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Abstract: An important research effort on the design of the magnetic particles is increasingly required
to optimize the heat generation in biomedical applications, such as magnetic hyperthermia and
heat-assisted drug release, considering the severe restrictions for the human body’s exposure to an
alternating magnetic field. Magnetic nanoparticles, considered in a broad sense as passive sensors,
show the ability to detect an alternating magnetic field and to transduce it into a localized increase of
temperature. In this context, the high biocompatibility, easy synthesis procedure and easily tunable
magnetic properties of ferrite powders make them ideal candidates. In particular, the tailoring of
their chemical composition and cation distribution allows the control of their magnetic properties,
tuning them towards the strict demands of these heat-assisted biomedical applications. In this
work, Co0.76 Zn0.24 Fe2 O4, Li0.375 Zn0.25 Fe2.375 O4 and ZnFe2 O4 mixed-structure ferrite powders were
synthesized in a ‘dry gel’ form by a sol-gel auto-combustion method. Their microstructural properties
and cation distribution were obtained by X-ray diffraction characterization. Static and dynamic
magnetic measurements were performed revealing the connection between the cation distribution
and magnetic behavior. Particular attention was focused on the effect of Co2+ and Li+ ions on the
magnetic properties at a magnetic field amplitude and the frequency values according to the practical
demands of heat-assisted biomedical applications. In this context, the specific loss power (SLP) values
were evaluated by ac-hysteresis losses and thermometric measurements at selected values of the
dynamic magnetic fields.
Keywords: magnetic hyperthermia; specific loss power; magnetic mixed ferrites; hysteresis losses;
thermometric measurements

1. Introduction
Nanotechnology addressed to a nanoscale design of materials is one of the utmost researched
topics in the present century, involving disciplines like engineering, physics, chemistry and biology,
concerning different application areas such as electronics, telecommunications, energy harvesting,
sensors and biomedicine [1–7].
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Although magnetic nanoparticles have been extensively studied in recent decades, they resulted
in exciting materials to be used in these application areas due to their considerably size-dependent
chemical and physical properties [8–10]. In particular, in the biomedical area, the tuning of the structure,
size and composition of particles has led to the development of different applications such as magnetic
biosensors, magnetic resonance imaging (MRI), drug-delivery and magnetic hyperthermia [6,11–20].
When exposed to an alternating magnetic field, magnetic particles, considered in a broad sense as
passive sensors, are able to detect and transduce it in a controlled and localized release of heat; this
ability has promoted the use of these materials for advanced therapeutic applications such as magnetic
hyperthermia and heat-assisted drug release [13,21–23]. The physical mechanism at the base of heat
generation has been recently identified to be mainly the magnetic hysteresis losses [24]. The efficiency
of the heat generation, estimated by the specific loss power (SLP) value, depends on several parameters;
some of these can be identified as “external”, such as the intensity and the frequency of the applied
magnetic field and the liquid medium properties, whereas others, identified as “internal”, depend
on the intrinsic properties of the magnetic particles such as composition, size, shape and magnetic
state [25,26].
Because of the strict restrictions required on the applied alternating magnetic field parameters for
the human body’s exposure [27–29], a huge research effort should be primarily focused on the design
of the intrinsic properties of magnetic particles in order to optimize the efficiency of the heat release
according to practical demands [30,31].
In this context, spinel ferrite powders attract extraordinary attention because of their high
biocompatibility, easy synthesis procedure, physical and chemical stability and easily tunable magnetic
properties [32–37]. The general formula of ferrite is MeFe2 O4 where Me represents a divalent metal ion
(e.g., Fe2+ , Co2+ , Ni2+ , Zn2+ , etc.) or a combination of ions with the average valence of two (e.g., Li+
and Fe3+ in lithium ferrite, etc.) [33]. Moreover, combinations of these ions are also possible, obtaining
mixed-structure ferrites with different compositions [33,38].
Generally, in the biomedical area, ferrite particles based on magnetic Co2+ ions are proposed
as promising heat generators due to their strong magnetocrystalline anisotropy and moderate
magnetization [39–41]. Instead, Li+ ions, combined in magnetic (Li+ 0.5 Fe3+ 0.5 ) species in ferrite structures,
have attracted attention because of their low toxicity [42,43]. On the other hand, the non-magnetic Zn2+
ion is usually used as a partial substitutional of magnetic divalent ions or species in order to finely
tune the magnetic properties of the ferrite particles [38], especially the saturation magnetization [33].
Together with the chemical composition changes, the manipulation of the cation distribution on
octahedral and tetrahedral sites represents another suitable strategy to control the magnetic behavior
of ferrites due to the strong connection between the spinel structure and its magnetism [44–47].
The biocompatibility evaluation of ferrite particles represents a preliminary and fundamental step
towards their use in biomedical applications. The variety of ions in the ferrite composition represents
one of the several parameters that influence the viability of the cells [48,49]; e.g., Co-ferrite is less
biocompatible than Fe3 O4 and Mn-ferrite [50]. However, different coating materials such as polymer
or surfactants can be used as protective layers minimizing the direct exposure of the less biocompatible
ions present on the ferrite surface to the biological environment [39,51].
In the present work, Co0.76 Zn0.24 Fe2 O4, Li0.375 Zn0.25 Fe2.375 O4 and ZnFe2 O4 mixed-structure
ferrites were synthesized in a ‘dry gel’ form by a sol-gel auto-combustion method. Here, X-ray
diffraction (XRD) was exploited to calculate the cation distribution. Static and dynamic magnetic
characterizations were performed to study the connection between the cation distribution and magnetic
behavior. Particular attention was devoted to clarifying the role of Co2+ and Li+ ions on the magnetic
behavior of ferrites at a magnetic field amplitude and the frequency values appropriate to foresee
heat-assisted biomedical applications. Moreover, the hysteresis losses and thermometric measurements
at selected values of ac-magnetic fields were performed to evaluate the specific loss power (SLP) of
the samples.
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2. Materials and Methods
Li0.375 Zn0.25 Fe2.375 O4 , Co0.76 Zn0.24 Fe2 O4 and ZnFe2 O4 powder ferrite samples were synthesized
by sol-gel auto-combustion method [52]. In summary, the powders were synthesized via utilizing
AR grade citrate-nitrate/acetate precursors (Zn(NO3 )2 .6H2 O, Ferric nitrate—Fe(NO3 )3 .9H2 O, Lithium
acetate—CH3 .COOLi.2H2 O, cobalt nitrate—Co(NO3 )2 6H2 O and citric acid—C6 H8 O7 ), were mixed in
the stoichiometric ratio. Citric acid was used as the ‘fuel’ and the ratio of metal salts to fuel was taken
as 1:1. In the beginning, the citric acid acted as a chelating agent for the metal ions of varying ionic
sizes, which helped in preventing their selective precipitation to maintain compositional homogeneity
among the constituents. Subsequently, it also served as a fuel in the combustion reaction. To start the
synthesis process, all the precursor materials for the desired composition were dissolved in deionized
water in a beaker under constant stirring, to get a homogeneous solution and the pH was maintained
at 7 by adding ammonia solution. Then, the solution was heated at ~110 ◦ C for 1 h in air till a fluffy
powder was formed called ‘dry gel’ or ‘as-burnt powder’, which was ground to get a fine powder.
After the synthesis, the Li0.375 Zn0.25 Fe2.375 O4 and ZnFe2 O4 samples were annealed at 450 ◦ C for 3 h;
instead, no post-synthesis heat treatments were performed on the Co0.76 Zn0.24 Fe2 O4 sample.
The Zn concentration (x ≈ 0.25) and the resulting composition of LiZn- and CoZn-ferrites were
chosen in order to induce an increase in the saturation magnetization compared to the corresponding
simple ferrites (CoFeO and LiFeO) [33,53], taking into account the practical requests to optimize the
heating efficiency. A higher concentration of Zn ions (x > 0.5) should be avoided as it lowers the
magnetization saturation. [33,53].
The structural properties of powder samples were analyzed by X-ray diffraction (XRD) using
Cu-Kα radiation (wavelength ‘λ’ = 0.1541 nm) in θ–2θ configuration (step size of 0.02◦ ), equipped
with a fast counting Bruker LynxEye detector, with Silicon strip technology. Rietveld refinement was
performed by MAUD (material analysis using diffraction) software [54]. XRD data were analyzed to
obtain structural parameters: experimental (aexp. ) lattice parameters, X-ray density (ρxrd ) and mean
grain diameter (<Dxrd >). The distribution of cations on tetrahedral and octahedral sites in the studied
samples was determined by analyzing the XRD pattern, employing the Bertaut method [55], as was
also reported in earlier reports [56–58]. XRD intensity depends on the atomic position in the spinel unit
cell whereas the XRD peak position relies on the size and the shape of the unit cell. Bertaut’s method
utilizes the following pair of reflections: (400), (422) and (220), (400), according to the expression:
obs
Ihkl

Ihobs
0 k 0 l0

=

cal
Ihkl

Ihcal0 k0 l0

(1)

where Ihkl obs and Ihkl cal are respectively the observed and estimated intensities for the reflection (hkl).
These ratios were evaluated for the numerous groupings of cationic distribution at tetrahedral and
octahedral sites as described in [56]. The best distribution of cations was taken among the sites for
which theoretical and experimental lattice parameters agreed clearly.
Room-temperature-static-magnetization curves were measured by the means of a vibrating sample
magnetometer (VSM), operating in the magnetic field range −1200 < H < 1200 kA/m. The dc-hysteresis
loops were measured at selected vertex fields in the interval 0–1200 kA/m. From the major loops,
the coercive field (Hc ), the magnetic remanence (µ0 Mr ) and the saturation magnetization (µ0 Ms ) were
evaluated; specifically, the latter was determined by fitting the high-field portion of dc-hysteresis
curves with the standard expression µ0 M = µ0 Ms − a/H, representing the first-order approximation of
the series expansion that describes the law of approach to saturation [59].
Room-temperature dynamic hysteresis loops were measured by the means of a custom-built B-H
loop tracer [60] operating with the ac-magnetic field amplitude in the range 8–42 kA/m at the fixed
frequency of ~69 kHz; the ac-hysteresis loops were measured at selected vertex fields in the allowable
range. The area enclosed by ac-hysteresis loops was calculated in order to estimate the specific loss
power by the means of the hysteresis losses (SLP).
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citrate tribasic favors the stabilization of ferrite particles in deionized water due to the adsorption
the adsorption of citrate anions onto their surface resulting in a stable and well dispersed magnetic
of citrate anions onto their surface resulting in a stable and well dispersed magnetic solution [61].
solution [61]. These liquid suspensions were adequate to perform thermometric measurements but
These liquid suspensions were adequate to perform thermometric measurements but did not present
did not present conditions for in vitro and in vivo biomedical applications. The thermodynamic
conditions for in vitro and in vivo biomedical applications. The thermodynamic conditions of the
conditions of the experiment were fully modeled to obtain a direct measurement of the SLP of the
experiment were fully modeled to obtain a direct measurement of the SLP of the magnetic powders by
magnetic powders by taking into account the heat exchange with the surrounding environment in
taking into account the heat exchange with the surrounding environment in non-adiabatic conditions
non-adiabatic conditions and the parasitic heating of the water [60].
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The experimental lattice parameter (aexp ) values of the ferrite phases obtained from the Rietveld
The
experimental lattice parameter (aexp) values of the ferrite phases obtained from the Rietveld
refinement of the XRD data are given in Table 1; the value of the Zn-ferrite sample results is higher
refinement of the XRD data are given in Table 1; the value of the Zn-ferrite sample results is higher
than the ones of the LiZn-ferrite and CoZn-ferrite samples. This observed increase was due to the
than the ones of the LiZn-ferrite
and CoZn-ferrite samples. This observed increase was due to the
replacement of the Co2+2+ and Li+ + ions characterized by an ionic radius of 0.78 and 0.70 Å, respectively,
replacement of the Co
and
Li
ions
characterized by an ionic radius of 0.78 and 0.70 Å, respectively,
with the bigger Zn2+ ions (0.83 Å) [63–65], in agreement with Vegard’s law [66]. Moreover, the X-ray
with the bigger Zn2+ ions (0.83 Å) [63–65], in agreement with Vegard’s law [66]. Moreover, the X-ray
density (ρXRD ) for each sample was calculated by using the lattice parameter (aexp ) and the standard
density (ρXRD) for each sample was calculated by using the lattice parameter (aexp) and the standard
formula [67]; the obtained values, ranging in the typical interval of this kind of ferrites [33,68], are
formula [67]; the obtained values, ranging in the typical interval of this kind of ferrites [33,68], are
given in Table 1.
given in Table 1.
Table 1. Experimental lattice parameters (aexp ); X-ray density (ρXRD ); grain mean diameter <DXRD >
Table
1. Experimental
lattice parameters (aexp); X-ray density (ρXRD); grain mean diameter <DXRD> and
and cation
distribution.
cation distribution.
Sample

aexp (nm)

Sample
aexp (nm)
Co0.76 Zn0.24 Fe2 O4
0.8391
Co
0.76Zn
0.24FeO
2O4
0.8391
Li0.375
Zn
Fe
0.8365
0.25 2.375 4
ZnFe
Li0.375
Zn
0.25
0.8365
2O
4 Fe2.375O4 0.8435
ZnFe2O4
0.8435

ρXRD (g/cm3 )

ρXRD (g/cm3)
5.3
4.95.3
5.34.9
5.3

<DXRD > (nm)

<DXRD> (nm)
32
32
38
35
38
35

Cation Distribution

Cation Distribution
(Co0.00 Zn0.10 Fe0.90 ) [Co0.76 Zn0.14 Fe1.10 ]O4
(Co
Zn
0.10Fe
0.90) [Co0.76Zn0.14Fe1.10]O4
(Li0.00
Zn
0.05
0.10 Fe0.85 ) [Li0.325 Zn0.15 Fe1.525 ]O4
(Zn
) [Zn
(Li0.05Zn
0.10
FeFe
0.85
) [Li
0.325
ZnFe0.15
Fe]O
1.525
0.09
0.91
0.91
1.09
4 ]O4
(Zn0.09Fe0.91) [Zn0.91Fe1.09]O4

The mean diameter <DXRD> values of the grains were obtained from the XRD data analysis by
Scherrer’s equation [69] for all the samples (Table 1) and they were in the interval 32–38 nm,
indicating the formation of nanocrystallites. However, the reactions used to synthesize the particles
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The mean diameter <DXRD > values of the grains were obtained from the XRD data analysis by
Scherrer’s equation [69] for all the samples (Table 1) and they were in the interval 32–38 nm, indicating
the formation of nanocrystallites. However, the reactions used to synthesize the particles could induce
a non-negligible degree of agglomeration, which could result in polycrystalline aggregates forming
particles with diameters larger than <DXRD > [44].
These small values of <DXRD > revealed a significant advantage of the auto-combustion synthesis
compared to the more conventional ceramic methods in order to produce ferrite particles: the lower
temperature and shorter time used in the auto-combustions synthesis resulted in the grains’ smaller
diameter with a greater surface area [70,71], preventing the particles from coarsening and aggregating,
which is promoted by the very high temperature (T > 1000 ◦ C) typically used in the ceramic methods.
In addition, the XRD spectra were also analyzed by the Bertaut method [55] in order to obtain the
cation distribution. In particular, the cation distributions of the studied samples are given in Table 1,
where the ions on the tetrahedral site (site A) are given in parentheses and the ions on the octahedral
sites (sites B) between square brackets. The Zn2+ ions in Zn-ferrite were mainly located on the B site,
whereas the CoZn-ferrite and LiZn-ferrite samples showed only a slight preference of the Zn2+ ions to
occupy the octahedral (B) sites with respect to the tetrahedral (A) one. These observed deviations,
with respect to the general preference of the Zn2+ ions to occupy the tetrahedral (A) site, clearly
proved a non-equilibrium cation distribution in the samples. This effect was ascribed to the sol-gel
auto-combustion synthesis method at a low temperature (<110 ◦ C) and to the low efficiency of the
post-synthesis heat treatment (for sample Zn-ferrite and LiZn-ferrite) which did not effectively induce
a diffusion of the Zn2+ ions on the tetrahedral sites towards a distribution closer to the equilibrium.
Instead, in the CoZn-ferrite and LiZn-ferrite samples, the divalent Co2+ metal ions and the divalent
combination of two the metal ions [Li+ 0.5 Fe3+ 0.5 ] [68,72] were almost totally located, as their preference,
on B sites.

h
i
III
II
III
The cation distribution reported as the general formula MeII
δ Fe1−δ Me1−δ Fe1+δ O4 revealed the
inversion degree of all the studied samples (δ = 0.10, 0.15, 0.09 for the CoZn, LiZn and Zn-ferrite samples,
respectively), indicating an intermediate configuration of their structure between the completely inverse
spinel structure (δ = 0) and the totally random distribution one (δ = 0.33).
The intermediate and tunable values of the inversion degree and its effect on the magnetic
properties (see the following sections) are advantages ascribed to the auto-combustion synthesis,
in which the low temperature and the fast cooling rate hinder the diffusion of the metal ions towards the
equilibrium that it is typically obtained with the more conventional high-temperature ceramic methods.
3.2. DC-Magnetic Properties
An enlargement of the room-temperature dc-hysteresis loops of all the samples taken at the
maximum magnetic field of 1200 kA/m is shown in Figure 2.
All curves display the typical magnetic hysteretic behavior resulting from the ferrimagnetic
ordering of spinel ferrite structure [73,74], confirming the blocked state of the ferrite particles as
expected by the <DXRD > values of the grains obtained from the XRD data analysis. The observed
coercive field (Hc ), saturation magnetization (µ0 Ms ) and the magnetic remanence (µ0 Mr ) are listed
in Table 2.

ceramic methods.
3.2. DC-Magnetic Properties
An enlargement of the room-temperature dc-hysteresis loops of all the samples taken6 ofat16the
maximum magnetic field of 1200 kA/m is shown in Figure 2.
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Table 2. Saturation magnetization (µ0 Ms ), coercive field (Hc ), magnetic remanence (µ0 Mr ), theoretical
saturation magnetization (µ0 Ms th ) at 0 K and the area enclosed by the major dc-hysteresis loops for all
the samples.
Sample
Co0.76 Zn0.24 Fe2 O4
Li0.375 Zn0.25 Fe2.375 O4
ZnFe2 O4

µ0 Ms

Hc

µ0 M r

µ0 Ms th

Area

(T)

(kA/m)

(T)

(T)

(J/m3 )

0.255
0.415
0.066

31.90
7.37
10.65

0.071
0.078
0.015

0.52
0.54
0.14

21709
7826
1467

The complete replacement of the magnetic Co2+ ions with the non-magnetic Zn2+ ions induced
a reduction of Hc from 31.90 (CoZn-ferrite) to 10.65 (Zn-ferrite) kA/m. The higher value of Hc of
CoZn-ferrite sample was connected to the high anisotropy of Co2+ ions characterized by a remarkable
spin-orbit coupling [36,75]. On the other hand, the replacement of the magnetic [Li+ 0.5 Fe3+ 0.5 ] species
with the non-magnetic Zn2+ ions promoted a slight increase of Hc from 7.37 (LiZn-ferrite) to 10.65 kA/m
(Zn-ferrite) and also a marked reduction of the µ0 Ms values from 0.415 T (LiZn-ferrite) to 0.066 T
(Zn-ferrite). This µ0 Ms reduction can be ascribed to the different distribution of the Fe3+ ions in the
spinel structure (see cation distribution in Table 1). In particular, in the LiZn sample, the Fe3+ ions
were preferentially located on the octahedral sites, leading to a higher net magnetic moment than the
one of the Zn sample in which a quasi-balanced distribution of Fe3+ ions occurred.
The experimental µ0 Ms values can be compared to the theoretical magnetization (µ0 Ms th ) values
(see Table 2) calculated in accordance to Néel’s two-sublattice model of ferrimagnets [76], where the
magnetic moments of the ions (Fe3+ = 5 µB , Co2+ = 3 µB and Li+ = Zn2+ = 0 µB ) on the tetrahedral and
octahedral sites are considered perfectly anti-parallel, totally neglecting any temperature effect and spin
disorder. The µ0 Ms th values for the LiZn-ferrite and CoZn-ferrite samples were very similar; therefore,
the experimental µ0 Ms values are also expected to be comparable. Instead, a marked difference was
measured (Table 2). This evidence clearly proves that the magnetic moments in these two ferrite
samples were not perfectly antiparallel, but rather were characterized by a spin canting resulting
in a non-collinear arrangement in the two-sublattices [77], especially in the CoZn-ferrite samples.
The three-lattice model, suggested by Yafet and Kittel [77], confirms this hypothesis by extrapolating
the canting angle values from the XRD data: 38◦ , 30◦ and 24◦ for the CoZn-ferrite, LiZn-ferrite,
and the Zn-ferrite, respectively. Of course, the observed reduction of µ0 Ms can also be accentuated
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by the probable presence of a spin disorder on the ferrite surface that induced a magnetically dead
layer [78,79].
The calculated values of the area (see Table 2) enclosed by the dc-hysteresis loops were proportional
to the energy lost as heat by the samples in one complete major loop (hysteresis losses). It can be noted
that the mixing of magnetic divalent ions (Co2+ ) or species [Li+ 0.5 Fe3+ 0.5 ] with non-magnetic Zn2+ ions
increased the area enclosed by the major loop with respect to the Zn-ferrite structure. This effect was
particularly efficient in the CoZn-ferrite sample due to the high anisotropy of Co2+ ions.
Minor dc-hysteresis loops were measured for all the samples by applying selected vertex fields
lower than the saturation field of the CoZn sample. The values of the area enclosed by these minor
dc-loops were calculated in order to evaluate the dc-hysteresis losses as a function of selected the
vertex fields (Hv ), see Figure 2b. All samples showed a non-linear dependence of the dc-hysteresis
losses on the vertex field amplitude, which can be well described by a third-order power law in the
limit of the small applied field [59]. Up to the field value of about 75 kA/m, the mutual relationship
of the dc-hysteresis losses intensity of the three samples was markedly changed with respect to the
dc-hysteresis losses evaluated from major dc-hysteresis loops (Table 2). In particular, in the vertex
field interval 0 < Hv < 75 kA/m, the LiZn-ferrite sample showed the highest hysteresis losses values
whereas those of the CoZn-ferrite sample were very low because the high anisotropy of Co2+ ions was
not completely overcome and the magnetization described narrow minor loops. When Hv > 75 kA/m,
the area enclosed by CoZn samples becomes the highest among the studied samples restoring the
mutual relationship of the dc-hysteresis losses intensity evaluated from major dc-hysteresis loops.
3.3. Ac-Measurements and SLP Evaluation
Magnetic hyperthermia therapy has to comply with a variety of biological and technical constraints,
among which emerges the limit for the product of magnetic field amplitude and frequency (H × f ) in
relation to the induced current loop diameter (D) to avoid non-specific heating in healthy areas due
to Eddy currents and to avoid the stimulation of cardiac muscles and nerves [80,81]. This limit was
initially proposed by Atkinson et al., as H × f < 4.85 × 108 Am−1 s−1 for a loop diameter of about 30
cm [27]; further experiments with a smaller diameter of the exposed body region have increased the
criterion up to H × f < 5.0 × 109 Am−1 s−1 [28].
The range between these two criteria seems to be currently the most convenient and most used
in several in vivo trials [82], at least until new studies about the biological safety of the alternating
magnetic field are carried out.
In addition to this biological limitation, some engineering difficulties combined with increasing
costs arise with the aim of concurrently increasing the field frequency and amplitudes in the wide
space (several centimeters) required for hyperthermia treatment.
In this work, the ac-characterization was performed at the field frequency of 69 kHz and at the
maximum applied magnetic field intensity, limited to 42 kA/m in order to fall within both general
safety [27,28] and our technological limits. A selection of ac-hysteresis loops acquired at selected vertex
fields for all samples is shown in Figure S1 of the Supplementary Materials.
Dynamic ac-hysteresis loops (f = 69 kHz and Hv = 37 kA/m) of all the studied powder ferrite
samples are shown in Figure 3a.

In this work, the ac-characterization was performed at the field frequency of 69 kHz and at the
maximum applied magnetic field intensity, limited to 42 kA/m in order to fall within both general
safety [27,28] and our technological limits. A selection of ac-hysteresis loops acquired at selected
vertex fields for all samples is shown in Figure S1 of the Supplementary Materials.
ac-hysteresis loops (f = 69 kHz and Hv = 37 kA/m) of all the studied powder ferrite
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where f is the field frequency and c the weight concentration of ferrite powder. The integration was
done over one period of the oscillating magnetic field.
The SLP dependence on the vertex field intensity Hv of all the studied samples is shown in
Figure 3b. The evaluation of this parameter represented one of the primary criteria to determine the
suitability of the ferrite sample for hyperthermia applications.
In the entire investigated field range, the LiZn-ferrite sample displayed the highest SLP values
indicating how the low-magnetic anisotropy divalent species [Li+ 0.5 Fe3+ 0.5 ] favor the heat released
by hysteresis losses with respect to the high-magnetic anisotropic divalent Co2+ ions; in particular,
the SLP value of the LiZn-ferrite sample at Hv = 42 kA/m is 3.6 times bigger than the one of CoZn-ferrite
sample at the same vertex field. As observed from the dc-characterization reported in Figure 2b, only a
further increase of Hv (exceeding our technological limit) can reduce the gap between the SLP values
produced by two samples leading to the promotion of the CoZn-ferrite sample. Moreover, the total
replacement of the magnetic divalent ions Co2+ or species [Li+ 0.5 Fe3+ 0.5 ] with non-magnetic Zn2+ ions
hinders the heat production by hysteresis losses, resulting in low SLP values in the investigated field
range with a tendency to reach a saturation value of about 15 W/g.
3.4. Thermometric Measurements and SLP Evaluation
Thermometric measurements were conducted in order to evaluate the ability of ferrite powders
to heat the magnetic solution, in which they were dispersed, under different applied field intensities.
Only the LiZn-ferrite composition was examined by thermometric measurements because it resulted
in, by the ac-loops characterization, the most promising sample among those studied for hyperthermia
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As a result, the thermometric SLP values were extrapolated by fitting the whole time evolution of the
temperature of the magnetic solution by a mathematical model that takes into account the non-adiabatic
condition of the exploited hyperthermia setup [60]. In Figure 4, the black symbols are the experimental
data, whereas the green line is the theoretical best fit. The model based on Newton’s cooling law [86]
evaluates the exchange of heat among the various components of the setup and/or the surrounding
environment induced by their temperature difference. In particular, the heat released by the magnetic
particles excited by an r.f electromagnetic field is all transferred to the liquid medium in which they are
dispersed. Subsequently, the heat is transferred to all the experimental components and eventually
to the surrounding environment. An accurate calibration procedure allows to determine the time
constant of the heat exchange mechanism among the various experimental components and the other
physical quantities appearing in the mathematical model. The only free parameter of the fit procedure
is the power (P) released by the ferrite powders that it is adjusted to reproduce the whole experimental
curve providing a direct estimation of the thermometric SLP of the samples:
SLP =

P
m

(3)

where m is the mass of ferrite powders in the liquid solution.
A summary of the SLP values determined with the two techniques for LiZn-ferrite samples is
plotted in Figure 5. The SLP values calculated from thermometric measurements (empty red dots in
Figure 5) turned out to be larger than the ones obtained by dynamic hysteresis loops (full red dots
in Figure 5).

𝑃
(3)
𝑚
where m is the mass of ferrite powders in the liquid solution.
A summary of the SLP values determined with the two techniques for LiZn-ferrite samples is plotted
in Figure 5. The SLP values calculated from thermometric measurements (empty red dots in Figure 5)
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an alteration of the hysteresis loop area and consequently influence the SLP value [92–94].
SLP values obtained for the LiZn-ferrite sample (SLP = 85–180 W/g) as reported in Figure 5
are in the same order of magnitude as the ones already reported in the literature. As examples,
Mallik et al. [42] report SLP = 334 W/g (H = 33.5 mT, f = 290 kHz) for Li0.31 Zn0.38 Fe2.31 O4 particles;
Dalal et al. [95] report SLP = 143–166 W/g (H = 33.5 mT, f = 290 kHz) for Li0.35 Zn0.3 Co0.05 Fe2.3 O4
particles embedded in carbon nanotubes. It should be noted that the experimental results are hardly
comparable as they refer to different applied fields and frequencies and strongly depend on the intrinsic
properties of particles such as size, shape and composition. This comparison shows that Li-based ferrites
can be considered an efficient alternative to more conventional iron-oxides such as maghemite (SLP =
106 W/g [96]) and magnetite [60] and some other ferrite compositions (SLP = 300 W/g for Gd-ferrite [97],
SLP = 73 W/g for Ba-ferrite [98] and SLP = 58 W/g for Sr-ferrite [99]); however, the heat efficiency of
Li-based ferrites remains much lower than Mn- and MnCo-based ferrites (SLP = 3024 W/g [100]) and
magnetosomes (SLP = 960 W/g [101]).
4. Conclusions
Co0.76 Zn0.24 Fe2 O4, Li0.375 Zn0.25 Fe2.375 O4 and ZnFe2 O4 mixed-structure ferrite powders were
synthesized by a sol-gel auto-combustion method. XRD spectra analysis revealed an out-of-equilibrium
cations distribution ascribed to the low efficiency of the synthesis method which did not induce an
effective diffusion of the Zn2+ ions towards the equilibrium positions. This out-of-equilibrium cation
distribution strongly influenced the static and dynamic magnetic properties of the ferrites.
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Dc-major loops clearly indicated that the suitable mixing of non-magnetic Zn2+ ions with magnetic
divalent ions (Co2+ ) or species [Li+ 0.5 Fe3+ 0.5 ] is a tool to tune the magnetic properties of the ferrite
particles. In particular, the high anisotropy of Co2+ ions enhanced the coercive field, whereas the
divalent species [Li+ 0.5 Fe3+ 0.5 ] increased the saturation magnetization.
The magnetic energy dissipated as thermal energy profitably usable in hyperthermia was evaluated
by the means of ac-hysteresis loops and thermometric measurements. Among the studied samples,
the mixed LiZn-ferrite structure matches in a better way the practical requirements of heat-assisted
applications than those of the mixed ferrite structure constituted by the highly anisotropic Co2+
ions. In the entire investigated field range, the LiZn-ferrite sample displayed the highest SLP values
indicating how the low anisotropic divalent species [Li+ 0.5 Fe3+ 0.5 ] favor the heat release by hysteresis
losses with respect to the high anisotropic divalent Co2+ ions.
In conclusion, the SLP evaluation and the structural and magnetic characterizations of ferrite
samples in dry form or dispersed in the liquid solution were calculated. This represents a preliminary
and important step towards the understanding of the physical properties for their perspective use in
magnetic hyperthermia and heat-assisted biomedical applications. Obviously, for prospective in vitro
and in vivo studies, several other aspects should be carefully taken into account such as the size and
charge of the NPs and their degree of aggregation in the magnetic solution.
Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/20/7/2151/s1,
Figure S1: A selection of the ac-hysteresis loops acquired at the selected vertex fields for all samples.
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Calhelha, R.C.; Ferreira, I.C.F.R.; Lima, R.; et al. Multifunctional graphene-based magnetic nanocarriers for
combined hyperthermia and dual stimuli-responsive drug delivery. Mater. Sci. Eng. C 2018, 93, 206–217.
[CrossRef] [PubMed]
Du, Y.; Liu, X.; Liang, Q.; Liang, X.J.; Tian, J. Optimization and Design of Magnetic Ferrite Nanoparticles
with Uniform Tumor Distribution for Highly Sensitive MRI/MPI Performance and Improved Magnetic
Hyperthermia Therapy. Nano Lett. 2019, 19, 3618–3626. [CrossRef] [PubMed]
Koh, I.; Josephson, L. Magnetic Nanoparticle Sensors. Sensors 2009, 9, 8130–8145. [CrossRef] [PubMed]
Jaufenthaler, A.; Schier, P.; Middelmann, T.; Liebl, M.; Wiekhorst, F.; Baumgarten, D. Quantitative 2D
magnetorelaxometry imaging of magnetic nanoparticles using optically pumped magnetometers. Sensors
2020, 20, 753. [CrossRef] [PubMed]
Chieh, J.J.; Wei, W.C.; Liao, S.H.; Chen, H.H.; Lee, Y.F.; Lin, F.C.; Chiang, M.H.; Chiu, M.J.; Horng, H.E.;
Yang, S.Y. Eight-channel AC magnetosusceptometer of magnetic nanoparticles for high-throughput and
ultra-high-sensitivity immunoassay. Sensors 2018, 18, 1043. [CrossRef]
Périgo, E.A.; Hemery, G.; Sandre, O.; Ortega, D.; Garaio, E.; Plazaola, F.; Teran, F.J. Fundamentals and
advances in magnetic hyperthermia. Appl. Phys. Rev. 2015, 2, 041302. [CrossRef]
Patil, R.M.; Thorat, N.D.; Shete, P.B.; Otari, S.V.; Tiwale, B.M.; Pawar, S.H. In vitro hyperthermia with
improved colloidal stability and enhanced SAR of magnetic core/shell nanostructures. Mater. Sci. Eng. C
2016, 59, 702–709. [CrossRef]
Aquino, V.R.R.; Vinícius-Araújo, M.; Shrivastava, N.; Sousa, M.H.; Coaquira, J.A.H.; Bakuzis, A.F. Role of
the Fraction of Blocked Nanoparticles on the Hyperthermia Efficiency of Mn-Based Ferrites at Clinically
Relevant Conditions. J. Phys. Chem. C 2019, 123, 27725–27734. [CrossRef]
Maldonado-Camargo, L.; Torres-Díaz, I.; Chiu-Lam, A.; Hernández, M.; Rinaldi, C. Estimating the
contribution of Brownian and Néel relaxation in a magnetic fluid through dynamic magnetic susceptibility
measurements. J. Magn. Magn. Mater. 2016, 412, 223–233. [CrossRef]
Nemati, Z.; Alonso, J.; Rodrigo, I.; Das, R.; Garaio, E.; García, J.Á.; Orue, I.; Phan, M.H.; Srikanth, H. Improving
the Heating Efficiency of Iron Oxide Nanoparticles by Tuning Their Shape and Size. J. Phys. Chem. C 2018, 122,
2367–2381. [CrossRef]
Bender, P.; Fock, J.; Frandsen, C.; Hansen, M.F.; Balceris, C.; Ludwig, F.; Posth, O.; Wetterskog, E.; Bogart, L.K.;
Southern, P.; et al. Relating Magnetic Properties and High Hyperthermia Performance of Iron Oxide
Nanoflowers. J. Phys. Chem. C 2018, 122, 3068–3077. [CrossRef]
Atkinson, W.; Brezovich, I.; Chakraborty, D.P. Usable Frequencies in Hyperthermia with Thermal Seeds.
IEEE Trans. Biomed. Eng. 1984, 31, 70–75. [CrossRef] [PubMed]
Hergt, R.; Dutz, S. Magnetic particle hyperthermia—Biophysical limitations of a visionary tumour therapy.
J. Magn. Magn. Mater. 2007, 311, 187–192. [CrossRef]
Shaterabadi, Z.; Nabiyouni, G.; Soleymani, M. Physics responsible for heating efficiency and self-controlled
temperature rise of magnetic nanoparticles in magnetic hyperthermia therapy. Prog. Biophys. Mol. Biol. 2018,
133, 9–19. [CrossRef] [PubMed]

Sensors 2020, 20, 2151

30.

31.

32.
33.
34.

35.

36.
37.

38.

39.
40.
41.

42.

43.
44.

45.
46.
47.

48.

49.

13 of 16

Reddy, L.H.; Arias, J.L.; Nicolas, J.; Couvreur, P. Magnetic Nanoparticles: Design and Characterization,
Toxicity and Biocompatibility, Pharmaceutical and Biomedical Applications. Chem. Rev. 2012, 112, 5818–5878.
[CrossRef]
Blanco-Andujar, C.; Walter, A.; Cotin, G.; Bordeianu, C.; Mertz, D.; Felder-Flesch, D.; Begin-Colin, S. Design
of iron oxide-based nanoparticles for MRI and magnetic hyperthermia. Nanomedicine 2016, 11, 1889–1910.
[CrossRef]
Seehra, M. Magnetic Spinels: Synthesis, Properties and Applications; IntechOpen: London, UK, 2017.
Smit, J.; Wijn, H.P.J. Ferrites; Cleaver-Hume Press Ltd: London, UK, 1959.
He, S.; Zhang, H.; Liu, Y.; Sun, F.; Yu, X.; Li, X.; Zhang, L.; Wang, L.; Mao, K.; Wang, G.; et al. Maximizing
Specific Loss Power for Magnetic Hyperthermia by Hard–Soft Mixed Ferrites. Small 2018, 14, 1800135.
[CrossRef]
Pilati, V.; Cabreira Gomes, R.; Gomide, G.; Coppola, P.; Silva, F.G.; Paula, F.L.O.; Perzynski, R.; Goya, G.F.;
Aquino, R.; Depeyrot, J. Core/Shell Nanoparticles of Non-Stoichiometric Zn-Mn and Zn-Co Ferrites as
Thermosensitive Heat Sources for Magnetic Fluid Hyperthermia. J. Phys. Chem. C 2018, 122, 3028–3038.
[CrossRef]
Sharifi Dehsari, H.; Asadi, K. Impact of Stoichiometry and Size on the Magnetic Properties of Cobalt Ferrite
Nanoparticles. J. Phys. Chem. C 2018, 122, 29106–29121. [CrossRef]
Demirci Dönmez, C.E.; Manna, P.K.; Nickel, R.; Aktürk, S.; Van Lierop, J. Comparative Heating Efficiency of
Cobalt-, Manganese-, and Nickel-Ferrite Nanoparticles for a Hyperthermia Agent in Biomedicines. ACS Appl.
Mater. Interfaces 2019, 11, 6858–6866. [CrossRef]
Albino, M.; Fantechi, E.; Innocenti, C.; López-Ortega, A.; Bonanni, V.; Campo, G.; Pineider, F.; Gurioli, M.;
Arosio, P.; Orlando, T.; et al. Role of Zn2+ Substitution on the Magnetic, Hyperthermic, and Relaxometric
Properties of Cobalt Ferrite Nanoparticles. J. Phys. Chem. C 2019, 123, 6148–6157. [CrossRef]
Amiri, S.; Shokrollahi, H. The role of cobalt ferrite magnetic nanoparticles in medical science. Mater. Sci.
Eng. C 2013, 33, 1–8. [CrossRef] [PubMed]
Fantechi, E.; Innocenti, C.; Albino, M.; Lottini, E.; Sangregorio, C. Influence of cobalt doping on the
hyperthermic efficiency of magnetite nanoparticles. J. Magn. Magn. Mater. 2015, 380, 365–371. [CrossRef]
Joshi, H.M.; Lin, Y.P.; Aslam, M.; Prasad, P.V.; Schultz-Sikma, E.A.; Edelman, R.; Meade, T.; Dravid, V.P.
Effects of shape and size of cobalt ferrite nanostructures on their MRI contrast and thermal activation. J.
Phys. Chem. C 2009, 113, 17761–17767. [CrossRef]
Mallick, A.; Mahapatra, A.S.; Mitra, A.; Greneche, J.M.; Ningthoujam, R.S.; Chakrabarti, P.K. Magnetic
properties and bio-medical applications in hyperthermia of lithium zinc ferrite nanoparticles integrated with
reduced graphene oxide. J. Appl. Phys. 2018, 123, 055103. [CrossRef]
Lithium and Cell Physiology; Bach, P.O.; Gallicchio, V.S. (Eds.) Springer: New York, NY, USA, 1990;
ISBN 978-1-4612-7967-9.
Barrera, G.; Coisson, M.; Celegato, F.; Raghuvanshi, S.; Mazaleyrat, F.; Kane, S.N.; Tiberto, P. Cation
distribution effect on static and dynamic magnetic properties of Co1-xZnxFe2O4ferrite powders. J. Magn.
Magn. Mater. 2018, 456, 372–380. [CrossRef]
Chakrabarty, S.; Dutta, A.; Pal, M. Enhanced magnetic properties of doped cobalt ferrite nanoparticles by
virtue of cation distribution. J. Alloys Compd. 2015, 625, 216–223. [CrossRef]
Mohamed, M.B.; Yehia, M. Cation distribution and magnetic properties of nanocrystalline gallium substituted
cobalt ferrite. J. Alloys Compd. 2014, 615, 181–187. [CrossRef]
Thanh, N.K.; Loan, T.T.; Duong, N.P.; Anh, L.N.; Nguyet, D.T.T.; Nam, N.H.; Soontaranon, S.; Klysubun, W.;
Hien, T.D. Cation Distribution Assisted Tuning of Magnetization in Nanosized Magnesium Ferrite.
Phys. Status Solidi Appl. Mater. Sci. 2018, 215, 1700397. [CrossRef]
Tomitaka, A.; Hirukawa, A.; Yamada, T.; Morishita, S.; Takemura, Y. Biocompatibility of various ferrite
nanoparticles evaluated by in vitro cytotoxicity assays using HeLa cells. J. Magn. Magn. Mater. 2009, 321,
1482–1484. [CrossRef]
Oliveira, A.B.B.; De Moraes, F.R.; Candido, N.M.; Sampaio, I.; Paula, A.S.; De Vasconcellos, A.; Silva, T.C.;
Miller, A.H.; Rahal, P.; Nery, J.G.; et al. Metabolic Effects of Cobalt Ferrite Nanoparticles on Cervical
Carcinoma Cells and Nontumorigenic Keratinocytes. J. Proteome Res. 2016, 15, 4337–4348. [CrossRef]
[PubMed]

Sensors 2020, 20, 2151

50.

51.
52.
53.
54.
55.
56.
57.
58.
59.
60.

61.

62.

63.
64.
65.
66.
67.

68.
69.
70.
71.

72.

14 of 16

Giri, J.; Pradhan, P.; Somani, V.; Chelawat, H.; Chhatre, S.; Banerjee, R.; Bahadur, D. Synthesis and
characterizations of water-based ferrofluids of substituted ferrites [Fe1−x Bx Fe2 O4 , B = Mn, Co (x = 0–1)] for
biomedical applications. J. Magn. Magn. Mater. 2008, 320, 724–730. [CrossRef]
Amiri, M.; Salavati-Niasari, M.; Akbari, A. Magnetic nanocarriers: Evolution of spinel ferrites for medical
applications. Adv. Colloid Interface Sci. 2019, 265, 29–44. [CrossRef] [PubMed]
Raghuvanshi, S.; Mazaleyrat, F.; Kane, S.N. Mg1-xZnxFe2O4nanoparticles: Interplay between cation
distribution and magnetic properties. AIP Adv. 2018, 8, 047804. [CrossRef]
Patton, C.E.; Edmondson, C.A.; Liu, Y.H. Magnetic properties of lithium zinc ferrite. J. Appl. Phys. 1982, 53,
2431–2433. [CrossRef]
Lutterotti, L.; Scardi, P. Simultaneous structure and size-strain refinement by the Rietveld method. J. Appl.
Crystallogr. 1990, 23, 246–252. [CrossRef]
Weil, L.; Bertaut, F.; Bochirol, L.; Weil, L.; Bertaut, F.; Propri, L.B. Propriétés magnétiques et structure de la
phase quadratique du ferrite de cuivre. J.Phys. Radium 1950, 11, 208–212. [CrossRef]
Tanna, A.R.; Joshi, H.H. Computer Aided X-Ray Diffraction Intensity Analysis for Spinels: Hands-On
Computing Experience. Int. J. Phys. Math. Sci. 2013, 7, 334–340.
Wolska, E.; Riedel, E.; Wolski, W. The Evidence of Cd2+ x Fe1−x 3+ [Ni1−x 2+ Fe1+x 3+ ]O4 Cation Distribution
Based on X-Ray and Mössbauer Data. Phys. Status Solidi 1992, 132, K51–K56. [CrossRef]
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