not exceed 10% of the
injtial values. At the same time, several previous studies have shown that the processes of
corrosion and degradation of nanoparticles have a pronounced dependence on the phase
composition of nanoparticles, as well as the structural ordering degree [11,19].

3. Results and Discussion
3.1. Results of Characterization of the Studied Nanostructures

Figure 1 shows the results of X-ray diffraction of the studied nanoparticles, reflecting
the phase composition of the nanoparticles. The general view of the presented diffrac-
tion patterns indicates nanoscale structures (low intensity of reflections, as well as their
broadened shape). In this case, depending on the modification, the shape of the diffraction
reflections, as well as their position, changes, which indicates the occurrence of processes
of phase transformations associated with the processes of substitution or insertion.

In the case of the initial samples of the synthesized particles, the position of the main
observed reflections is typical for the structures of the Fe304 cubic phase (PDF-01-071-6363)
with the crystal lattice parameter a = 8.370 + 0.001 A and crystallite sizes of 13-15 nm
(according to the estimate using the Scherrer formula, Eg.4 [20]). The characteristic phase
composition of the synthesized nanoparticles by the proposed method was also established
in [11].

KA
~ Bcosb

4)

where K is the Scherrer constant, A is wave length of the X-ray beam used (1.54 A), B is the
full width at half maximum (FWHM) of the peak and 6 is the Bragg angle.

For samples of nanoparticles annealed at a temperature of 600 °C, a change in the
shape of diffraction reflections is observed, as well as the appearance of new reflections, the
general pattern of which is typical for the rhombohedral phase of hematite x-Fe,O3 with
parameters a = 5.026 = 0.001 A, c=13.757 £ 0.0021 A and crystallite sizes of 35-37 nm. Such
a change in the phase composition of the Fe;O4 — «-Fe,Oj3 type is typical for annealing
temperatures of 400-700 °C, and is also accompanied not only by phase transformations,
but also by an increase in the size of crystallites [11]. Estimating the shape of diffraction
reflections, we can conclude that thermal annealing at a temperature of 600 °C leads not
only to phase transformations of Fe30, — «-FepOj3, but also to structural ordering of the
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crystal structure, due to a decrease in the contribution of disordered regions and a decrease
in deformation and distorting contributions [11].
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Figure 1. Results of X-ray diffraction of the studied nanoparticles.

In the case of samples of Fe30, nanoparticles coated with gold (deposited by the
method of chemical reduction of gold from its chloride solution) and then annealed at a
temperature of 600 °C, the main phase is the x-Fe,O3 hematite phase with parameters
a =5.0089 + 0.0011 A, ¢ = 13.7219 £ 0.0017 A and crystallite sizes of 26-27 nm. At the same
time, diffraction reflections characteristic of the cubic gold phase are also observed in the
diffraction pattern. The presence of two phases, according to a number of studies [21,22],
is characteristic of structures of the “magnetic core-shell” type, which are obtained by
forming a shell of gold on the surface of a magnetic particle, and during subsequent thermal
annealing, ordering of such structures occurs.

In the case of nanoparticle samples doped with Gd by mechanochemical mixing of
chemically synthesized Fe;O, nanoparticles with GA(NO3)3; x 6(H2O) and annealed at a
temperature of 600 °C, the diffraction pattern shows peaks characteristic of two phases: the
cubic phase of Fe304 with parameters a = 8.325 4 0.0012 A and the orthorhombic phase
of GdFeO3 with parameters a = 5.376 £ 0.002 A, b=5.585+ 0.002 A, c =7.712 + 0.001
A. The volume ratio of Fe30,/GdFeOs phases is 70/30. The average crystallite size for
both phases is no more than 27-30 nm. At the same time, the increase in the size of the
crystal lattice of the Fe30O,4 phase can be explained by the partial replacement of iron ions by
gadolinium ions, without the formation of a complex oxide phase of the GdFeOs type [23].

For samples obtained by mechanochemical mixing of chemically synthesized Fe3O4
nanoparticles with Nd,O3 and subsequent thermal annealing at a temperature of 600 °C,
the dominant phase in the structure is the orthorhombic phase of NdFeO3 with crystal
lattice parameters a = 5.567 - 0.001 A, b =7.806 £ 0.002 A, ¢ = 5.458 & 0.002 A. The structure
also contains the a-Fe,O3 phase with parameters a = 5.027 + 0.002 A, ¢ = 13.762 + 0.002
A, the content of which is no more than 30 wt.%. The average crystallite size for these
nanoparticles is no more than 30 nm.
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(a)

Figure 2 presents the results of a study of nanoparticle morphology depending on
the modification type. As can be seen from the data presented, in the case of the initial
nanoparticles, their shape is close to spherical, and the particle sizes are comparable with
the results of X-ray diffraction. In the case of nanoparticles annealed at a temperature of
600 °C, there is an increase in size, while maintaining a spherical shape. For nanoparticles
of the Fe,O3@Au type, according to transmission microscopy data, it is clearly seen that
the synthesized structures are a “core-shell”, where the core size is close to 20-23 nm, and
the shell thickness is no more than 2-3 nm. For Fe;0,@GdFeO3; and «-Fe;,O3@NdFeOs3
nanoparticles, a change in the shape of particles from spherical to ellipsoidal or rhomboid is
observed, which is typical for structures with a mixed phase composition. The agglomera-
tion of magnetic particles is due to the presence of high surface energy between the prepared
magnetic nanoparticles and the presence of magnetic dipole-dipole interactions [24].

& e ©

(d) Tl S T T % o (e)

Figure 2. TEM images of the studied nanostructures: (a) SO; (b) S1; (c) S2; (d) S3; (e) S4.

In a detailed analysis of the obtained TEM images (see data in Figures 3 and 4) of
samples S3 and 54, which, according to X-ray diffraction data, are composite two-phase
structures, it was found that the synthesized S3 particles are a combination of two-phase
particles. In contrast, for sample 54, it was found that the particles are structures close to
the “core-shell” type, where the o-Fe,O3 particle remains as the core, and NdFeOj; as the
shell. This type for S4 can be explained by the fact that the presence of a small x-Fe;O3
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core surrounded by NdFeOj3 is due to incomplete processes of phase transformations of the
a-Fe,O3 — NdFeOjs type associated with partial replacement of iron ions by neodymium
ions in a-Fe, O3 with subsequent rearrangement into NdFeOs.

Figure 3. TEM data and energy dispersive analysis of the studied S3 samples.

Figure 5 presents the results of a comparative analysis of the results of measuring the
sizes of nanoparticles obtained using three methods: X-ray diffraction (using the Scherrer
formula), transmission electron microscopy (size estimation by direct counting using Image]J
software), laser diffraction method.
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Figure 4. TEM data and energy dispersive analysis of the studied S4 samples.
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Figure 5. Results of comparative analysis of nanoparticle size measurements.

The general view of the presented comparative analysis data indicates a good agree-
ment between the sizes of nanoparticles determined by various methods. A small difference
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in size, which is within the error for various methods, can be explained by the peculiarities
of the method of determination, as well as the geometric shape, which is most important in
determining the size by electron microscopy and laser optical diffraction.

Figure 6 shows the results of a model interpretation of the Mossbauer spectra of
the studied nanoparticles, reflecting their phase composition and magnetic properties.
All Mossbauer spectra were taken at room temperature and contain partial spectra of
iron-containing phases. Model interpretation of the spectra was carried out assuming
the presence in the spectra of contributions from iron oxides with different degrees of
oxidation of Fe atoms: double iron (II, III) oxide Fe3O4 and iron (III) oxide «-Fe, O3 (for all
studied nanoparticles), as well as gadolinium ferrites GdFeOs (for Fe304/Gd(NO3)3-6H,O
nanoparticles or NdFeO3; neodymium (for Fe3O4/NdFeO3; nanoparticles).

L (mm/s)
(a)
N (%) — T = = = o
r T T i T Y
100 4
96 —
2]
88 —
84
80 —
1 4 Bt
76 +——————
-10 -5 0 5 10
v (mm/s)
() .

N (%) r
100 —

99
98
97

96

S5+ T T T
-10 -5 0 5 10
v (mm/s) v (mm/s)

(d) (e)

Figure 6. Mossbauer spectra of the studied nanoparticles: (a) SO—Fe3O, (initial), (b) S1—
Fe304 (600 °C), (c) S2—Fe304@Au (600 °C), (d) S3—Fe304/Gd(NO3)3-6H,0 (600 °C), (e) S4—
Fe30,4/NdFeO3 (600 °C); above the spectra are dashed diagrams of partial spectra indicating the

positions of resonance lines; below the spectra are the difference spectra.

Double iron (II, III) oxide Fe;Oy4 in nanoparticles can be represented either in the form
of non-stoichiometric magnetite Fe3_, Oy, or in the form of a combination of stoichiometric
magnetite Fe304 and maghemite -Fe,O3, which can be in the superparamagnetic state.
In accordance with this, the spectrum of the double oxide was generally described by
three partial relaxation spectra corresponding to Fe atoms in three different structural and
valence states: trivalent Fe>* ions in tetrahedral (A) and octahedral (B) positions, Fe‘?,;r and
Fe%Jr, and Fe?>* ions in the octahedral position—FezB'5 *. For all the studied samples, a slow
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relaxation of the magnetization of superparamagnetic particles of double iron oxide was
assumed, when the relaxation rate is noticeably lower than the reciprocal lifetime of the
7Fe nucleus in the excited state (T = 1.4 x 1077 s). A detailed description of the model of
the spectrum of double iron oxide nanoparticles, which takes into account both the rapid

exchange of electrons between neighboring atoms in pairs {FezBJr Fe%+} in the octahedral
position of the magnetite structure, and the possible superparamagnetic relaxation, is
presented in our previously published works [25-27]. This model makes it possible to

determine the values of the following spectrum parameters and physical quantities for
double iron oxide (Table 1):
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Table 1. Model interpretation results of the Mossbauer spectra of the studied nanoparticles.
Sample Atom State I, % J, mm/s &, mm/s H,, kOe « ¥ b 1061;91“11’,3 d,A
Fel' 36.7 £0.2 0.26 £ 0.02 0.02 £ 0.02 476.8 + 1.0
S0 (fﬁft%) Felt 284 £ 0.1 0.39 + 0.02 —0.02 +0.03 480.6 + 1.4 6.39 £ 0.12 0.165 =+ 0.005 049 £ 0.02 114+ 0.8 164+ 04
Fez>" 349 +02 0.66 + 0.01 —0.01 + 0.01 4479 +£0.7
Felt 3.0+02 0.19-fix 0.01-fix 499-fix
. ( é:gé(o)é) Felt 47+02 0.43-fix —0.04-fix 495-fix 7.75-fix 0314 = 0.003 0.94 £ 0.01 5009 23.0£15
Fe3>" 0.00 = 0.01 0.66-fix —0.01-fix 448-fix
o-Fe,05 923 £0.2 0.372 % 0.002 —0.108 = 0.002 513.9 +0.2 - - - - -
Felt 3.1+06 0.24-fix 0.03-fix 488-fix
o Fe,O3@Au Felt 4902 0.37-fix 0.00-fix 489-fix 6.90-fix 0.332 = 0.009 1.00 £ 0.26 5008 21£12
(600°C) Fed5* 0.00 + 0.01 0.66-fix —0.01-fix 448-fix
o-Fe,05 92.0 £ 0.6 0.372 % 0.002 —0.106 = 0.002 5133+ 0.2 - - - - -
Felt 327+13 0.28 = 0.04 0.16 = 0.04 486.9 £2.9
Fes01/ Fej" 51.3 0.7 0.36 = 0.07 ~0.08 = 0.07 4827 +4.0 2.08 £0.12 0333 £ 0.012 1.00 £ 0.05 5006 148 £06
S3 Gd(NO3)3-6H,0 Fe2>* 0.00 + 0.02 0.66-fix —0.01-fix 448-fix
(600°C) GdFeOs 14+18 0.36-fix —0.04-fix 494-fix - - - - -
doublet 146 + 0.8 0.29 + 0.02 0.55 + 0.02 - - - - - -
Fel' 6.8+ 0.4 0.28-fix 0.06 £ 0.03 487-fix
Fejt 10.6 + 0.1 0.36-fix —0.10 + 0.02 483-fix 3.61 £0.22 0333 + 0.025 1.00 = 0.08 50+09 17.8 £1.0
54 Fez(oéf)élfg)zo"’ Fe®* 0.00 + 0.01 0.66-fix —0.01-fix 448-fix
o-Fe,05 58.7 £ 1.9 0.373 + 0.002 —0.097 + 0.002 515.1+ 0.2 - - - - -
NdFeOs 240 +22 0.361 £ 0.005 —0.052 + 0.005 4995+ 0.8 - - - - -
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a—multilevel superparamagnetic relaxation model parameter equal to the ratio of the
magnetic anisotropy energy KegV to the thermal energy kgT;

y—the number of vacancies in the octahedral position of Fe(0 < y < 1/3) atoms per
Fez_, O4 formula unit (degree of nonstoichiometry of magnetite Fe3_., O,);

b = 3y—molar concentration of maghemite (0 < b < 1) in a mixture of stoichiometric
magnetite Fe3O4 and maghemite y-Fe;O3;

Keg—magnetic anisotropy coefficient at room temperature;

d—the size of the magnetic ordering region.

The data obtained as a result of model interpretation of the Mossbauer spectra of
the studied nanoparticles (Figure 6) are presented in Table 1. In accordance with the data
obtained, sample SO is a set of nanoparticles, the composition of which can be represented
either as Fez_, O4 with a degree of nonstoichiometry -y = 0.165 + 0.005, or a mixture of stoi-
chiometric phases of magnetite and maghemite with a molar concentration of maghemite
b =0.49 £ 0.2. The found values of the hyperfine parameters of the partial spectra, con-
stituting the shift of the Mossbauer spectrum J, the quadrupole shift ¢ of the spectrum
components, and the hyperfine magnetic field Hy, in the region where the % Fe nucleus
is located, are in good agreement with the structural and valence states of Fe atoms in
nonstoichiometric magnetite [28]. The average size of the regions of magnetic ordering
of magnetite nanoparticles is 16.4 & 0.4 nm, which is in good agreement with the values
obtained by XRD and TEM (Figure 3).

Upon annealing of the initial nanoparticles at a temperature of 600 °C (sample S1),
a significant modification of the Mossbauer spectrum occurs (Figure 6b), a phase trans-
formation of iron (II, III) double oxide into hematite «-Fe,O3 (92.3%) is observed, while
the remaining part of the oxide (7.7%) is mainly nanoparticles of maghemite y-Fe,O3
(b=09440.01, v = 0.314 &+ 0.003) with an average size of magnetic ordering regions
d =23.0 = 1.5 HM (Table 1). The obtained values of the hyperfine parameters of o-Fe,O3
hematite correspond to the literature data [29]. Note that when a small amount of double
iron oxide Fe3O4 was determined in the Mossbauer spectra of the studied nanoparticles,
we used the values of the hyperfine parameters of its partial spectra obtained at a lower
temperature of thermal annealing of the nanoparticles, when it was possible to reliably
determine the values of the hyperfine parameters of Fe30,4 (Table 1).

The shape of the Mossbauer spectrum of gold-coated Fe3O4 nanoparticles (sample
52) (Figure 6c) is almost the same as the spectrum of uncoated nanoparticles (S1). The
values of the hyperfine parameters of these two spectra turn out to be close (see Table 1).
Annealing of gold-coated Fe3O4 nanoparticles also leads to the phase transformation of
iron (II, III) double oxide into hematite x-Fe;O3 (92.0%), and its remaining part (7.3%) to
complete transformation into maghemite y-Fe,Os (b = 1.00 = 0.26, v = 0.332 = 0.009) with
the average size of the regions of magnetic ordering being d = 22.1 £ 1.2 nm.

Figure 6d shows the Mossbauer spectrum of the annealed Fe304/Gd(NO3)3-6H,O
nanoparticles (sample S3), which has a pronounced relaxation nature and for which a
paramagnetic contribution from the quadrupole doublet is observed in the central re-
gion of the spectrum. This spectrum was interpreted by three partial relaxation spectra
corresponding to double iron oxide Fe3O4, a Zeeman sextet with hyperfine parameters
characteristic of GdFeOjs ferrite [30-32], and a quadrupole doublet. As a result, it turned
out that the nanoparticles of the composite consist mainly of maghemite y-Fe;O3 (~84%)
with an average size of magnetic ordering regions d = 14.8 & 0.6 nm, presumably of iron-
and gadolinium-containing nanoregions in the paramagnetic or superparamagnetic state
(~15%), and a small amount of GdFeOs (~1%) (Table 1).

Figure 6e shows the Mossbauer spectrum of the annealed Fe3O4/NdFeO3; nanopar-
ticles (sample S4). This spectrum was interpreted by three partial spectra corresponding
to double iron oxide Fe;O4 and two Zeeman sextets. The hyperfine parameters of one
of them correspond to hematite o-Fe,O3 [29], and the other to NdFeOj; ferrite [33-35]
(Table 1). Double iron oxide is maghemite y-Fe;O3 (b = 1.00 & 0.08, ¢ = 0.333 £ 0.025) with
an average size of magnetic ordering regions of d = 17.8 &= 1.0 nm. In this case, the relative
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contributions to the spectrum of nanoparticles from the partial spectra of hematite x-Fe,O3,
ferrite NdFeOj3, and maghemite y-Fe,O3 are ~59%, ~24% and ~17%, respectively.

3.2. Results of Hyperthermic Studies

Results of the temperature measurements of aqueous solutions with nanoparticles
placed in them (10 mg/mL) depending on the time of induction heating are shown in
Figure 7. The obtained dependences characterize the heating rate of nanoparticles, as well
as the maximum heating temperature that the solutions reach in 300 s. For comparison,
the results of hyperthermic studies of an aqueous solution without nanoparticles are
presented in order to determine the effect of a magnetic field on water heating. Results
of a comparative experiment showed the absence of any effect of an alternating magnetic
field on the heating of an aqueous solution during the experiment, from which it can be
concluded that the solution with nanoparticles placed in it is heated only due to heat
transfer from magnetic particles.
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Figure 7. Results of determining the temperature dependences of heating.

As can be seen from the presented T(t) dependences, in the case of the initial Fe3Oy4
nanoparticles, the threshold heating temperature of 42 °C (the horizontal dashed line in the
Figure 7, reflecting the value of 42 °C, the characteristic temperature for hyperthermia) is
reached in 200 s, which is quite low and indicates a small amount of heat release. In the
case of Fe3O4 nanoparticles annealed at a temperature of 600 °C, which are characterized
by a highly ordered hematite phase, the heating time is ~160 s, which is somewhat better
than the analogous parameters for the initial Fe;O,4 nanoparticles. Such a decrease in the
heating time to a temperature of 42 °C may be due to a change in the phase composition of
the nanoparticles, which leads to a change in the values of the hyperfine magnetic field.

In the case of nanoparticles, the heating time compared to the initial nanoparticles
changes significantly. For Fe304@Au NPs, the heating time was 100 s; for Fe30,@GdFeO3
NPs, 60 s; and for Fe,O3;@NdFeO3; NPs, 80 s.

Based on the dependences obtained T(t), the heating rate of the aqueous solution
was calculated for all types of the studied nanoparticles. The heating rate was calculated
for all the samples under study by determining the time required to reach the threshold
temperature of 42 °C, typical for hyperthermic effects. Importantly, for human exposure, it
is pivotal to maintain the product of the magnetic field strength (H) and its frequency (f)
below a threshold safety value known as the Brezovich criterion. A safety limit commonly
prescribed is that the product of the frequency and the field amplitude (C = H X f) should
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remain below 5 x 10° A/(ms) to minimize any collateral effects of alternating magnetic
fields on the human body [36,37]. The choice of this temperature is due to the need to
initialize the mechanisms of inhibition of the recovery of tumor cells damaged by radiation
or drug therapy. The calculation results are shown in Figure 8.

0.5

0.4

o
w
|

Heating rate, °C/s
o
N
|

|——|

54
i
1

0.0 - . ,
S0 st

Sample

Figure 8. Diagram of the change in the heating rate of nanoparticles depending on their type.

According to the data obtained, the modification of nanoparticles leads to an increase
in the heating rate, as well as a decrease in the time required to reach the threshold value.
At the same time, Fe304,@GdFeO3 nanoparticles have the maximum heating rate, for which
the heating rate is three times higher than that for the initial nanoparticles.

An increase in the heating efficiency for nanoparticles is due to a change in the
magnetic characteristics, as well as an increase in the rate of energy absorption and release
of additional heat. The exchange coupling effect between the hard and soft phases in the
core-shell structure may improve some magnetic properties, such as coercivity (Hc) and
saturation magnetization (Ms), possibly resulting in the enhancement of heat-generation
performance of the magnetic NPs [36,37]. In the case of using Fe304@GdFeO3 nanoparticles,
which are characterized by the presence of two phases in the structure of Fe3O4 and GdFeOs,
the substitution of gadolinium ions for iron ions in the crystal lattice leads to the highest
energy absorption.

Results of change in the specific absorption rate are presented in Figure 9a. The
calculations were carried out using the aforementioned expression (Equation (1)).

According to the data obtained, a change in the phase composition of nanoparticles
from Fe3O4 to Fe;O5 as a result of thermal annealing at a temperature of 600 °C leads to
an increase in the specific absorption rate by 25%, while the modification of nanoparticles
with various components leads to an increase in the specific absorption rate by 1.2-2 times
depending on the modification type. Similar dependencies are obtained for the ILP value,
the results of which are shown in Figure 9b.

3.3. Results of a Comparative Analysis of Magnetic Hyperthermia with Literature Data

One of the important characteristics of magnetic nanoparticles in the case of their use
in magnetic hyperthermia is the value of the SAR parameter, which makes it possible to
estimate the efficiency of energy absorption and subsequent heat release for various types
of nanoparticles. In most cases of magnetic nanoparticles, the SAR value is 60-80 W/g, and
also has a clear dependence on the applied field frequency. At the same time, as shown
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in [38], the concentration of nanoparticles plays an ambiguous role when changing the field
frequency in the case of determining the SAR value. Figure 10 presents the results of a small
comparative analysis of the effectiveness of the SAR value of the studied nanoparticles

with the literature data from [38—41].
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Figure 9. SAR (a) and ILP (b) diagrams for all studied nanoparticles.

Figure 10. Results of a comparative analysis of the SAR value efficiency.

As can be seen from the data presented, the most effective (not only in comparison with
the results of this work, but also in comparison with the literature data) are the structures
of Fe304,@GdFeO3; NPs and Fe,O;@NdFeO3 NPs, for which the SAR value exceeds other
types of nanoparticles by 1.5-2 times.

Table 2 presents the results of a comparative analysis of the conditions of action on
magnetic nanoparticles (magnetic field strength and frequency), as well as these ILP values,
which in most cases are a universal value for determining the efficiency of heat transfer,
since this value includes not only the values of the heating rate, but also the conditions of

external influences by a magnetic field.
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Table 2. Comparison of the obtained SAR and ILP data with the literature data, taking into account
the conditions of exposure to the magnetic field.

Amplitude of the

Sample Magnetic Field The Frequency, kHz SAR, Wig ILP, nHm?/kg Ref.

S0 39+2 0.6+0.1

S1 49+2 0.8+02

S2 210 Oe 320 79 +2 1.3+0.1 Present work

S3 132+5 21+03

S4 9+3 1.6 £0.2
Cops ZngsFe;O4 NPs 167.5-335.2 Oe 197-280 83 +2 09-1.1 [38]
MNPs 167-335 Oe 065 87+3 0.96-1.04 [39]
BMNPs 47 +4 0.50-0.52 [39]
Mgo5Zng5Gdo.02Fe19804 NPs 5kA/m 600 33+3 0.2-0.3 [40]
CuFe;O4 NPs 13-19 KA/m 120 43£2 1.04-1.23 [41]

As can be seen from the data presented, despite the fact that the efficiency of the SAR
value can reach different values, the heat transfer efficiency depends quite strongly on the
amplitude of the external field, as well as the applied frequency, which is quite clearly
manifested in the change in the ILP value. At the same time, according to comparative data
on ILP and SAR values, nanoparticles of the Fe;0,@GdFeO3 NPs and Fe,O3@NdFeO; NPs
types can be considered the most effective not only in comparison with the results of this
study, but also with literature data.

3.4. Results of Nanoparticle Corrosion Test

Figure 11 shows the results of the temporal change in the mass of samples in aqueous
media at different temperatures, reflecting the corrosion processes. The choice of test
temperatures is due to the possibilities of their operation, as well as different variations in
the temperature of the medium at which they can be in the case of transportation or use.
The assessment of the corrosion resistance of the studied nanoparticles was carried out by
measuring the mass defect of the samples during testing at different time intervals. The
measurements were carried out by weighing the samples after certain time intervals on an
analytical balance; to collect statistics, all experiments were carried out in five parallels.

The general trends in the change in the mass of samples over time can be divided
into two characteristic stages, which have different time intervals with a change in the
temperature of the solution, as well as types of modification of nanoparticles.

The first stage is characterized by the stage of stability, as a result of which changes
in the mass of the samples are either not observed or are so small that they are within
the measurement error. This stage indicates the stability of the synthesized nanoparticles
when they are in aqueous solutions, as well as the absence or slow processes of corrosion
and oxidation.

The second stage is characteristic of a decrease in the mass of samples, which indicates
the processes of degradation of nanoparticles, as well as their partial or complete destruc-
tion, leading to a decrease in the total mass of the particles under study. At the same time,
a decrease in the mass of samples indicates that when nanoparticles are in an aqueous
solution, the main corrosion mechanisms are associated with the processes of oxygen
and hydrogen incorporation into the surface layer of nanoparticles, with the formation
of oxides or hydroxide inclusions, followed by decomposition of nanoparticles, and their
decomposition into components. At the same time, these processes have a pronounced
dependence on the temperature of the aqueous solution.
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Figure 11. Changes in the masses of the samples as a result of corrosion tests at different temperatures
of the aqueous solution: (a) Tyuter = 25 °C; (b) Twater = 35 °C; (¢) Twater =42 °C.

In the case of a solution temperature of Tyter = 25 °C, the most pronounced degra-
dation processes associated with a change in mass were observed for samples of Fe30O4
NPs, for which the maximum change in mass after 10 days of being in an aqueous solution
was 7-8%. For samples of nanoparticles annealed at a temperature of 600 °C Fe304 NPs
and Fe;O3@Au NPs, the most noticeable mass changes were observed only after 5 days
of being in an aqueous solution, and after 10 days, the mass change was no more than
1-2%, which also indicates a fairly high degradation resistance. The decrease in the mass
of samples indicates that when nanoparticles are in aqueous solution, the main corrosion
mechanisms are associated with the processes of oxidation and subsequent decomposition
of nanoparticles, and their decay into components. For samples of Fe30,@GdFeO3; NPs
and Fe,O3@NdFeO3; NPs, no change in mass was observed after 10 days of being in an
aqueous solution at a temperature of 25 °C, which indicates a sufficiently high resistance of
nanoparticles to degradation processes as a result of corrosion (see the results of Figure 12).
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Figure 12. Results of sample masses change after 10 days in aqueous medium.

For the solution temperature of Tyuer = 35 °C, degradation processes are more pro-
nounced, which is reflected in an increase in mass loss not only for Fe3sO4 NPs, but also for
all other types of nanoparticles. At the same time, analyzing the obtained dependences of
the mass change on time, it can be concluded that the corrosion rate increases significantly
at a temperature of Tyyur = 35 °C, as evidenced by the fact that mass changes begin to be
observed after 3—4 days of testing. At the same time, Fe;0s@NdFeO3 NPs proved to be
the most effective in terms of corrosion resistance, for which the value of weight loss after
10 days in the environment was less than 5%, which is practically four times less than the
similar value for Fe3O4 NPs. Such a significant difference in the corrosion rate and mass
loss for the studied samples with increasing solution temperature can be explained by the
presence of two phases in the Fe30,@NdFeO3 NPs structure, which reduce the corrosion
propagation rate due to the presence of interfacial boundaries. In the case of Fe;O3@Au
NPs, the decrease in the corrosion rate can be explained by the presence of a gold shell,
which is less active in corrosion processes, leading to a decrease in the degradation rate.

For solution temperatures Tyuer = 42 °C, an increase in the corrosion rate is observed,
and as a result, an increase in mass loss occurs, which reflects the degradation of the
structure of nanoparticles. This behavior at elevated solution temperatures can be explained
by the fact that an increase in temperature leads to an increase in the mobility of ions in
water, thereby accelerating the process of their interaction with the surface of nanoparticles,
leading to the appearance of local corrosion centers, which increase with time, leading to
degradation of nanoparticles due to their small sizes.

Figure 13 shows the data on changes in the degree of structural disorder (degree of
degradation) for the studied nanoparticles after 10 days of being in aqueous solutions at
different ambient temperatures, reflecting the resistance of the synthesized nanoparticles to
structural degradation. The data of X-ray diffraction analysis of the studied samples after
corrosion tests were used for calculations.
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Figure 13. Data on the change in the degradation degree of the studied nanoparticles depending on
the temperature of the medium.

According to the data obtained, the change in the degradation degree has a good
agreement with the data on changes in the mass loss of the samples as a result of corrosion,
which indicates that the processes of structural degradation are directly related to the
weight loss of the samples, the decrease of which may be due to the effects of partial
destruction of the surface of nanoparticles due to the processes of oxidation and subsequent
decomposition, which leads to a decrease in the mass of the particle, and the dissolved
precipitate remains in the form of oxide or hydroxide compounds of a finely dispersed
fraction in an aqueous solution, being in a paramagnetic state or a fine suspension that is
not affected by a magnetic field during capture and filtration.

As can be seen from the data presented, the most pronounced structural degradation
is observed for samples that were in an aqueous medium at a temperature of 42 °C,
for which corrosion processes, as it was established from the data on the change in the
mass of samples, begin to actively manifest themselves after 1-3 days, and the maximum
change in the mass of the samples in the case of the original unmodified nanoparticles is
more than 20%. Similar dependences of structural degradation are also observed when
assessing the structural ordering degree, according to which, for unmodified samples
after 10 days of exposure to aqueous media, a serious change in the values of structural
ordering is observed, and the obtained diffraction patterns revealed the presence of low-
intensity reflections characteristic of hydroxide inclusions, which indicates the processes of
destruction associated with the formation of new impurity inclusions in nanoparticles or
their passivation.

For annealed Fe304 nanoparticles at a temperature of 600 °C, for which, according to
the data of X-ray phase analysis, the Fe304 — Fe;O3 phase transformation is observed and
an increase in the degree of structural ordering due to partial relaxation of deformation
distortions that have arisen during synthesis, an almost two to threefold decrease in
the degradation degree is observed in comparison with the initial FesO4 nanoparticles.
This difference indicates that the main mechanisms of nanoparticle destruction during
corrosion tests are deformation during oxidation, as well as the presence of deformation
distortions in the structure, a high concentration of which leads to accelerated degradation
of nanoparticles, which was observed in the case of Fe30O4 nanoparticles.

At the same time, for modified nanoparticles, the degree of structural degradation is
significantly less after 10 days of corrosion testing, which, as a result, indicates a high resis-
tance of nanoparticles to degradation and corrosion degradation. In the case of Fe;O,@Au
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nanoparticles, the degree of degradation at a temperature of 25 °C is less than 1.5% after
10 days of exposure to the medium, which indicates that the presence of a gold shell leads
to a significant decrease in the rate of degradation and structural disorder. However, an
increase in the corrosion test temperature leads to an increase in the degree of structural
disorder, the value of which is at least 10% for the test temperature Tyrer = 42 °C.

For Fe30,@GdFeO3; and Fe,O3@NdFeO3; nanoparticles, structural disordering after
10 days of corrosion testing at Tyarer = 25 °C was not established, and the observed changes
are within the error, which indicates a high resistance of these nanostructures to corrosion
processes. At the same time, Fe,O3@NdFeO3 nanoparticles are more resistant to degra-
dation and structural disorder at Tyuter = 42 °C, for which the maximum decrease in the
crystallinity degree was no more than 3—4%, which indicates a high resistance to destruction
of these nanoparticles.

Analyzing the general dependences of the presented data of corrosion tests, it can
be concluded that Fe30,@NdFeO3; NPs and Fe;0,@GdFeO3; NPs are the most resistant to
degradation processes in aqueous solutions, for which the degradation resistance can be
explained by the presence of interfacial boundaries, leading to a decrease in the corrosion
propagation rate.

4. Conclusions

During the studies, it was found that thermal annealing of iron-containing nanoparti-
cles at a temperature of 600 °C leads to the initialization of phase transformations of the
Fe304 — Fe O3 type, accompanied by an increase in the degree of structural ordering and
coarsening of grain sizes, due to sintering processes. At the same time, the formation of
structures of the “core-shell” type during thermal annealing does not lead to coarsening of
grain sizes, which indicates that during thermal annealing, the main changes associated
with phase transformations and transformations occur without coarsening of grains due to
their sintering, which is prevented by the presence of a gold shell. In the case of composite
two-phase nanostructures, the presence of interphase boundaries leads to the formation of
additional structural distortions and a slight decrease in the structural ordering degree.

Based on the obtained temperature dependences, the heating rate of the aqueous
solution was calculated for all types of the studied nanoparticles. The heating rate was
calculated for all samples under study by determining the time required to reach the
threshold temperature of 42 °C, typical for hyperthermic studies. According to the analysis
of the applicability of the synthesized nanoparticles with various types of modification, it
was found that Fe30,@GdFeO3 NPs, for which the heating rate is three times higher than
the same value for the initial nanoparticles, have the highest efficiency.

Results of the change in the mass of samples in aqueous media over time at dif-
ferent temperatures, reflecting the corrosion processes, are obtained. The choice of test
temperatures is due to the possibilities of their operation, as well as various variations
in the temperature of the medium at which they can be in the case of transportation or
use. It was found that the modification of iron-containing nanoparticles with gadolinium
and neodymium with the formation of composite structures of the Fe30,@NdFeO3; and
Fe;0,@GdFeOs type leads to an increase in the degradation resistance by a factor of 2.5-3
compared to Fe3O4 nanoparticles. The increase in stability is due to the effects of the
presence of two phases, as well as the formation of additional interphase boundaries, which
reduce the degradation rate.
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