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Abstract: Magnetically hard-soft core-shell ferrite nanoparticles are synthesized using an organometal-
lic decomposition method through seed-mediated growth. Two sets of core-shell nanoparticles

(51 and S2) with different shell (Fe30y) thicknesses and similar core (CoFe,Oy) sizes are obtained by

varying the initial quantities of seed nanoparticles of size 6.0 & 1.0 nm. The nanoparticles synthesized

have average sizes of 9.5 £ 1.1 (S51) and 12.2 & 1.7 (S2) nm with corresponding shell thicknesses

of 3.5 and 6.1 nm. Magnetic properties are investigated under field-cooled and zero-field-cooled

conditions at several temperatures and field cooling values. Magnetic heating efficiency for mag-
netic hyperthermia applications is investigated by measuring the specific absorption rate (SAR) in

alternating magnetic fields at several field strengths and frequencies. The exchange bias is found

to have a nonmonotonic and oscillatory relationship with temperature at all fields. SAR values of

both core-shell samples are found to be considerably larger than that of the single-phase bare core

particles. The effective anisotropy and SAR values are found to be larger in S2 than those in S1.
However, the saturation magnetization displays the opposite behavior. These results are attributed

to the occurrence of spin-glass regions at the core-shell interface of different amounts in the two

samples. The novel outcome is that the interfacial exchange anisotropy of core-shell nanoparticles

can be tailored to produce large effective magnetic anisotropy and thus large SAR values.

Keywords: exchange bias; exchange anisotropy; SAR; magnetization; hyperthermia

1. Introduction

Tuning the magnetic properties of nanoparticles for enhanced biomedical applications
such as magnetic resonance imaging (MRI) contrast agents, magnetic particle imaging, drug
delivery, biosensing, magnetic marker-based bioassay, and magnetic hyperthermia has
been studied intensively [1-3]. Parameters of the nanoparticles such as the size, shape, com-
position, and interface in core-shell nanoparticles were employed to enhance the efficiency
in both diagnosis and treatment of cancer [4,5]. Manipulating the magnetic properties
through the interface coupling of different magnetic phases provides a new variable for
rational material design and controlling the properties for fundamental science and tech-
nological applications [6,7]. The usual strategies used to tune the magnetic properties of
nanoparticles are varying the size, shape, and composition, whereas having bi-magnetic
phases in the nanoparticles provides the combined effect of multiphase properties [8,9]. The
ability to combine novel properties of different materials and to fabricate nanostructures
with improved efficiency increased interest in core-shell architecture [10]. Recent reports
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suggested that bi-magnetic core-shell nanocrystals can improve the energy production
of the magnetic nanoparticles beyond the superparamagnetic limit for applications, par-
ticularly in magnetic storage [11]. The magnetic properties of core-shell structures are
usually determined by several parameters such as the size, order (soft-hard or hard-soft),
and geometric shape of the core and shell [12-14]. Furthermore, the magnetic properties
are affected by differences in magnetic parameters between the core and shell materials,
as well as the presence of dipolar and exchange-coupled interactions that affect spin re-
versal processes [15]. The distribution of particle sizes and morphology of the core-shell
structures are also important factors determining their magnetic properties [16,17]. In
biomedicine, magnetic nanoparticles can be used in magnetic resonance imaging (MRI)
as contrast agents and in magnetic hyperthermia as heat sources [18,19]. The conversion
of electromagnetic energy into heat by nanoparticles has the potential to be a powerful
non-invasive technique for biomedical applications such as drug release, cancer treatment,
and remote control of single cell functions, but poor conversion efficiencies have so far
hampered practical applications [20,21]. The magnetic nanoparticles convert electromag-
netic energy to heat when excited with an AC field, and the heat produced is used to kill
cancer cells and harmful bacteria. The nanoparticles produce heat via several processes
such as eddy currents, frictional heating, magnetic NP relaxation (Neel and Brownian), and
hysteresis losses [22]. Using the linear response theory (LRT), the conversion efficiency
of magnetic energy into heat energy of the superparamagnetic nanoparticles is expressed
in terms of the specific adsorption rate given by Equation (1) [23].
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SAR values of the given nanoparticles depend on several external factors such as mag-
netic field amplitude (Hy), AC frequency (f), and intrinsic properties such as DC suscepti-
bility (xq ), effective relaxation time (Tes), saturation magnetization (Msg), and the density
of magnetic nanoparticles (p). Tuning these properties of the nanoparticles will enhance
the efficiency of the nanoparticles for magnetic hyperthermia. Core-shell nanoparticles
are studied for potential applications in magnetic hyperthermia with higher efficiency
to minimize the dose level to kill cancer cells and prevent collateral damage of healthy cells.
Several research groups reported SAR of various compositions and geometry-dependent
nanoparticles to explore the interface effect for magnetic heating [24-26]. Magnetic cou-
pling across the interface of the different magnetic phases provides the NPs with exchange
bias (EB) properties that helps in the efficient conversion of electromagnetic energy into
heat for magnetic hyperthermia [27]. However, the effect of the core-shell geometry on
the magnetic anisotropy and magnetization dynamics such as Neel and Brownian re-
laxations is not clearly understood. The work presented here involves the synthesis of
core-shell nanoparticles with the same core size and two different shell thicknesses. Core-
shell nanoparticles were synthesized using the seed-mediated method by employing two
different initial concentrations of seed nanoparticles in the organometallic decomposi-
tion method. A different shell thickness was obtained because of the difference in the
nucleation and growth rates that were mediated by the concentration and diffusion rates of
the precursors. The magnetic properties such as the exchange bias, saturation magnetiza-
tion, coercivity, and remnant magnetization were determined from the MH data. These
parameters were used to understand the effect of the magnetic anisotropy on the heating
ability of the nanoparticles. The SAR values of the core-shell nanoparticles were determined
in agar ferrogel phantom. The EB and SAR results were discussed and attributed to the
occurrence of spin-glass-like regions across the core-shell interface. The nanoparticles
showed high SAR values and strong dependency on the shell thickness. Hence, designing
these sets of nanoparticles will help to enhance the magnetic hyperthermia efficiency for
cancer treatment.
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2. Materials and Methods
2.1. Synthesis of CoFeyOy4 Nanoparticles

Ferrite nanoparticles used in this study were synthesized using the well-reported
organometallic decomposition method [28]. CoFe;O4 nanoparticles were synthesized
by adding Co(acac); (257.0 mg), Fe(acac); (706.4 mg), 1,2-hexadecanediol (40 mg), oleic
acid (2 mL), and oleyl amine (2 mL), and diphenyl ether (20 mL) to a round-bottom
flask. The round-bottom flask was fitted with a reflux condenser and magnetic stirrer,
and the solution mixture was heated to 150 °C under an argon atmosphere for 30 min.
The temperature of the reaction mixture finally increased to 250 °C and was heated for
60 min, after which the synthesized nanoparticles were cooled to room temperature. At
room temperature, 50 mL ethanol was added to the reaction mixture to separate the
nanoparticles. The nanoparticles were further washed with a mixture of hexane and
ethanol using a centrifuge at 9000 rpm.

2.2. Synthesis of Core-Shell Nanoparticles

Two sets of CoFe;O4-Fe304 core-shell nanoparticles were synthesized using 20 (S1)
and 40 (S52) mg of CoFe,O4 nanoparticles synthesized in the first step as seeds. The mea-
sured quantities (20 and 40 mg) of seed nanoparticles were dispersed in 30 mL of hexane
by sonication for 10 min. To this particle dispersion, 20 mL of benzyl ether, Fe(acac);
(1059.6 mg), oleic acid (2 mL), oleyl amine (2 mL), and 1,2-hexadecanediol (40 mg) were
added. The reaction mixture was heated to 100 °C for 60 min to evaporate the hexane.
The temperature of the reaction mixture was then increased to 150 °C , which was main-
tained for 30 min. The temperature of the reaction mixture was finally increased to 290 °C
and heated for 60 min under argon flow. The reaction mixture containing synthesized
nanoparticles was cooled to room temperature. Then, 50 mL ethanol was added to the
reaction mixture to sediment the nanoparticles that were subsequently washed using an
ethanol and hexane mixture.

2.3. Characterization of the Nanoparticles

Structural phases and the average crystalline sizes of the nanoparticles were deter-
mined from the X-ray diffraction pattern using a Shimadzu-6100 powder XRD diffractome-
ter fitted with Cu-Ka radiation (wavelength 1.542 A). The XRD patterns were recorded in
the range of 20 to 70° 20. A Titan Themis 300 kV from an FEI transmission electron mi-
croscope (TEM) was used to obtain the bright-field images and selected area electron
diffraction patterns. The nanoparticle size distributions were obtained using Image] soft-
ware. The dc magnetic measurements were carried out using a VSM in the Physical
Properties Measurement System (PPMS) from Quantum Design.

2.4. Magneto Thermal Measurements

The heating profiles of nanoparticles were obtained using a nanoScale Biomagnets
hyperthermia instrument. In calorimetric measurements, an AMF was applied to the
ferrogel of MNPs, and the increase in the temperature was measured with respect to time.
The SAR values were obtained from the initial slope of the (temperature-time curve)-
measured data using Equation (2) [29]:

c_dl @

mpyNp dt

SAR (W/g) =

where C (in ] /K) is the heat capacity of the ferrogel (which includes the MNPs and the
agar gel), mynp is the mass (in g) of the MNPs in the ferrogel, and % is the initial slope
of the temperature—time curve. The heat capacity of the sample is the sum of the specific
heat capacities multiplied by the mass of the components (MNPs, water, and agar) of
the ferrogel.
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3. Results and Discussion
3.1. Structural and Magnetic Characterization of CoFe;Oy4 Nanoparticle Seeds

The XRD profile of the CoFe,O4 nanoparticles is shown in Figure 1a; the average
particle size obtained from the highest intensity peak (311) was 6.9 nm. The average particle
sizes of CoFe;O4 seed nanoparticles were determined using the Scherrer equation. The
FWHM of the (311) peak was determined by a Gaussian fitting function using Origin
software. All diffraction peaks were indexed to a cubic spinel phase of CoFe,O4 with space
group Fd3m (JCPDS Card No 22-1086). The lattice constant was determined by multiple
peak fitting of the XRD pattern (8.376 A). TEM bright-field images, SAED pattern, and
the size distribution plot are shown in Figure 1d-f. XRD and SAED patterns indicate that
the nanoparticles synthesized contained only the ferrite phase, and the lattice parameters
are in agreement with the reported values of CoFe,O,4 nanoparticles [30,31]. CoFe;O4
nanoparticles have an irregular shape and considerable size distributions with an average
size of 6.0 &= 1.0 nm. Magnetization vs. applied field was measured at room temperature and
at 5K, and the plots are shown in Figure 1b. Temperature-dependent magnetization under
ZFC and FC conditions was measured at 100 Oe, and the plots are shown in Figure 1c. The
MH plot at room temperature shows both zero coercivity and zero remnant magnetization,
which indicates the superparamagnetic nature of the seed nanoparticles. The ZFC plot also
confirms this, where it shows a blocking temperature around 125 K, and nanoparticles are
superparamagnetic above this temperature.

3.2. Structural and Magnetic Characterization of Core-Shell Nanoparticles

The XRD diffraction patterns of core-shell nanoparticles S1 and S2 are shown in
Figure 2a. The core-shell nanoparticles retained the ferrite phase and did not have any
additional peaks corresponding to the other iron oxides. The S1 nanoparticle peaks shifted
to the lower diffraction angle with respect to the diffraction pattern of the S2 nanoparticles.
The core-shell nanoparticles exhibited a cubic spinel structure (Fd3m) with the shift in
the 2theta values because of the co-existence of the Fe30O4 and CoFe,O4 phases. The
average crystalline sizes of the core-shell nanoparticles determined from the FWHM of
the (311) peak based on the Scherrer equation were 10.5 and 13.5 nm for particles S1 and
52, respectively [32]. The lattice parameters of the seed and core-shell nanoparticles were
determined using the UnitCell program, which uses a non-linear least squares method
and regression diagnostics [33]. The positions of the (220), (311), (222), (400), (511), and
(440) indexed peaks were determined by a Gaussian fitting function using Origin software;
these values were used to calculate the lattice constant using UnitCell. The lattice constants
of the core-shell nanoparticles were obtained using the multiple peak fitting method and
were 8.42 and 8.390 A for S1 and S2, respectively. The lattice constants of the seed and
core-shell nanoparticles are comparable with the reported values of CoFe,O4 and Fe;04
individual nanoparticles. The shift of the highest intensity peak of S1 at around 35° is
shown in Figure 2b; this shift is due to the higher phase fraction of CoFe;O4 compared to
the Fe;04 phase. The lattice parameters of the nanoparticle systems presented here are
compared with the some of the reported values in Table 1.
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Figure 1. (a) XRD pattern, (b) Field-dependent magnetization hysteresis loops at 5 and 300 K, (c) ZFC
and FC temperature-dependent magnetization plots with field 100 Oe, and (d—f) Bright-field TEM
image, SAED pattern, and size distribution of CoFe,O4 nanoparticles.
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Figure 2. (a) XRD of the core-shell nanoparticles S1 and S2. (b) Shift in the highest intensity peak
(311) of the S1 and S2 nanoparticles.

Table 1. Comparison of the lattice parameter with the reported values of the CoFe;O4 and FezO4
nanoparticles.

Nanoparticles Lattice Parameter (A)
CoFe; Oy 8.387 Ref [34]
Fe;0y4 8.40 Ref [35]
CoFe;O4-seeds 8.376 This work
S1-Core-shell 8.420 This work
52-Core-shell 8.390 This work

Bright-field TEM images (HRTEM images are shown as an inset), SAED patterns,
and size-distribution histograms of the S1 and S2 nanoparticles are shown Figure 3. TEM
images of the S1 nanoparticles showed that the particles were mainly spherical in shape.
The shape of the core-shell nanoparticles of 52 comprised spherical and edge-shaped
particles, which might be due to the shape of the initial seed nanoparticles used that were
irregular and upon the growth of the shell, nanoparticles prefer to have a spherical and
cubical geometry. The diffraction patterns of both core-shell nanoparticles agree with
the reported patterns of ferrite nanoparticles, which indicates the absence of any other
oxide phases [28,36]. From the TEM images of Figure 3, it is observed that the S1 and 52
nanoparticles had significant size distributions that are displayed in the size-distribution
histograms. The size distributions shown in Figure 3c,f were obtained by measuring the
sizes of more than 200 individual particles from different TEM images. While measuring
the size of the individual particles, a good amount of care was taken to avoid overlapped
particles and only particles with a well-separated outer boundary were considered. The
average size of the nanoparticles was calculated from the histograms as 9.5 &+ 1.1 and
12.2 £ 1.7 nm for S1 and S2, respectively. The size distribution histograms with error bars
obtained from the TEM images are in good agreement with the average crystalline sizes
calculated from XRD. The shell thicknesses of the core-shell nanoparticles were obtained
by subtracting the average size of the seed nanoparticle, and the corresponding shell
thicknesses of the S1 and 52 nanoparticles were 3.5 and 6.1 nm, respectively.
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Figure 3. TEM bright-field images, SAED patterns, and size-distribution histograms of the S1 (a—c)

and S2 (d—f) core-shell nanoparticles.

The elements in the ferrite core and shell nanoparticle systems presented here have
very similar atomic numbers, and thus there are no visible differences in the contrast of
the TEM and HRTEM bright-field images, and we could not obtain any contrast in the
images to identify the core and shell boundaries. However, from the TEM (and HRTEM)
images of the seed and core-shell nanoparticles, the sizes of the core-shell nanoparticles
were larger than those of the seed nanoparticles. We can also observe that the particles
were well separated from each other. The size distributions obtained from the images are
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an acceptable estimation of the average sizes. In fact, the average sizes obtained from
the FWHM of the (311) peaks are also in agreement with the sizes obtained from TEM.
The main problem is to confirm the core-shell structure of our samples. To address this
issue, we have compared the results with several reports of ferrite core-shell nanoparticle
systems using an organometallic decomposition method for the synthesis of core-shell
nanoparticles [6,25,26,28,36]. These reports suggest that in the seed-mediated method,
the nanoparticles surface (CoFe;O4) will act as a nucleating site for the nucleation and
subsequent growth of the shell phase (Fe3Oy), which is thermodynamically favorable rather
than phase separation. This gives support to our claims of core-shell structure since we
used a similar synthesis method.

We used the shift in the XRD peak position to confirm the formation of the core-
shell structure [37]. We obtained the (311) peak position from the diffraction patterns of
the individual Fe3O4, CoFe;O4 nanoparticles, and the mechanical mixture of Fe;O4 and
CoFe,Oy4 nanoparticles (with 1:1 mass ratio). We compared the peak positions with that
obtained from the (assumed) core-shell nanoparticles of sample S1. The (311) peak position
was obtained in the angle range of 33-38° with a step size of 0.01 and exposure time of
100 s/point. Peak positions were obtained by Gaussian fitting; diffraction data along
with the fitted curves are shown in Figure 4, and values are listed in Table 2. The XRD
peak positions of the individual CoFe,O4 and Fe;04 nanoparticles were 35.45° and 35.5°,
respectively, whereas for the mechanical mixture, the peak position was 35.48°, which
indicates the overlapping of the (311) peaks of the individual nanoparticles that were
reflected by the peak position and FWHM values. Interestingly, the (311) peak position of
the core-shell nanoparticles (S51) was lower than that of the CoFe,O4 nanoparticles, which is
due to the epitaxial growth of the shell phase and subsequent strain at the interface caused
by the core-shell geometry, which caused a significant shift in the peak position.

Intensity (a.u)
Intensity (a.u)
L

T T T T T T T T T T T T T T T T 4
33.0 33.5 340 345 350 355 36.0 365 370 37.5 380 345 348 351 354 357 360 363 366
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Z =
= <
= =
E fa
8 Z
T T T T r— T T T T T T T T T T T T T
345 348 351 354 357 360 363 366 369 336 339 342 345 348 351 354 357 360 363
26 280

Figure 4. The (311) peak position obtained by Gaussian fitting of the XRD diffraction peak.
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Table 2. (311) peak positions obtained for the individual CoFe,O4 and Fe3O, nanoparticles and
core-shell nanoparticles.

Particles (311) Peak Position
Fe;0y4 35.51
CoFe; Oy 35.45
Mixture 35.48
S1-Core shell 35.30

3.3. Magnetic Measurements of the S1 and S2 Core-Shell Nanoparticles

Magnetic hysteresis (MH) loops obtained for the core-shell ferrite nanoparticles are
shown in Figure 5. The magnetic hysteresis loops were obtained at temperatures 5, 25,
50, 100, 200, and 300 K at zero-field (ZFC) cooling and at field-cooling (FC) values of 1,
2, and 3 T. The hysteresis loops showed significant openings at low temperatures (below
200 K), whereas at room temperature, the particles were superparamagnetic with negligible
remnant magnetization and coercivity. The MH loops in Figure 5 show kinks, which can
be attributed to the presence of hard and soft magnetic phase interfaces. The kinks in the
case of the S2 nanoparticles were more pronounced compared to those of the S1 particles,
which can be attributed to the difference in the phase fractions of the hard (CoFe;O4) and
soft (Fe304) magnetic phases in the two samples.
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Figure 5. Magnetic hysteresis loops obtained at room temperature in the field range of —10,000.0 Oe
to +10,000.0 Oe obtained under the cooling of the 0 and 2 T magnetic field for (a,b) S1 and (c,d) S2.
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The saturation magnetization (Mg) of the core-shell nanoparticles obtained at 2 T
from the MH plots is shown in Figure 6a,c for samples S1 and S2 in the ZFC state and
in the FC state at 1, 2, and 3 T field cooling values. Robles et al. reported the effect of
shell thickness on the saturation magnetization in a Fe3O4-CoFe;Oy4 core-shell system.
They varied the shell thickness in a controlled way between 1 and 4 nm, and the highest
saturation magnetization was obtained for the core-shell geometry with a shell thickness
of 2.1 nm [36]. This indicates that in core-shell systems of nanoparticles, the magnetic
properties depend on the individual thickness of the magnetic phases rather than on the
particle size of the core-shell nanoparticles. In our study, the saturation magnetization
values showed a similar trend at all field cooling values. The values of Mg were high
and nearly constant at low temperature and decreased with the increase in temperature.
The observed high and nearly constant values of the saturation magnetization at low
temperatures were attributed to the surface spins that were misaligned at room temperature
and froze in a disordered structure at lower temperature [38]. S1 nanoparticles had an Ms
value of 77.96 emu/g at 5 K and 69.97 emu/g at room temperature, whereas the Mg values
for the S2 particles were 70 and 66.16 emu/g at 5 and 300 K, respectively. The Ms values of
both 51 and S2 particles showed a slight field cooling dependency (except at4 T in S1 where
the field cooling had no effect on Mg). Considering the commonly observed dominant
effect of particle size on the saturation magnetization, S2 particles were expected to have
higher Mg values. However, we observed considerably lower Mg values for S2, which can
be attributed to interface effects, as we will discuss later. The saturation magnetization for
51 was greater than that for S2 at all field-cooling values and at all temperatures. For both
samples and at all field-cooling values, Mg remained nearly constant at temperatures below
100 K and slightly decreased up to 200 K (the spin freezing temperature). Mg decreased
rapidly at temperatures above 200 K in both samples. However, the rate of decrease of Mg
in 52 was slightly larger than that in S1.

The coercivity values of the S1 and S2 nanoparticles calculated from the MH plots are
shown in Figure 6b,d. The behavior of coercivity with temperature was nearly the same in
both samples, but the Hc values in the S2 particles were lower than the values in the S1
particles. The coercivity values showed a strong temperature dependency up to 200 K. The
coercivity values decreased sharply with increasing temperature up to 200 K and remained
flat with negligible magnitudes above 200 K. As can be seen, the Hc value varied from
2735 Oe at 5 K to a negligible value above 200 K in S1. The coercivity displayed significant
field-cooling dependency at temperatures below 100 K (except at 1 T for S1). For example,
at 5 K, the coercivity values for S2 were 1954 and 935 Oe in the ZFC and FC (at 3 T) states,
respectively. The highest coercivity values in both samples were obtained at 5 K in the ZFC
state. The trends of the saturation magnetization and coercivity of S1 and S2 are interesting.
Moon et al. reported a systematic study of the effect of shell thickness on the coercivity
value. They reported high coercivity for the ultrathin shell with few atomic layers interface
due to the enhanced spin canting [26]. The interface system presented in our study also
showed thickness-dependent coercivity.

The M-T plots under ZFC and FC conditions with the 100 Oe field were obtained for
nanoparticles S1 and S2 and are shown in Figure 7. The ZFC plots of both particles showed
a smooth peak around 200 K and another well-defined peak at nearly 380 K. Our core-shell
nanoparticles with SG-like phase at the interface was composed of two different magnetic
regimes. We believe the smooth peak at the lower temperature (around 200 K) was due to
the SG-like regime and the well-defined peak at the higher temperature (around 380 K) was
due to ferrimagnetic regime of the nanoparticles. The FC and ZFC plots of the core-shell
nanoparticles were broad compared with the single-phase seed nanoparticles (Figure 1),
which can be attributed to the size distributions and bi-magnetic interface of the two phases.
The flattening of the FC magnetization at low temperatures is suggested to be a signature
for the occurrence of the spin glass state in magnetic nanoparticles [39]. This feature is
clearly observed in FC branches of both samples, S1 and S2, at temperatures below 200 K.
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The separation of the ZFC and the FC branches can be attributed to significant inter-particle

interactions.
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Figure 7. The M-T plots under ZFC and FC conditions with 100 Oe field for (a) S1 and (b) S2.

The exchange bias values of the core-shell nanoparticles were obtained from the
hysteresis loops of Figure 5. To calculate the exchange bias values and coercivity of the
nanoparticles, the shift in the MH loops at the origin under different field cooling was
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used. The zoomed portion of the MH plots are shown in Figure 8 from which the shift in
the magnetization and field values was obtained.
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Figure 8. Zoomed portion of MH plots used for exchange bias calculations (a) S1 at 25 K under 3Tand
(b) S1 at 300 K under 3T.
The horizontal shift in the hysteresis loops was defined as the exchange bias field, Hgp.
The exchange bias field Hgg was calculated using Equation (3) [40]:
Her +He
Hgg = 5 3)
Here, the coercive field at the descending branch of the hysteresis loop is Hci, and
that on the ascending branch is Hc.
The temperature-dependent exchange bias field values are shown in Figure 9a,b for the
51 and S2 nanoparticles. The exchange bias field values showed non-monotonic trends with
temperature in both samples. Above 200 K, the exchange bias field values were negligible
for the S1 and S2 nanoparticles. The exchange bias values showed slight dependency on
the cooling field though the trends were non-monotonic.
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Figure 9. The temperature dependence of Hgp in the temperature range of 2-300 K for (a) S1 (b) S2.

It is interesting that numerous research studies revealed the occurrence of (uncon-
ventional) EB. For example, unconventional EB with Ty > T¢ has been observed in some



Nanomaterials 2022, 12, 262

13 of 21

systems such as core-shell nanoparticles and thin-film heterostructures [41—44]. In addition,
EB was reported to occur in systems cooled from temperatures below Ty [45]. In [46], the
EB effect was found to occur under zero-field cooling. In [47-54], the EB effect was reported
in AFM/SG systems. In [49,50,55], a spin glass (SG), such as disorder, was suggested to
occur at the FM-AFM interface. In [45], spin clusters such as SG states were suggested
to present at the interface of layered polycrystalline thin films. According to the uncon-
ventional EB reports with SG materials or a spin SG-like phase, the EB can occur when
cooling through the transition temperature of the FIM phase or when cooling through
the SG freezing temperature (TSG) [47,48]. We believe that the occurrence of EB in our
core-shell nanoparticles is not due to the direct exchange coupling between the FIM core
and FIM shell materials but rather is due to the exchange coupling between the FIM-SG
phases. Hence, the FIM-FIM exchange coupling is mediated by the FIM-SG interactions.
Hence, cooling down from 300 K is sufficient for the EB effect to take place in our samples.

The broken exchange bonds, strain, and the low symmetry at the surface and interface
of core-shell NPs result in interfacial uncompensated spins, which could freeze at low tem-
peratures, leading to interface spin-glass (SG) regions with random spin orientations [56].
SG regions that are randomly spread at the layered FM—AFM and core-shell nanoparticle
interfaces were suggested to affect the exchange bias properties [57]. The direct exchange
interaction between the core and shell spins was prevented by the existence of interfacial
SG regions. Each one of the SG regions had a net magnetic moment (spin). The spins of
all SG regions were randomly oriented. In addition to the magnetic interaction among the
SG regions, they were also coupled to the core and shell of the NP with variable coupling
strengths. Hence, based on the spin-glass features of the FC temperature dependence
of magnetization and based on our earlier findings on core-shell NPs [57], we suggest that
the nonmonotonic and oscillatory behavior of the exchange bias observed in our samples
can be attributed to the occurrence of spin-glass regions at the core-shell interface. When
the net exchange coupling of all SG regions with the core is antiferromagnetic, positive
exchange bias occurs, whereas when the net exchange coupling of all of the SG regions with
the core is ferromagnetic, negative exchange bias occurs [58,59]. The whole shell material is
involved in the interfacial exchange coupling as indicated from the variations of exchange
bias with shell thickness. The temperature and field affect the exchange coupling in an
unpredicted manner based on the variable magnetic coupling among the SG regions and be-
tween the SG regions and the core and shell spins at the interface. The larger the magnitude
of the exchange bias field, the stronger the indirect interfacial exchange bias. As expected,
the interfacial exchange coupling strength diminishes with increasing temperature, as can
be seen in Figure 8. The oscillatory behavior of the exchange bias field was more prominent
in 52, which indicates that the SG regions were larger than those in S1.

The magnetic anisotropy values are significant in understanding the observed coerciv-
ity, exchange bias, and conversion of magnetic energy into heat for magnetic hyperthermia.
The law of approach to saturation (LAS), which defines the dependency of the magne-
tization (M) on the applied magnetic field (H) at high field strengths, was employed to
calculate the effective anisotropy constant (K¢) of the particles. According to the LAS,
the magnetization near the saturation is represented using Equation (4). To calculate Kq¢
values, the experimental curves of M as a function of 1/H? were fitted at high magnetic
field strengths to obtain Mg and fitting parameter b

M:Ms[l—;z] @)

where parameter b is associated with K¢ given by Equation (5)

15b
Keff = 1oMs e )
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It can be seen from Figure 10 that K¢ decreased almost linearly with increasing
temperature. However, the K. values in 52 were always larger than those in 51 at the
same temperature. This could be attributed mainly to the larger SG regions in S2 as
discussed earlier. Hence, we suggest that the existence of SG regions enhanced the exchange
anisotropy of the otherwise clean ferrimagnetic-ferrimagnetic core-shell interface. The
larger the SG regions, the larger the interface exchange anisotropy and thus the larger the
effective magnetic anisotropy. It is interesting to notice that under the same experimental
conditions, Mg in S2 had smaller values than those in S1 (Figure 6) while K¢ in S2 had
larger values than those in S1 (Figure 10). It is true that the larger SG regions in S2 could
result in larger Kq¢ values, but the net spins of the SG regions were randomly oriented with
different pinning strengths. Hence, it will be more difficult to align all or most of the SG
regions along the applied field compared with the SG regions in S1. This will result in less
net magnetization in S2 compared with S1.

3.4. Magnetic Hyperthermia Studies of Core-Shell Nanoparticles in Agar Gel Phantom

The heat conversion ability of the core-shell nanoparticles synthesized from the
organometallic decomposition method was determined in agar gel phantom. Agar gel
is the commonly used phantom for the magnetic hyperthermia and MRI studies of the
nanoparticles for imaging and heating efficiency determination [60]. The agar gel is a
heterogenous polysaccharide that consists of agarose and agaropectin polymers that adsorb
huge amounts of water and form a three-dimensional network, which has tissue-mimicking
properties. The ferrogel of the core-shell nanoparticles was prepared by adding 50 mg of the
agar powder to the 1 mL of chitosan coated core-shell nanoparticles with a concentration of
5 mg/mL. This nano dispersion was sonicated for 10 min and heated to 95 °C in a water
bath for 30 min. Upon heating, it formed a homogenous viscus liquid that was cooled to
room temperature to obtain the agar ferrogel.

The heating efficiency values of the ferrogel phantoms were obtained using a nanoscale
bio-magnet instrument at frequencies of 765.95, 634.45, 491.10, 390.15, 349.20, 333.45, and
306.50 kHz and field strengths of 200, 250, 300, and 350 G. The instrument parameters
were well within the permissible levels of C=H x f =5 x 10° Am~!'s~! for use in human
trials [60]. Heating profiles were recorded for the ferrogel until the temperature of the
ferrogel reached 60 °C. The readings were taken for a maximum of 20 min exposure time
when the ferrogel temperature did not exceed 60 °C. The heating profiles of the seeds
and core-shell nanoparticle ferrogels are shown in Figure 11. The heating curves clearly
demonstrated that the frequency and field strength of the alternating magnetic field (AMF)
had significant effects on the magneto thermic efficiency of the core-shell nanoparticles. The
heating profiles were obtained under identical conditions, and SAR values were determined
from the initial slope of the heating curve using Equation (2). The critical requirement
for the nanoparticle to be used for magnetic hyperthermia for killing cancer cells is that
the particles should be able to increase the temperature above 42 °C at which cancer cells
start showing a denaturation property. Under a low magnetic field and frequency, the
nanoparticles were unable to increase the temperature above 42 °C, and these conditions
were not considered for obtaining the SAR values.
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Figure 11. Heating profiles of ferrogel (a) CoFe,O4 seed nanoparticles at 350 G, (b) S1 core-shell
ferrogel at 350 G, (c) S2 ferrogel under 491.10 kHz with field amplitude 200-350 G, and (d) S2 ferrogel
765.95 kHz, under 200-350 G magnetic field.

The SAR values of the core-shell nanoparticle ferrogel phantoms obtained for the S1
and S2 nanoparticles are shown in Figure 12. The SAR values of 52 were larger than those
for S1 at all frequency and field-strength parameters. The SAR values of the S1 nanoparticles
increased linearly with the increase in frequency under 200-350 G field amplitude whereas
the S2 particles showed similar behavior under lower field amplitude and frequency but
showed a significant deviation under higher frequency and field strength. To understand
the correlation between the applied field and heating rates, field-dependent SAR values
were plotted and are shown in Figure 12b S1 and Figure 12d S2. For the S1 nanoparticles,
the SAR values varied from 86.85-253.25 W/g in the frequency range of 306.5-765.85 kHz
under 350 G AC field amplitude, while the SAR values dropped to 13.7-51.4 W/g in the
same frequency range under the 200 G field amplitude; corresponding plots are shown in
Figure 12a,b. The SAR values of the 52 nanoparticles are shown in Figure 12¢,d; the SAR
of the S2 nanoparticles also showed strong dependency on both the frequency and field
strength of the AMF. The S2 nanoparticles had the highest SAR value of 387.6 W/g under
765.95 kHz and 350 G field amplitude but dropped to 23.4 W/g under 200 G and 306.5 kHz
frequency. The high SAR value of the S2 nanoparticles is interesting because of the lower
saturation magnetization of the S2 nanoparticles compared to the S1 particles.
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Figure 12. SAR values of the core-shell agar ferrogels (a) SI-SAR vs. field frequency, (b) S1-SAR vs.
field amplitude, (c) S2-SAR vs. field frequency, and (d) S2-SAR vs. field amplitude.
To understand the effect of core-shell geometry on the SAR values, the magneto ther-
mic effect of the CoFe;O4 seed nanoparticle ferrogel was obtained under similar conditions.
The SAR values of the seed nanoparticles are shown in Figure 13. The SAR values of the
seeds showed a nonlinear dependence on AMF frequency in the range of 306.5-368 kHz,
whereas it increased linearly at higher frequency. The SAR values of the seed ferrogel
were 170 and 40.4 W /g with field frequencies 765.95 and 306.5 kHz, respectively, under
an AMF amplitude of 350 G. These values are low compared with the SAR values of S1
and S2 obtained under similar conditions. Table 3 displays the different parameters of the
three samples.
Table 3. List of average sizes, effective anisotropy, and SAR values of the CoFe,;O, seed and core-shell
nanoparticles.
ope Average Sizes Average TEM Shell Thickness Mg Kg 10% SAR (W/g) at
Compositions . 3 765.97 kHz and
from XRD (nm) Sizes (nm) (nm) (emu/g) J/m 350 G
CoFe; Oy seeds 6.9 6.0+ 1.0 39.07 5.55 170.2
S1 [Fe304(CoFe;0y) 105 95+ 1.1 3.5 69.97 1.23 253.2
S2 [Fe304(CoFeyO4) 135 121417 6.1 66.16 2.16 387.6
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Figure 13. SAR values of CoFe,O4 seed nanoparticles obtained under 350 G field and
306.5-765.97 kHz frequencies.

From Figure 12, we can see that SAR values for both the S1 and S2 samples displayed
a roughly linear dependency on the frequency. The field dependence of SAR showed a
roughly linear behavior in S2 and a nonlinear behavior in S1. Thus, in both samples, the
LRT was roughly applied in S1 but not in S2. The highest SAR values were 253.2 W/g
and 387.6 W/g for S1 and S2, respectively. Across all AMF parameters (strength and
frequency), the SAR values for S2 were larger than those for S1 under the same AMF
parameters. We believe that this could be attributed to the larger effective anisotropy of
S2 at all temperatures. Hence, it is very interesting to notice that hard—soft core-shell NPs
can be tailored by introducing a controlled amount of SG regions to enhance the heating
efficiency for magnetic hyperthermia applications.

4. Conclusions

The magnetic properties of hard—soft core-shell CoFe;O4-Fe;0,4 nanoparticles were
examined in the temperature range 5-300 K. Two sets of nanoparticles with average sizes
of 9.5+ 1.1 (S1) and 12.1 £ 1.7 (S2) nm were synthesized by the organometallic decomposi-
tion method. The core size (6 nm) was fixed in both samples with shell thicknesses of 3.5 and
6.1 nm for S1 and S2, respectively. The exchange bias displayed significant nonmonotonic
temperature and field dependences in both samples, but they were more pronounced in S2
with the larger shell thickness. Notably, both samples displayed the exchange bias effect in
the zero-field cooling state, but this was more pronounced in S2. The effective anisotropy
constant was found to decrease almost linearly with temperature in both samples, but
the magnitude in S2 was greater at all temperatures. The SAR values for both core-shell
NPs displayed much larger values than those for the CoFe;O4 seed NPs, indicating the
significant enhancement due to the core-shell structure. However, the SAR values for 52
were larger than those for S1 under the same field and frequency parameters. The larger
effective anisotropy and SAR with smaller saturation magnetization in S2 are suggested
to be due to the existence of interfacial spin-glass regions. The ability to tune magnetic
properties and SAR values by controlling the core-shell structure of hard and soft magnetic
phases makes this system a promising candidate for advanced hyperthermia applications.



Nanomaterials 2022, 12, 262 19 of 21

Author Contributions: Conceptualization, V.N., B.I. and LM.O.; methodology, V.N. and LA.A.-O;
validation, B.I,, LM.O. and A.S.K,; formal analysis, V.N. and I.M.O.; investigation, LM.O. and B.I;
resources, B.I; data curation, L. A.A.-O., V.N. and A.S.K.; writing—original draft preparation, V.N.;
writing—review and editing, LM.O.; project administration, .LM.O. and B.L; funding acquisition, B.I.
All authors have read and agreed to the published version of the manuscript.

Funding: The authors would like to thank the University of Sharjah and Sharjah Research Academy
for the Collaborative Research Grant #2101050262.

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

Acknowledgments: The authors would like to thank the University of Sharjah and Sharjah Research
Academy for the Collaborative Research Grant #2101050262. The authors also thank the Research
Institute of Medical and Health Sciences (RIMHS) at University of Sharjah. I.A. Al-Omari would like
to thank Abdul Rahman Al-Nabhani from the Electron Microscopy Unit in the college of Medicine
and Health Sciences, SQU for help with TEM measurements.

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

References

1.  Kostevsek, N. A Review on the Optimal Design of Magnetic Nanoparticle-Based T2 MRI Contrast Agents. Magnetochemistry 2020,
6, 11. [CrossRef]

2. Obaidat, LM.; Narayanaswamy, V.; Alaabed, S.; Sambasivam, S.; Muralee Gopi, C.V.V. Principles of Magnetic Hyperthermia: A
Focus on Using Multifunctional Hybrid Magnetic Nanoparticles. Magnetochemistry 2019, 5, 67. [CrossRef]

3.  Cardoso, V.F; Francesko, A.; Ribeiro, C.; Bafiobre-Lépez, M.; Martins, P.; Lanceros-Mendez, S. Advances in Magnetic Nanoparti-
cles for Biomedical Applications. Advanced Healthcare Materials 2018, 7, 1700845. [CrossRef] [PubMed]

4. Rajan, A; Sahu, N.K. Review on Magnetic Nanoparticle-Mediated Hyperthermia for Cancer Therapy. |. Nanopart. Res. 2020, 22,
319. [CrossRef]

5. Issa, B.; Qadri, S.; Obaidat, I.M.; Bowtell, RW.; Haik, Y. PEG Coating Reduces NMR Relaxivity of Mng 5Zng 5Gdg g2Fe1.9804
Hyperthermia Nanoparticles. J. Magn. Reason. Imaging 2011, 34, 1192-1198. [CrossRef]

6. Lee, J.-H.; Jang, J.; Choi, J.; Moon, S.H.; Noh, S.; Kim, ]J.; Kim, J.-G.; Kim, L.-S.; Park, K.I.; Cheon, J. Exchange-Coupled Magnetic
Nanoparticles for Efficient Heat Induction. Nat. Nanotech. 2011, 6, 418-422. [CrossRef]

7.  Obaidat, LM.; Issa, B.; Haik, Y. The Role of Aggregation of Ferrite Nanoparticles on Their Magnetic Properties. ]. Nanosci.
Nanotechnol. 2011, 11, 3882-3888. [CrossRef]

8. He, X.; Zhong, W.; Au, C.-T.; Du, Y. Size Dependence of the Magnetic Properties of Ni Nanoparticles Prepared by Thermal
Decomposition Method. Nanoscale Res. Lett. 2013, 8, 446. [CrossRef]

9. DeFotis, G.C.; Molloy, ].C.; Komatsu, C.H.; Van Dongen, M.].; Davis, C.M.; DeSanto, C.L.; May, W.M.; Owens, T.M. Composition
Dependence of Magnetic Properties in the Mixed Magnet Col —xNixCly-HO. . Magn. Magn. Mater. 2019, 484, 478-483. [CrossRef]

10. Gawande, M.B.; Goswami, A.; Asefa, T.; Guo, H.; Biradar, A.V.; Peng, D.-L.; Zboril, R.; Varma, R.S. Core-Shell Nanoparticles:
Synthesis and Applications in Catalysis and Electrocatalysis. Chem. Soc. Rev. 2015, 44, 7540-7590. [CrossRef]

11.  Freire, TM.; Galvao, W.S,; Freire, R M.; Fechine, P.B.A. Bimagnetic Core/Shell Nanoparticles: Current Status and Future Possibilities;
Springer: Berlin/Heidelberg, Germany, 2017; Available online: https:/ /www.springerprofessional.de/en/bimagnetic-core-shell-
nanoparticles-current-status-and-future-po /12200914 (accessed on 28 December 2021).

12.  Pardo, A; Yafez, S.; Pifieiro, Y.; Iglesias-Rey, R.; Al-Modlej, A.; Barbosa, S.; Rivas, J.; Taboada, P. Cubic Anisotropic Co- and
Zn-Substituted Ferrite Nanoparticles as Multimodal Magnetic Agents. ACS Appl. Mater. Interfaces 2020, 12, 9017-9031. [CrossRef]

13.  Chung, H.; Bae, H.; Kim, C.; Rhee, I. Cube-Shaped Triethylene Glycol-Coated Ni—Mn Ferrite Nanoparticles for Use as T2 Contrast
Agents in Magnetic Resonance Imaging. J. Korean Phys. Soc. 2019, 74, 48-52. [CrossRef]

14. De Queiroz, D.F,; de Camargo, E.R.; Martines, M.U. Synthesis and Characterization of Magnetic Nanoparticles of Cobalt Ferrite
Coated with Silica. Biointerface Res. Appl. Chem. 2020, 10, 4908-4913. [CrossRef]

15. Phan, M.-H.; Alonso, J.; Khurshid, H.; Lampen-Kelley, P.; Chandra, S.; Stojak Repa, K.; Nemati, Z.; Das, R.; Iglesias, O.; Srikanth,
H. Exchange Bias Effects in Iron Oxide-Based Nanoparticle Systems. Nanomaterials 2016, 6, 221. [CrossRef] [PubMed]

16. Lopez-Ortega, A.; Tobia, D.; Winkler, E.; Golosovsky, L.V,; Salazar-Alvarez, G.; Estradé, S.; Estrader, M.; Sort, J.; Gonzalez, M.A;
Surifiach, S.; et al. Size-Dependent Passivation Shell and Magnetic Properties in Antiferromagnetic/Ferrimagnetic Core/Shell
MnO Nanoparticles. . Am. Chem. Soc. 2010, 132, 9398-9407. [CrossRef] [PubMed]

17.  Simeonidis, K.; Martinez-Boubeta, C.; Serantes, D.; Ruta, S.; Chubykalo-Fesenko, O.; Chantrell, R.; Or6-Solé, J.; Balcells, L.;

Kamzin, A.S.; Nazipov, R.A.; et al. Controlling Magnetization Reversal and Hyperthermia Efficiency in Core-Shell Iron-Iron
Oxide Magnetic Nanoparticles by Tuning the Interphase Coupling. ACS Appl. Nano Mater. 2020, 3, 4465-4476. [CrossRef]


http://doi.org/10.3390/magnetochemistry6010011
http://doi.org/10.3390/magnetochemistry5040067
http://doi.org/10.1002/adhm.201700845
http://www.ncbi.nlm.nih.gov/pubmed/29280314
http://doi.org/10.1007/s11051-020-05045-9
http://doi.org/10.1002/jmri.22703
http://doi.org/10.1038/nnano.2011.95
http://doi.org/10.1166/jnn.2011.3833
http://doi.org/10.1186/1556-276X-8-446
http://doi.org/10.1016/j.jmmm.2019.03.120
http://doi.org/10.1039/C5CS00343A
https://www.springerprofessional.de/en/bimagnetic-core-shell-nanoparticles-current-status-and-future-po/12200914
https://www.springerprofessional.de/en/bimagnetic-core-shell-nanoparticles-current-status-and-future-po/12200914
http://doi.org/10.1021/acsami.9b20496
http://doi.org/10.3938/jkps.74.48
http://doi.org/10.33263/BRIAC101.908913
http://doi.org/10.3390/nano6110221
http://www.ncbi.nlm.nih.gov/pubmed/28335349
http://doi.org/10.1021/ja1021798
http://www.ncbi.nlm.nih.gov/pubmed/20568759
http://doi.org/10.1021/acsanm.0c00568

Nanomaterials 2022, 12, 262 20 of 21

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Hu, H. Recent Advances of Bioresponsive Nano-Sized Contrast Agents for Ultra-High-Field Magnetic Resonance Imaging. Front.
Chem. 2020, 8, 203. [CrossRef] [PubMed]

Anik, M.I,; Hossain, M.K.; Hossain, I.; Mahfuz, A.M.U.B.; Rahman, M.T.; Ahmed, I. Recent Progress of Magnetic Nanoparticles in
Biomedical Applications: A Review. Nano Select 2021, 2, 1146-1186. [CrossRef]

Dobson, J. Remote Control of Cellular Behaviour with Magnetic Nanoparticles. Nat. Nanotech. 2008, 3, 139-143. [CrossRef]
Price, PM.; Mahmoud, W.E.; Al-Ghamdi, A.A.; Bronstein, L.M. Magnetic Drug Delivery: Where the Field Is Going. Front. Chem.
2018, 6, 619. [CrossRef] [PubMed]

Dennis, C.L.; Ivkov, R. Physics of Heat Generation Using Magnetic Nanoparticles for Hyperthermia. Int. J. Hyperth. 2013, 29,
715-729. [CrossRef]

Usov, N.A ; Rytov, R.A ; Bautin, V.A. Properties of Assembly of Superparamagnetic Nanoparticles in Viscous Liquid. Sci. Rep.
2021, 11, 6999. [CrossRef]

Fabris, F.; Lima, E.; Biasi, E.D.; Troiani, H.E.; Mansilla, M.V; Torres, T.E.; Pacheco, R.E; Ibarra, M.R.; Goya, G.E; Zysler, RD; et al.
Controlling the Dominant Magnetic Relaxation Mechanisms for Magnetic Hyperthermia in Bimagnetic Core-Shell Nanoparticles.
Nanoscale 2019, 11, 3164-3172. [CrossRef] [PubMed]

Nica, V.; Caro, C.; Pdez-Munoz, ] M.; Leal, M.P,; Garcia-Martin, M.L. Bi-Magnetic Core-Shell CoFe204@MnFe204 Nanoparticles
for In Vivo Theranostics. Nanomaterials 2020, 10, 907. [CrossRef]

Moon, S.H.; Noh, S.; Lee, J.-H.; Shin, T.-H.; Lim, Y.; Cheon, ]J. Ultrathin Interface Regime of Core-Shell Magnetic Nanoparticles for
Effective Magnetism Tailoring. Nano Lett. 2017, 17, 800-804. [CrossRef] [PubMed]

Tsopoe, S.P.; Borgohain, C.; Fopase, R.; Pandey, L.M.; Borah, ].P. A Comparative Investigation of Normal and Inverted Exchange
Bias Effect for Magnetic Fluid Hyperthermia Applications. Sci. Rep. 2020, 10, 18666. [CrossRef]

Venkatesha, N.; Pudakalakatti, S.M.; Qurishi, Y.; Atreya, H.S.; Srivastava, C. MnFe,O;-Fe30O4 Core-Shell Nanoparticles as a
Potential Contrast Agent for Magnetic Resonance Imaging. RSC Adv. 2015, 5, 97807-97815. [CrossRef]

Andreu, I.; Natividad, E. Accuracy of Available Methods for Quantifying the Heat Power Generation of Nanoparticles for
Magnetic Hyperthermia. Int. . Hyperth. 2013, 29, 739-751. [CrossRef]

Su, K.P; Zhao, C.Y,; Wang, H.O.; Huang, S.; Liu, Z.W.; Huo, D.X. Synthesis, Structure and Magnetic Properties of CoFe,O4 Ferrite
Nanoparticles. Mater. Res. Express 2018, 5, 056102. [CrossRef]

Boda, N.; Naidu, K.C.B.; Batoo, K.M.; Joice, G.H.R; Naik, ].L.; Ravinder, D. Structural, Morphological and Electronic Properties of
Cadmium Cobalt Ferrite Nanoparticles. Biointerface Res. Appl. Chem. 2020, 10, 4752-4763. [CrossRef]

Patterson, A.L. The Scherrer Formula for X-Ray Particle Size Determination. Phys. Rev. 1939, 56, 978-982. [CrossRef]

Holland, T.; Redfern, S. UNITCELL: A Nonlinear Least-Squares Program for Cell-Parameter Refinement Implementing Regression
and Deletion Diagnostics. J. Appl. Crystallogr. 1997, 30, 84. [CrossRef]

Sanpo, N.; Wang, J.; Berndt, C. Sol-Gel Synthesized Copper-Substituted Cobalt Ferrite Nanoparticles for Biomedical Applications.
J. Nano Res. 2013, 22, 95-106. [CrossRef]

Yan, H.; Zhang, J.; You, C.; Song, Z.; Yu, B.; Shen, Y. Influences of Different Synthesis Conditions on Properties of Fe304
Nanoparticles. Mater. Chem. Phys. 2009, 113, 46-52. [CrossRef]

Robles, ]J.; Das, R.; Glassell, M.; Phan, M.H.; Srikanth, H. Exchange-Coupled Fe3O4/CoFe;O4 Nanoparticles for Advanced
Magnetic Hyperthermia. AIP Adv. 2018, 8, 056719. [CrossRef]

Yelenich, O.V.; Solopan, S.; Greneche, ]J.-M.; Belous, A. Synthesis and Properties MFe204 (M = Fe, Co) Nanoparticles and
Core-Shell Structures. Solid State Sci. 2015, 46, 19-26. [CrossRef]

Alves, C.R,; Aquino, R; Depeyrot, J.; Cotta, T.A.P.; Sousa, M.H.; Tourinho, FA.; Rechenberg, H.R.; Goya, G.F. Surface Spin
Freezing of Ferrite Nanoparticles Evidenced by Magnetization Measurements. J. Appl. Phys. 2006, 99, 08M905. [CrossRef]
Labarta, A.; Batlle, X.; Iglesias, O. From Finite-Size and Surface Effects to Glassy Behaviour in Ferrimagnetic Nanoparticles. In
Surface Effects in Magnetic Nanoparticles; Springer: Boston, MA, USA, 2005.

Obaidat, LM.; Nayek, C.; Manna, K.; Bhattacharjee, G.; Al-Omari, I.A.; Gismelseed, A. Investigating Exchange Bias and Coercivity
in Fe304—y-Fe;O3 Core-Shell Nanoparticles of Fixed Core Diameter and Variable Shell Thicknesses. Nanomaterials 2017, 7, 415.
[CrossRef]

Cai, J.W,; Liu, K,; Chien, C.L. Exchange Coupling in the Paramagnetic State. Phys. Rev. B 1999, 60, 72-75. [CrossRef]

Guo, S.; Liu, X.H.; Cui, W.B.; Liu, W.; Zhao, X.G.; Li, D.; Zhang, Z.D. Unconventional Exchange Bias in CoCryO4/Cr,O3
Nanocomposites. J. Appl. Phys. 2009, 105, 064702. [CrossRef]

Behera, B.C,; Jana, S.; Bhat, 5.G.; Gauquelin, N.; Tripathy, G.; Anil Kumar, P.S.; Samal, D. Evidence for Exchange Bias Coupling at
the Perovskite/Brownmillerite Interface in Spontaneously Stabilized SrCoO3_5/SrCoO, 5 Bilayers. Phys. Rev. B 2019, 99, 024425.
[CrossRef]

Sossmeier, K.D.; Schafer, D.; Bastos, A.P.O.; Schmidt, J.E.; Geshev, ]. Tailoring Coercivity of Unbiased Exchange-Coupled
Ferromagnet/ Antiferromagnet Bilayers. . Appl. Phys. 2012, 112, 013904. [CrossRef]

O’Grady, K.; Fernandez-Outon, L.E.; Vallejo-Fernandez, G. A New Paradigm for Exchange Bias in Polycrystalline Thin Films. J.
Magn. Magn. Mater. 2010, 322, 883-899. [CrossRef]

Coutrim, L.T.; Bittar, E.M.; Garcia, F.; Bufaical, L. Influence of Spin Glass-like Magnetic Relaxation on the Zero-Field-Cooled
Exchange Bias Effect. Phys. Rev. B 2018, 98, 064426. [CrossRef]


http://doi.org/10.3389/fchem.2020.00203
http://www.ncbi.nlm.nih.gov/pubmed/32266217
http://doi.org/10.1002/nano.202000162
http://doi.org/10.1038/nnano.2008.39
http://doi.org/10.3389/fchem.2018.00619
http://www.ncbi.nlm.nih.gov/pubmed/30619827
http://doi.org/10.3109/02656736.2013.836758
http://doi.org/10.1038/s41598-021-86323-x
http://doi.org/10.1039/C8NR07834C
http://www.ncbi.nlm.nih.gov/pubmed/30520920
http://doi.org/10.3390/nano10050907
http://doi.org/10.1021/acs.nanolett.6b04016
http://www.ncbi.nlm.nih.gov/pubmed/28045532
http://doi.org/10.1038/s41598-020-75669-3
http://doi.org/10.1039/C5RA20474G
http://doi.org/10.3109/02656736.2013.826825
http://doi.org/10.1088/2053-1591/aabf7b
http://doi.org/10.33263/BRIAC101.752763
http://doi.org/10.1103/PhysRev.56.978
http://doi.org/10.1107/S0021889896011673
http://doi.org/10.4028/www.scientific.net/JNanoR.22.95
http://doi.org/10.1016/j.matchemphys.2008.06.036
http://doi.org/10.1063/1.5007249
http://doi.org/10.1016/j.solidstatesciences.2015.05.011
http://doi.org/10.1063/1.2163844
http://doi.org/10.3390/nano7120415
http://doi.org/10.1103/PhysRevB.60.72
http://doi.org/10.1063/1.3100036
http://doi.org/10.1103/PhysRevB.99.024425
http://doi.org/10.1063/1.4731717
http://doi.org/10.1016/j.jmmm.2009.12.011
http://doi.org/10.1103/PhysRevB.98.064426

Nanomaterials 2022, 12, 262 21 of 21

47. Ali, M.; Adie, P.; Marrows, C.H.; Greig, D.; Hickey, B.].; Stamps, R.L. Exchange Bias Using a Spin Glass. Nat. Mater. 2007, 6, 70-75.
[CrossRef] [PubMed]

48. Wang, BM,; Liu, Y; Ren, P; Xia, B.; Ruan, K.B.; Yi, ].B,; Ding, J.; Li, X.G.; Wang, L. Large Exchange Bias after Zero-Field Cooling
from an Unmagnetized State. Phys. Rev. Lett. 2011, 106, 077203. [CrossRef] [PubMed]

49. Rojas Sanchez, ].C.; Nelson-Cheeseman, B.; Granada, M.; Arenholz, E.; Steren, L.B. Exchange-Bias Effect at Lag 755rg ;5 MnO3 /LaNiO3
Interfaces. Phys. Rev. B Condens. Matter Mater. Phys. 2012, 85, 094427. [CrossRef]

50. Zhou, G.; Guan, X,; Bai, Y,; Quan, Z; Jiang, F.; Xu, X. Interfacial Spin Glass State and Exchange Bias in the Epitaxial
Lag7Srg3MnO3/LaNiOjs Bilayer. Nanoscale Res. Lett. 2017, 12, 330. [CrossRef]

51. Miltényi, P,; Gierlings, M.; Keller, J.; Beschoten, B.; Glintherodt, G.; Nowak, U.; Usadel, K.D. Diluted Antiferromagnets in
Exchange Bias: Proof of the Domain State Model. Phys. Rev. Lett. 2000, 84, 4224—4227. [CrossRef]

52. Giri, S.; Patra, M.; Majumdar, S. Exchange Bias Effect in Alloys and Compounds. J. Phys. Condens. Matter 2011, 23, 073201.
[CrossRef]

53. Doyle, S.; John, C.; Maniv, E.; Murphy, R.A.; Maniv, A.; Ramakrishna, S.K.; Tang, Y.-L.; Ramesh, R.; Long, ].R.; Reyes, A.P; et al.
Tunable Giant Exchange Bias in an Intercalated Transition Metal Dichalcogenide. Nat. Phys. 2021, 17, 525-530. [CrossRef]

54. Hudl, M.; Mathieu, R.; Nordblad, P. Tunable Exchange Bias in Dilute Magnetic Alloys—Chiral Spin Glasses. Sci. Rep. 2016, 6,
19964. [CrossRef]

55. Spizzo, F; Tamisari, M.; Chinni, F,; Bonfiglioli, E.; Del Bianco, L. Interface Adjustment and Exchange Coupling in the IrMn/NiFe
System. J. Magn. Magn. Mater. 2017, 421, 234-240. [CrossRef]

56. Obaidat, I.; Mohite, V.; Issa, B.; Tit, N.; Haik, Y. Predicting a Major Role of Surface Spins in the Magnetic Properties of Ferrite
Nanoparticles. Cryst. Res. Technol. 2009, 44, 489-494. [CrossRef]

57. Nogués, J.; Sort, J.; Langlais, V.; Skumryev, V.; Surifiach, S.; Mufioz, J.S.; Bar6, M.D. Exchange Bias in Nanostructures. Phys. Rep.
2005, 422, 65-117. [CrossRef]

58. Estrader, M.; Lopez-Ortega, A.; Estradé, S.; Golosovsky, 1.V.; Salazar-Alvarez, G.; Vasilakaki, M.; Trohidou, K.N.; Varela, M.;
Stanley, D.C.; Sinko, M.; et al. Robust Antiferromagnetic Coupling in Hard-Soft Bi-Magnetic Core/Shell Nanoparticles. Nat.
Commun. 2013, 4, 2960. [CrossRef] [PubMed]

59. Vasilakaki, M.; Trohidou, K.N.; Nogués, J. Enhanced Magnetic Properties in Antiferromagnetic-Core/Ferrimagnetic-Shell
Nanoparticles. Sci. Rep. 2015, 5, 9609. [CrossRef]

60. Egea-Benavente, D.; Ovejero, ].G.; Morales, M.d.P.; Barber, D.F. Understanding MNPs Behaviour in Response to AMF in Biological
Milieus and the Effects at the Cellular Level: Implications for a Rational Design That Drives Magnetic Hyperthermia Therapy
toward Clinical Implementation. Cancers 2021, 13, 4583. [CrossRef]


http://doi.org/10.1038/nmat1809
http://www.ncbi.nlm.nih.gov/pubmed/17173030
http://doi.org/10.1103/PhysRevLett.106.077203
http://www.ncbi.nlm.nih.gov/pubmed/21405539
http://doi.org/10.1103/PhysRevB.85.094427
http://doi.org/10.1186/s11671-017-2110-0
http://doi.org/10.1103/PhysRevLett.84.4224
http://doi.org/10.1088/0953-8984/23/7/073201
http://doi.org/10.1038/s41567-020-01123-w
http://doi.org/10.1038/srep19964
http://doi.org/10.1016/j.jmmm.2016.08.020
http://doi.org/10.1002/crat.200900022
http://doi.org/10.1016/j.physrep.2005.08.004
http://doi.org/10.1038/ncomms3960
http://www.ncbi.nlm.nih.gov/pubmed/24343382
http://doi.org/10.1038/srep09609
http://doi.org/10.3390/cancers13184583

	Introduction 
	Materials and Methods 
	Synthesis of CoFe2O4 Nanoparticles 
	Synthesis of Core-Shell Nanoparticles 
	Characterization of the Nanoparticles 
	Magneto Thermal Measurements 

	Results and Discussion 
	Structural and Magnetic Characterization of CoFe2O4 Nanoparticle Seeds 
	Structural and Magnetic Characterization of Core-Shell Nanoparticles 
	Magnetic Measurements of the S1 and S2 Core-Shell Nanoparticles 
	Magnetic Hyperthermia Studies of Core-Shell Nanoparticles in Agar Gel Phantom 

	Conclusions 
	References

